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ABSTRACT

In graph theory, a rigid graph is a graph that has a finite number of embeddings in R?
up to rigid motions, with respect to a set of edge length constraints. An embedding
of graph in R? is an assignment of vertices to points in R%, which also induces a set
of edge lengths that correspond to the distances between the connected vertices. An
important class of rigid graphs is the class of minimally rigid graphs. A minimally rigid
graph, is a graph that is rigid and has the property that the removal of any edge yields
a graph that is not rigid. It is a major open problem to find tight upper bounds on the
number of the embeddings in R?%. For a long period, only the trivial bound of O (24 V1)
was known on the number of embeddings, that is derived from the direct application of
Bézout's Theorem. In [3], the bound was improved for d > 5, using matrix permanents.
Recently in [5], the asymptotic bound was improved in all dimension. In the special
case of d = 2, the asymptotic upper bound was improved to O(3.7764!V1).

It is known that the number of solutions of a well-constrained algebraic system is
related to the number of embeddings. In particular, the number of the complex solutions
of such an algebraic system extends the notion of real embeddings in the complex space,
allowing us to bound the complex solutions, using tools from the complex algebraic
geometry. In this thesis, by counting outdegree-constrained orientations of a graph that
are related to the algebraic bounds [3], we improve the existing upper bounds, for the
class of minimally rigid graphs, on the number of embeddings.






YXYNOYH

>t Beopia ypapnpdtov (Ypaemv), éva dkaumnto ypaenuo sivat éva ypaenuo mov
éxe1 memepaopévo apBpd sufubicenv oto RY, wg mpoc 11g Eviheidieg kivioels, yia
dedopéva pmrm oxpdv. H eupddion ypapipatog oto R givon o avébeon tov
Kopudv o onpeia oto R?, 1 omoio dnpovpyel éva GHVOLO pe piAKN oKpGY TOL
AVTIOTOL(OVV OTIG OMOCTACELS HETAED TV GLVIESEUEVOV KOPLPDY. Mia oNUaVTIKY
KAGON AKOUTTOV YPAPNLLATOV £ival 1 KAAOT TOV EAOYICTIKOG AKOUTTMOV YPOLOTLATOV.
‘Eva ghaytotikdg drapmnto ypdonpa, sivat Eva ypaenpo mov eivar dkapnto kot €xet
NV 1010TNT0 OTL N OPAIPEST] OTOLGINTOTE OKUNG TOV, OIVEL £val YPAPT O TOV OEV
givor axoprto. Eva onuavtikd avoytd npofinpa givar n €bpeon dve @poypdtov
otov ap1Buod Tov epPubicenv oto RE. Tio éva peydho xpovikd S1doTnua, Povo 1o Gve
epaypa O 241V Arov yvaotd otov aptBud tov eupubiceny, mov Tpoépyetat omd Ty
dpeom epoppoyn Tov Bewpnuatog tov Bézout. Xto [B], to @pdypa Pertidbnke yo
d > 5, ypnoiponouwvtag Tovg permanent wivakec. Ilpdoeata 610 [§], T0 ACLUTTOTIKO
dvo epdypo BeAtidbnke yio kdbe didotacn. Xy edikn Tepintwon tov d = 2, 10
OCVUTTOTIKO Gve epdypa Peltidbnke oe O(3.7764!V1).

Eivar yvooto 611 0 aptBpdg temv Aoemv evog TETpAymVOL aAYERPLKOY GLOTIHOTOG
oyetiletan pe Tov apBud tov gppubicemv. Xvykekpipéva, o aptBuds TV UIyadKdv
ADoEMV EVOC TETOLOL OAYERPIKOD GLGTALATOG EMEKTEIVEL TNV EVVOLN TV TPOYHOTIKDV
eupubicewv otov pyadikd ydpo, EMTPEROVTAG Hag Vo EPAEOVUE TIG UIYOSIKES AVOELS
YPNOOTOIDOVTOG EPYOAEID 0O TN HyadIKn) OAYEPPIKT| YEDUETPIOL.

Yg aut] TNV OWMAMUOTIKY, HETP@OVTOG TOLG outdegree-meplopioUEVONg
TPOGUVATOMGLOVG EVOG YPAPNLOTOG TTOL oyetifovtat e Ta aAyePpikd epdypata [B],
Beltidvouyle Ta VITAPYOVTO AV® QPAYLLATA, Y10 TNV KAACT] TOV EAUYLOTIKAOG AKOUTTOV
YPAPNUAT®V, 6TOV aptOpud Tov eufudicewy.
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CHAPTER 1

INTRODUCTION

Rigidity theory studies the properties of graphs that can have rigid embeddings in a
specified embedding space. Besides being a mathematical area with significant re-
search interest, it has also received much attention due to its applications in molecular
biology [[14], robotics [22], and architecture [[l, 10]. Let G = (V,E) be a simple
undirected graph, i.e. it does not contain multi-edges and self-loops. Let also E? be a
d-dimensional Euclidean space. An embedding of G into E¢, is an assignment of the
vertices to points in E?. It is clear that we can have infinite such embeddings, since
there are no constraints, by placing the vertices anywhere on the space.

In rigidity theory, a graph embedding is said to be rigid in R? if and only if it admits a
finite number of embeddings, up to rigid motions in R<, i.e. rotations and translations,
while preserving the given edge lengths. Otherwise, the graph is called flexible. A
graph is called generically rigid if it is rigid for almost all its embeddings. A graph
G is called generically minimally rigid if it is generically rigid and any edge deletion
deprives G of its rigidity property.

Minimally rigid graphs have received a considerable amount of attention in the past,
especially in the case of d = 2 and d = 3, which are equivalent to Laman graphs and
Geiringer graphs (as it is called in [[11]), respectively. Due to Maxwell, there is a
necessary condition for a graph to be rigid in R?. In particular, if a graph G = (V, E)
is minimally rigid, then it holds that |E| = d - |V| — (d'gl), and for every subgraph
G' = (V',E') of G it should hold that |E'| < d - |[V'| — (d‘gl) [15]. For example, in
the case of d = 2, a minimally rigid graph with n vertices, should have exactly 2n — 3
edges, and every subgraph of it with n’ vertices, should have at most 2n’ —3 edges. Note
that for the Laman graphs, the Maxwell is condition is also sufficient, which provides a
full characterization for the minimally rigid graphs in R?. On the contrary, the Maxwell
condition is not sufficient for the minimally rigid graphs in R? (see Figure for the
counter example).

From an algebraic point of view, an embedding of a graph corresponds to a solution
of an algebraic system that is defined by the given edge length constraints. Thus, the
number of embeddings of a minimally rigid graph in R? is equal to the number of the
real solutions of the corresponding algebraic system. The complex solutions of the same
system introduces the notion of an embedding to the complex space, and this allows us
to use tools from the complex algebraic geometry, for example, the Bézout's theorem.
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Figure 1.1: The double-banana graph satisfies Maxwell's condition in R3, but is not
rigid since its two rigid components (red and yellow) rotate around the dashed axis.

Regarding our algebraic systems, it is clear that the number of complex solutions bound
from above the number of real solutions, therefore we can work on the complex space.

An open question on rigid graph theory is to obtain tight upper bounds on the maxi-
mal number of embeddings of minimally rigid graphs in R?, depending on the number
of vertices. The direct application of Bézout's theorem to the algebraic system, gives a
trivial bound of O(2%1V']). Notice that, for the Laman graphs, the bound is of O(4™)
solutions. In [B], Borcea and Streinu improved the exact upper bound compared to the
trivial Bézout bound, however they did not manage to improve it asymptotically. Their
work yielded a bound of

Vied < [VI-1+m )
9. H |V|—d—1—m
et <2m+1>

m

embeddings. The result is based on determinantal equations (and inequalities) of the
Cayley-Menger matrix [[7], and a theorem on the degree of determinantal varieties [[13].

Let G be a minimally rigid graph in R? and P be its corresponding algebraic sys-
tem that counts its embeddings. There is a generalization of Bézout's theorem to multi-
homogeneous polynomials, called multi-homogeneous Bézout [[18]. A d out-degree
constrained orientation of a graph (or simply d-orientation), is an assignment of direc-
tion to every edge of G, such that every vertex has out-degree d and every edge has a
direction. In [3], a relation between the multi-homogeneous Bézout of P and the out-
degree constrained orientations of G was proven, that allows us to count orientations,
in order to improve the upper bounds on the number of embeddings. The asymptotic
upper bounds for d > 5 was also improved, by using the Brégman-Minc permanent
bound. In [§], by bounding the number of orientations of a graph, the asymptotic order
of the number of embeddings was improved for d > 2. For the case of d = 2, the bound
is of O(3.77™) solutions. This work led to the most recent bounds in all dimension > 2,
for the number of embeddings of minimally rigid graphs.

Our Contribution: In this thesis, we manage to improve the asymptotic upper
bounds on the number of embeddings of generically minimally rigid graphs for d > 2.
As in [5], we apply an elimination process on a graphical structure to obtain upper
bounds on the number of outdegree-constrained orientations for fixed d. In particular,
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CHAPTER 1. INTRODUCTION

we harness Maxwell's condition in order to restrict the degree of the eliminated ver-
tices. We also treat vertices of certain degree profiles with a different approach from
[5]. More precisely, we use a delicate method relating certain sequences with the elim-
ination of path of vertices with these degree profiles. For the case of d = 2, our upper
bound on the number of embeddings is of ©(3.46!/V1), while for Geiringer graphs the
new upper bound is O(6.32!V!). Finally, we prove that there are graphs that can have
outdegree-constrained orientations approaching our new upper bound in the case of
d=2.

Organization: We organize the thesis as follows. In Chapter [, initially we intro-
duce some basic concepts presented previously in [B, §]. Subsequently, we provide
some definitions and technical lemmas that will be used later for the elimination of
vertices with certain degree profiles. In Chapter 8, we give detailed description of our
elimination process in the case of dimension 2, establishing the new upper bound. This
case shall serve as basis for some induction hypotheses in higher dimensions. In Chap-
ter f|, we provide new upper bounds for d > 3 generalizing the results for Laman graphs.
Then, in Chapter § we give examples of Laman graphs that have the biggest number of
orientations among the cases we computed. These results give a higher significance on
the tightness of our result. Finally, Chapter f we conclude and present some ideas that
could extend the present research.






CHAPTER 2

PRELIMINARIES

In this chapter, we present some basic principles of graph rigidity. In addition to that, we
state and prove several lemmata that will be useful in improving the new upper bound
formula.

2.1 Hennenberg steps

In this section we present a method to construct minimally rigid graphs in dimension d,
while starting from a complete graph K ;. The Hennenberg steps construct a superset
of the set of minimally rigid graphs in dimension d. For d = 2, there are two such steps
(see Figure 2.1]); the Hennenberg type 1 step (H1) and Hennenberg type 2 step (H2). The
HI step, adds a vertex to the graph, and connects it, via edge, with two other vertices
of the graph. The H2 step requires a subset of 3 vertices, say A, with at least one edge
between them. Then, one of these edges is removed, and a new vertex is added to the
set of vertices, along with 3 new edges, joining the new vertex with A. This operation
can be seen as splitting an edge by adding a vertex between its two endpoints, which
consists of the new vertex, and connecting it with another vertex of the graph.

H1 H2 Hl H2 H3v

.-/-.--z-%4:~
NN NWN N

2-degree  edge split 3-degree  edge split X-replacement double
vertex add in2d vertex add in 3d V-replacement

Figure 2.1: Excerpt from [3]. Henneberg steps for Laman and Geiringer graphs.
These two steps, H1 and H2, construct all the minimally rigid graphs in d = 2, that
is the Laman graphs. In higher dimensions, there is a generalization of the Hennenberg

steps. In dimension d, H1 step introduces a vertex and d edges that connects it with
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2.2. ALGEBRAIC FORMULATION

the graph, while H2 step, splits an edge, and connects the new vertex with d — 1 other
vertices. These steps, always preserve minimal rigidity when applied. However, these
steps are not enough to construct all minimally rigid graphs in all dimensions, i.e. even
in space we require another step, Hennenberg type 3 step (H3), to construct a superset
of the corresponding minimally rigid graphs. In this new step, 2 edges are deleted and
the new vertex is connected with the endpoints of the deleted edges and 1 additional
vertex of the graph (see Figure P.1| for the variations of this step). There is a conjecture
that states the following [20].

Conjecture 2.1. The H1, H2, and H3 steps fully characterize the minimally rigid graphs
in R3.

2.2 Algebraic Formulation

Let G = (V, E) be a graph and p = {p1,p2, ..., pjv|} € R¥!V| be an embedding of ¢
in R%. Every such embedding induces a set of edge lengths A = (||p, — pul|) {(v,u}e B
where || - || denotes the euclidean norm, that must coincide with the given edge lengths,
for the embedding to be valid. Given a set of edge lengths A, the number of embeddings
(or simply embedding number) are equal to the number of real solutions of an algebraic
system that captures the edge lengths. A simple formulation of such a system is the

following
d

XNow=> (v, —wuy)’, V{v,uleE 2.1)

j=1

where x, ; represents the i-th coordinate of vertex v. As it was mentioned before, the
complex solutions of such systems extend the notion of the embedding in the complex
space. In the sequel, as an algebraic system that captures the edge lengths, we will use
the following formulation, that was also used in [9, 19], and is called sphere equations

(2].

Definition 2.2 ([2]). Let G = (V, E) be a graph. We denote by A the lengths of
the edges on G and by X,, = {Zu1, ., Ty,a} the d variables that correspond to the
coordinates of a vertex u. The following system of equations gives the embedding
number for G:

||Xu‘|2:$ua Vu eV
Syt sy —2(Xu, X,) =22, V(u,v) € B\ E(Ky)

where (f(u, Xv> is the Euclidean inner product. The first set of equations shall be
called magnitude equations, while the second are the edge equations. Let X,, contain an
additional variable, i.e. X, = {Zu1, ., Tu,d, Su}. By using |Xu| = d + 1 coordinates
and setting s,, = 1, we can use this formulation to embed G on the unit d-dimensional
sphere S¢.

Minimally rigid graphs in R? are also minimally rigid in S%, and vice versa [21].
Note that, other spaces or norms could be used to formulate the algebraic system of the
embeddings [|16, 21]], but this would require different definitions and analysis in order
to correspond to them.

To compute the embedding number of such a system, first we need to remove any
rigid motions. To achieve that, we fix (d;’l) coordinates, hence the system becomes

6



CHAPTER 2. PRELIMINARIES

Figure 2.2: The complete bipartite graph Kg 4. It is minimally rigid in R3, but it does
not contain a triangle.

0-dimensional. In the case of d = 2, we have to fix 3 coordinates, that is, both coordi-
nates of a vertex and 1 coordinate of another vertex. This property has an extension in
a general dimension d, in which, if a graph contains a complete subgraph on d vertices
K4 ={v1,...,v4}, then we can pick the coordinates of these vertices, so that the edge
length constraints are satisfied. In the sequel, we refer to such a complete subgraph
as fixed. It is reasonable to question, whether a minimally rigid graph in dimension d
always contains a K. In the case of d = 2, this is true, but this is not true in higher
dimensions. In particular, not all minimally rigid graphs in R contain triangle, i.e. bi-
partite K¢ 4, which is a Geiringer graph that does not contain triangles (see Figure B.2).
This is obvious, since bipartite graphs do not contain cycles of odd length. Note that
Geiringer graphs that do not contain triangles are very rare, and the 10-vertex K 4 is
the first one.

2.3 Basic Lemmata and Notation

First, let us state the theorem that was proven in [3] that relates the number of embed-
dings of minimally rigid graphs in R¢ with the number of d-orientations. Consequently,
it gives us a combinatorial tool to calculate the multi-homogeneous Bézout. We have
modified this theorem to fit the discussion on the possible absence of complete sub-
graphs with d vertices for a minimally rigid graph in C? (see [3, 5] for more details on
this subject and the underlying algebraic system).

Theorem 2.3 ([3]). Let G = (V, E) be a minimally rigid graph in C¢ that also con-
tains a Ky as a subgraph, for some d’ < d. The vertices of Ky are called fixed. If
d' < d, then we introduce a set of partially fixed vertices, V' = {vg 11, ...,v4}. Let
R(G, K4 ,V") denote the number of orientations of G’ = (V, E'\ E(K)), such that:

* the outdegree of the vertices of Ky is 0.

« if d’ < d, the outdegree if the partially fixed vertices vg 11, ...,vq is d — d' +
1,...,d — 1, respectively.

« the outdegree of every other vertex in G, that is every vertex in V\ (V' UV (K )),
is d.

The embedding number of G in C? is bounded from above by
olVI=d. R(G, Ky, V,).
Corollary 2.4 ([3]). An HI move always doubles the m-Bézout bound up to the same

fixed K4 . Moreover, if a graph can be constructed only with H1 moves, then the m-
Bézout bound for this graph is exactly 2/V1=¢.

7



2.3. BASIC LEMMATA AND NOTATION

Proof. Let R(G, Ky, V') be the number of outdegree-constrained orientations for a
graph G(V, E) up to a given K. This means that the m-Bézout bound is

mBe(G, Ky) =2V . R(G, Ka, V).

Now, let G* be a graph obtained by an Hl-move on the graph G. Since H1 adds a
degree-d vertex to GG, this means that there is only one way to reach outdegree d for the
new vertex of G*. So the outdegree-constrained orientations of G* up to the same Ky
are exactly R(G, Ky, V') and

mBe(G*, Kq) = 2VIH1 =4 . R(G, Ky, V') =2 -mBe(G, Ka).

The second statement of this corollary can be proven by induction: Starting from
K4, only one orientation satisfies the requirements of Theorem 2.3 for each H1 move.
So, the m-Bézout bound of a minimally graph constructed only by H1 moves is 2/V1=¢,

O

Remember that in d = 2, we always have a Ko, i.e. an edge. However, either V” is
empty of non-empty, the asymptotic upper bound remains intact. So, now we are ready
to focus on bounding the number of d-orientations, instead. In our approach, we apply
an elimination process to the vertices of a graph, that at each step we increase a cost,
that eventually expresses a bound on the number of d-orientations. To do that, we need
to use a graphical structure that was also used in [§].

Definition 2.5. Let J = (V;, E;, Hy) be a pseudograph, where Vy is the set of ver-
tices, F; is the set of edges, and H; is an additional set of edges that only have one
endpoint. The edges in H;, have direction and they are directed outwards. To distin-
guish the two edge sets, we call the edges of E;, normal edges, and the edges of H;,
hanging edges. The pair J' = (V;, E) is called normal subgraph of J.

As a consequence, every vertex v of a pseudograph has a degree profile (r, h),
where r and h are equal to the number of normal and hanging edges incident to v,
respectively. In [§], the authors use a different notation for the degree profile, that is
(p, h), where h is the same as here, and p is equal to r + h. Here, since the focus is on
vertices with the same normal degree, we change the notation.

Regarding our method, we start by removing a Ky out of GG, and therefore we
construct a pseudograph J = (Vy,Ej,Hj), where V; = V(G) \ V(Ky), and
E; = E(G) \ Eg(Ka). The hanging edges of .J, consist of the edges that had the
one endpoint in V; and the other in V(K ), and the out-degree of the partially fixed
vertices. If V' # (), then for every partially fixed vertex v that shall have outdegree
d, we shall consider d — d hanging edges. The number of d-orientations of J is equal
to R(G, Ky ,V’). These shall be called valid d-orientations, while every connected
component of a pseudograph constructed as described above shall be a connected d-
pseudograph. Let us remark that if a vertex v has degree profile (r, h) withr + h < d
or h > d, then it can have no valid d-orientation, since in the former case it can have
outdegree strictly less than d, while in the latter case it has already outdegree greater
than d.

Note that a minimally rigid graph in dimension d, is at least d-connected [[17].
Hence, when we remove d-vertices out of it -in order to construct the pseudograph- we
cannot ensure that the removal of every such set of vertices does not break the connec-
tivity. However, in our analysis it suffices to bound the d-orientations of all connected

8



CHAPTER 2. PRELIMINARIES

V4

®
U3 Us

Figure 2.3: An example of a Laman graph and a pseudograph constructed after the
removal of a fixed K». (left) A Laman graph G, with fixed edge (v1, v2) (dashed blue).
Since the fixed vertices have outdegree 0, their incident edges (red) are uniquely ori-
ented. (right) The corresponding pseudograph. The red flexes represent the hanging
edges. The degree profiles for vertices vs, vy, vy are respectively (2,2),(2,1),(2,0).

d—pseudographs. In the following sections, we apply an elimination process to the ver-
tices of such pseudographs. This process has the following stopping condition, already
used in [5].

Lemma 2.6 ([5]). Let J = (V;, E;, Hy) be a pseudograph such that J' = (V;, E)
is a tree. Then

* the number of valid orientations for .J is either 1 or 0,
« if G has a valid orientation, then |H;| = (d — 1) - |[V;| + 1,
where d is the fixed outdegree required.

This count is derived from the relation |E ;| = |V;| + 1 between the edges and the
vertices of a tree and the fact that in order to have a valid d—orientation, it is needed a
total of d - V; edges and hanging edges. In other words, our goal is to eliminate every
cycle from the normal subgraph J'. Notice that if we allowed the elimination of cut
vertices, then the edge count for ¢ connected trees would be |E ;| = |V;| + ¢, so the
relation between the hanging edges and the vertices would become |H;| = (d — 1) -
|V;| 4 ¢. In order to restrict the parameters of the bound in our analysis only to total
number of vertices and hanging edges, we prefer to keep the pseudograph connected
throughout the elimination process.

Note that one could use a different stopping condition, namely a pseudograph that
represents a graph that can be constructed by H1 stEps. Corollary 2.4 tells us that such
a graph can only have only one valid orientation “, hence it can be considered as a
stopping condition.

During the elimination process, the removal of a vertex v corresponds to the ori-
entation of its incident edges. If an edge e = (v,u) is outdirected from v, it is also
removed in the next step of the elimination process. Otherwise, if e is directed inwards
v, then it remains in the next step as a hanging edge incident only to w.

Each vertex removal has a cost, which expresses the number of valid orientation
this vertex has, and it depends on the degree profile of this vertex, as well as the combi-
natorial properties of the pseudograph. A second quantity we use is the hanging edges
equilibrium (H.E.E.). This gives a hint about how fast the elimination process may
approach the tree condition.

lit would work even if we could find a condition on a graph that from that point henceforth the graph
would have at most a constant number of orientations



2.3. BASIC LEMMATA AND NOTATION

Lemma 2.7. Let J be a pseudograph and v be one of its vertices with degree profile
(r,h). The cost of the removal of a vertex v, expresses the quotient of the valid ori-
entations of J over the maximum number of valid orientations of J \ {v} and is equal

to
,
( g h) (2.2)

while the H.E.E. is the difference between hanging edges in J \ {v} and J
r—d 2.3)

The fotal cost of the elimination process bounds the number of orientations. Notice
that while the cost depends both on the normal and the hanging degree of a vertex, the
H.E.E. depends only on the first one. This shall be used to group the elimination of
vertices with different hanging degree, but the same normal one.

odd

G X

‘e

Figure 2.4: The cost of a removal of a vertex is equal to the number of different valid
ways of adding direction on its edges. (left) Removal of a (3,0) vertex in the case of
d = 2. The cost in this case is (;’) = 3. Two edges shall be deleted, therefore only
one of its neighbours acquires a hanging edges. (right) Removal of a (3,2) vertex in
the case of d = 3. This vertex already has 2 hanging edges, and needs one more to
be saturated. Therefore the cost is (332) = 3 and every neighbour acquires a hanging
edge in 2 scenarios.

These general aspects of the elimination process were also used in [5]. Now we will
present some new clues and concepts that will lead to the improved bounds.

First, remark that there are different scenarios for the distribution of hanging edges.
Therefore, we will give an additional count that determines in how many cases a neigh-
bour of the eliminated vertex acquires a new hanging edge or not.

Lemma 2.8. Let v be an eliminated vertex with degree profile (r, h) and u be one of
its neighbours. Then there are exactly

r—1 r—1
<d—h>and(d—h—1> 24

cases that u acquires or does not acquire a hanging edge respectively after the elimina-
tion of v.

Proof. Letus consider that u gets a hanging edge after the elimination of v. That means
that the edge e = (u,v) is directed towards v, so d — h edges incident to v shall be

10



CHAPTER 2. PRELIMINARIES

directed outwards it. The available edges after the orientation of e are r — 1, indicating

r—1 . . e .
that there are ( d h) ways to orient them. Since the cost for the elimination of v is

d—h
hanging edge. O

r . . .
< >, by Pascal's identity we derive the count for the case that « does not get a

These quantities shall be used to determine the worst case scenarios for the vertices
that are eventually eliminated with different degree profiles.

Now we show that there is always an elimination process that does not create more
connected components of the d-pseudographs. Additionally, we impose certain restric-
tions on the normal degree of the removed vertex. For that reason, let us recall the
definition of the block-cut tree.

Definition 2.9 ([12]). Let G = (V, E) be a connected graph. There is a graph B¢, such
that every vertex of B represents either a biconnected component in G, or an articu-
lation point in G and its edges represent a biconnected component and an articulation
point that belongs to that biconnected component. This graph is called the block-cut
tree of G.

We may use the same definition for the block-cut tree (see Figure 2.9) of the normal
subgraph of every pseudograph.

By

[

oo |33 |

By |’U1
e 2 Vo
(¥
0| l(voﬂ&) By
V2

a NEE
B, @ ® B3

Figure 2.5: (left) An example graph. B, Bs, Bs and B, are the biconnected compo-
nents. (right) The block-cut tree of the example graph.

The following lemma uses Maxwell's condition to bound the normal degree of the
eliminated vertices.

Lemma 2.10. Let G = (V, E), Ky and V' inducing a pseudograph .J as above. Then
every connected component of J = (V;, E;, H ) has at least one non-cut vertex with
normal degree smaller or equal than 2d — 1.

Proof. Due to the Maxwell condition, for every subgraph of J' = (V;, E;) C G, we
getthat |[E;| < d-|Vy| — (dgl). Consider a leaf of the block-cut tree B;,. We denote
the biconnected component that corresponds to a leaf of B by L. The total normal
degree of J'[L] is at most 2d - [V (J[L])| — 2(*+"). In it, there is at most one vertex
which is a cut-vertex of J’, because L is a biconnected component. The cut vertex has
normal degree at least 2 in .JJ'[L]. Assume that the smallest normal degree for a non-cut
vertex in the leaf is 2d. Then, it follows that the total normal degree is of J'[L] at least

11



2.3. BASIC LEMMATA AND NOTATION

2d-|V(J[L])| —2(d — 1), violating Maxwell's condition. This leads to a contradiction,
because Maxwell's condition shall be satisfied for J'[L], so there are always vertices
with normal degree smaller or equal to 2d — 1. O

Evidently, throughout the elimination process this property holds, since the normal
subgraph of any pseudograph derived from an elimination step is always a subgraph
of a minimally rigid graph. Notice that in [5], the bound on the valid d—orientations
was related to all connected pseudographs, while this lemma restricts the analysis to
pseudographs derived from minimally rigid graphs, i.e. d—pseudographs.

In our analysis, we need to distinguish two categories of elimination steps: single
vertex elimination step and path elimination step. The latter is used to reduce the effect
of vertices with degree profiles that would result to a bigger bound, if eliminated with
the first method.

Path vertex elimination steps were also used in [§]. Here, we alter this method to
group vertices with different hanging degree, but same normal degree. The following
definition describes these paths.

Definition 2.11. Let F4 ; be a family of pseudographs which are subset of J. A graph
Ja 1s contained into Fy ; if and only if J4 induces a maximal connected subgraph of
J, such that the normal degrees in .J of all vertices is the same and equal to 2d — 1 and
has no cycles. Also J — J; is connected.

/

Figure 2.6: An example subgraph J» of a graph J that satisfies Definition R.11. Notice
that all the vertices have normal degree 3 on J, but all vertices but the first one are
eliminated with normal degree 2.

If 7; has more than one vertices, after the elimination of the first one with normal
degree 2d — 1, all the other vertices in the path will be eliminated with normal degree
r = 2d—2. In our analysis the first vertex is eliminated with a single vertex elimination
step and the rest of the vertices with a path elimination step. Otherwise, if vertices with
degree profile (2(d — h), h) for 1 < h < d — 1 were always eliminated with a single
vertex elimination step, then the analysis would lead to bigger bounds on d-orientations.

In order to use path elimination step we need to use a variant of the definition of the
cost.

Definition 2.12. Let 7; = (vg,v1,...,v¢) be a path of £ + 1 vertices, as in Defini-
tion R.11|, with £ > 1. Let Cy(¥) be the total cost of removing these vertices in order.
The average cost of removing the path without the first vertex vy is

(G

12
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where C4(0) is the cost of the removal of vy.
Moreover if there is an effective upper bound C;(0) for Cy(0), then the ratio

(G

Using these definitions, the total cost and the average cost can be computed by
multiplying the cost of every elimination step, which can be either a single vertex elim-
ination step, or a path elimination step. The eliminating average cost is used when we
want to bound effectively the process by using an upper bound in the case of C(0),
instead of the exact cost. A necessary condition when using the average cost is that the
H.E.E. is not altered by this change.

In the following sections, we show that the total cost of our paths follows the pattern
of certain recursive sequences, in the worst case scenario. Here, we prove technical
lemmas, that are used in order to bound eventually the cost of the path removal. First,
we present a recursive formula for the total cost of the path, based on two other recursive
functions.

is the eliminating average cost.

Lemma 2.13. Let B4(¢) and G4(¢) be the following recursive functions:

Qg

au g 2.5)
gd@ + 1) = ? Bd(g) + (ﬂd - 7) . gd(g)

where ag = (%f:f) and By = (Qd(f), and d > 2. Given these functions we define the
sequence

Cd(g) = OédBd(g) + B4 Qd(é). (2.6)

Then Cy(¥) is defined recursively for [ > 1 by:

Calt +1) = By Cat) + L5041 @)
Proof.

Ci(l+1)=cagBs(l+ 1)+ BaGa(¢+ 1)
a? g B %
= 7(Bd(€) + Ga(0)) + 5 Ba(€) + Ba(Ba — 7)%(3)
2
= % @aBaft — 1) + BaGalt — 1)) + "L (Ba(t) — Gal0)

+ Bd(Cd(E) — adBd(f))

2
= %C'd(Z — 1) + BaCa(l) — 2abs

(Ba(£) + Ga(0))

ag(og —
= Bq-Ca(l) + M SCa(t—=1)
O
Notice that by the definition of the sequences, we have that B4(¢) > G4(¢), since

agq > P4, but for the initial condition Bg(0),G4(0). In the sequel we set B4(0) =
G4(0) = 1, except for the mixed path case treated in Lemma §.4.

13



2.3. BASIC LEMMATA AND NOTATION

Now we are ready to bound the ratio of two consecutive terms of the sequence
C4(¢). This is used to bound the cost of vertices eliminated with a path elimination
step.

Lemma 2.14. Forall ¢ > 0 and d > 2 the ratio Cfdc(i(—z)l) is strictly bounded from
above by
D(@) = 2404,
aq + Bd
if the initial cost Cy(0) = aq + Ba = (*%").

Proof. First, we will prove that it holds for ¢ > 4, and then we will prove it for the 4
starting cases. The d subscripts are omitted in this proof, because they are not altered.

Cl) = a+s —
(a+B)-CUl+1) < (e®+82)-Cl) —
(@+B)-Cl—1)<2-C() — 28
(@+B) Cll—1)<28-Cl—1)+ala—f)-Cl—2) <+
Clt—1)<a C—2) — (9
3 CM72y+a@g_m~C@43)§Q~CM72) —
a-Cl—3)<2-Ct—2) =  (2.10)
a-C(l—3)<28-C(0—3)+ala—B)C—4) —

which is true since o < 23 for d > 2 and the other factors are positive.

Now, we should check if it holds for the remaining cases, i.e. for C(1)/C(0),
C(2)/C(1), C(3)/C(2), and C(4)/C(3).

For C(1)/C(0), we simply use the definition C(¢ + 1) = aB({ + 1)+ BG(£L + 1),
for £ = 0 and we find the values of B(1) and G(1) by using their definition. Recall that
B(0) = G(0) = 1. Hence, we have the following equality:

C(1) o+ p?

c) a+p8"

For the case of C'(2)/C(1), we stop at the inequality R.§ above, for £ = 1, and we have

c)

(a+p)-C(0) <2
2<2.(a®+ 8%
0

(a+8)
(a—p)>?>

which is true.

For the case C(3)/C(2), we stop at the inequality .9, for ¢ = 2:

14
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C(1) <a-C(0)
0424—52 §a2+aﬁ

which is true, since o > 3.

For the last case, consider inequality at £ = 3. We have that

a-C(0)<2-C(1)
af <o’ +28°
which is clearly true.

O
Lemma clearly shows that the following inequality holds for the average cost
of every sequence defined as in Lemma 2.13.

(i)™ < (G
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CHAPTER 3

LAMAN GRAPHS

In this chapter, we develop a method that improves the existing upper bounds on the
embedding number of Laman graphs. The analysis for this dimension is simpler than
the ones regarding higher dimension and serves as base case for higher dimensions.
Our method relies on Theorem .3, which relates the bound on the embedding number
with the outdegree-constrained orientations. In this section we can remove subscripts
referring to the embedding space from Fy 7, 74, Ca, Ba, Ga, 0ta, Ba-

We use an elimination process similar to [§] in order to improve the upper bound.
We remind that the tree condition (see Lemma P.6) signifies the termination of the
process. Given a pseudograph J = (V, E;, Hy) and setting n = |Vy| and k = |H|,
we have that this condition is satisfied if k = n + 1.

One of the main differences between the elimination method described here and the
one in [5], is the restriction on the normal degree of the eliminated vertices. Specializing
Lemma to the case of d = 2, we have that connected 2-pseudographs derived from
the deletion of a fixed edge in a Laman graph have always a non-cut vertex with normal
degree less or equal to 3. This also happens for all connected pseudographs that evolve
through the elimination process, signifying that these that have valid 2-orientations may
have vertices with the following vertex profiles, cost and H.E.E. (see Equation R.2):

* Vertices with normal degree 1 have H.E.E. = -1: (1, 2), (1, 1), with cost=1.

*+ Vertices with normal degree 2 have H.E.E.=0: (2, 2), (2, 0), with cost = 1, and
(2, 1), with cost = 2.

* Vertices with normal degree 3 have H.E.E.= 1: (3, 2), with cost = 1, and (3, 0),
(3, 1), with cost = 3.

The vertices that have cost=1 will be called trivial vertices in the sequel, since their
removal does not increase the total cost of the elimination process. Now we will de-
scribe the elimination process and the different cases treated. All vertices with normal
degree 3 are eliminated with a single vertex elimination step, their cost is bounded by
3 and generate 1 hanging edge. For the vertices with normal degree 2, we consider a
dichotomy described in the following definition.

Definition 3.1. We consider a pseudograph .J and an elimination process bounding its
cost. The non-composite vertices with normal degree 2 are the eliminated vertices that

17



* had already normal degree 2 in J.

* have normal degree 2 and they were generated by the removal of another non-
composite trivial vertex with normal degree 2 or by the removal of a vertex with
normal degree 1.

All the other vertices eliminated with normal degree 2 are called composite.

Notice that since non-composite (2, 1) vertices have one hanging edge and the
H.E.E. of trivial vertices that may generate them is < 0, during the elimination pro-
cess of a pseudograph with k£ hanging edges. Thus, there can be eliminated at most k
of these vertices.

The composite vertices can be grouped in order to fit Definition and subse-
quently the worst case scenario for their elimination follows Lemma bounding the
average cost from the quantity indicated in Lemma R.14. The dichotomy described and
the grouping are essential, because if single vertex elimination was considered for all
(2, 1) vertices, then the bound would be higher. This is the delicate part of our analysis.

The following lemma shows that we can consider only composite vertices (2, 1) in
J for our elimination process.

Lemma 3.2. There is always an elimination process such that all composite non-cut
vertices are created after the elimination of a vertex in F ;.

Proof. The only way to create a vertex with normal degree 2 is by eliminating the
neighbour of a vertex with normal degree 3. By Definition .11, if the eliminated vertex
has also degree 3, then it belongs to 7, so our case holds.

If at a certain instance of the elimination F; = (), then either there are no vertices
with normal degree 3, or all such vertices are cut vertices. In the first case, there is
nothing to prove. In the second case, we can continue the elimination process eliminat-
ing a vertex that lies in the leaf of the block cut tree. By Lemma there is always a
non-cut vertex u in this biconnected component, with normal degree smaller than 3. If
the cut vertex v has normal degree 3 and u has normal degree 1, then after its elimina-
tion v is a non-composite vertex. If u has normal degree 2, then v remains a cut vertex
and cannot be eliminated before a further drop of degree in one of the next elimination
steps. O

It is clear from Definition , that all vertices of 7 but the first one are eliminated
with normal degree 2, since when one vertex is eliminated, then the normal degree for
all its neighbours drops by 1 in the resulting pseudograph. The following corollary
shows how we can bound the average cost of such paths in the case of Laman graphs.

Lemma 3.3. The eliminating average cost for the elimination of composite vertices
can be set as less or equal to 5/3. This is a specialization of Lemma ford = 2.

Proof. We show that the worst case scenario for the total and the average cost is cov-
ered by Equation 2.7 that results from the recursive Equations (see Lemma P.§ for
details). It is obvious that in the ¢-th move the cost is exactly C(£) = 2B(¢) + G(¢),
where B(¢), G(£) denote the cardinality of vertices with degree profile (2,1) and (2, 0)
or (2,2) (which are trivial vertices) respectively. This definition for C(¢) is a special-
ization of Equation R.g in the case of d = 2. Lemma P.§ gives the scenarios for the
distribution of the hanging edge. Thus, the elimination of a (2, 1) vertex results to two
different scenarios, indicating that the neighbour in the path becomes a (2, 1) vertex
in half of the cases, and a trivial one in the other cases (see Figures B.1, B.2). On the
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other hand for the neighbour of a trivial vertex there is only one scenario, it will be
either (2,1) (see Figure B.1I) or again trivial (see Figure B.2). Let us denote by G*(¢)
the number of trivial vertices that create (2, 1) vertices and G’(m) the number of trivial
vertices that create other trivial vertices. This implies that G(£) = G*(¢) + G'(¢). So
the cardinalities for the next vertex in J (if such exists) are:

Bt +1) = B(£) + G*(¢)
G(t+1)=B{) +G' (1)

leading to the following relation for the total cost of a path in the (¢ + 1)-th step:

Cl+1)=2B(l+1)+G(L+1)

=2B({) +2 ( Y+ B() +G'(0)

=2B(0) + (G*(£) + G'(0)) + B(¢) + G*(¢)
g0
)G -1+ G (0 —1)

C(t)+B(¢) + @D
+

c(l)
=C(0) +2B(f — 1
=C(t)+C(—1)

The last quantity proves our pointm.

We need to specify the different initial conditions of the path in order to prove that
the total cost of the path permits to use D(2) = 5/3 as an upper bound for the average
cost. By Lemma .2, we consider only the elimination for paths of vertices in 7, so
the initial vertices can have only normal degree 3. If v is a (3,0) or a (3,1) vertex
and has cost 3, then the sequence C'(¢) in the worst case scenario is exactly the one of
Lemma ford = 2.

If vy is a (3,2) vertex and v; is eliminated as a (2,1) vertex, then the ratio
C(1)/C(0) = 2 > 5/3. We overcome this situation by making use of the elimi-
nating average cost setting that C*(0) = 3, while C(1) is not altered. This change
cannot surpass the number of orientations in our analysis, since the total cost of the
path is not altered. Furthermore, for for single vertex elimination in the case of r = 3
we have already considered a bound for the cost of vertices with such normal degree,
as mentioned before, which is 3. Since C(1) is smaller than the respective value of the
sequence in Lemma P.13, the next terms will be also smaller, so the eliminating average
cost for all vertices but the first one is strictly bounded by 5/3. O

Now we are ready to bound from above the number of valid 2-orientation.

Theorem 3.4. The total number of 2-orientations for a connected 2-pseudograph with
n vertices and k hanging edges derived by will be at most

3(7l+1)/2 . (2/3)k

Proof. We consider that throughout the elimination process there have been removed ¢
vertices with normal degree 3, m non-composite (2, 1) vertices, ¢ vertices with normal
degree 2 in paths 7, so trivial non-composite vertices and s; vertices with normal
degree 1. Recall that the elimination process stops when the tree condition is satisfied.
Neglecting trivial vertices, the total cost is bounded by

'Notice that the worst case scenario for the cost sequence in dimension 2 has the same recursive definition
as the Fibonacci sequence.

19



cost=3 cost=>5 cost=8

A

e

S
z@<z

Figure 3.1: An example of a path elimination step (left to right). Weights on blue flexes
show that a result is produced multiple times. Above each step, there is the cost of
the corresponding removal. (left) The first vertex vy has degree profile (3,0) and is
eliminated with a single vertex elimination step. (middle) There are 3 different scenarios
for the distribution of hanging edges after the elimination of vy. In 2 of them v, becomes
a (2,1) vertex, while in the other case it becomes a (2, 2) vertex. The total cost for the
removal of v, adding all cases is 2 - 2 + 1 = 5. (right) The elimination of vertex
vo follows the same principle. The average cost for the elimination of v1 and vy is
(8/3)Y/2 < 5/3. Notice that if we did not apply the path elimination step, we should
have eliminated vertices vi and ve with cost 2 (which is the biggest) and the total cost
would be 12.

3t.2m . (5/3)* (3.2)
Now we will use the tree condition in order to find a bound up to n and k. If the

final number of vertices and hanging edges in the elimination process are n’ and &’
respectively then we have the following equations:
n = n—t—m-—4£—35 — Sy
K = k+t—s
Since n’ + 1 = K/, we conclude that
t< n—kf;n—ﬂJrl'

This results to

14
5
3t.2m. 5 3f<3’n/2.371€/2'37777,/2'37[/2'31/2.2771. e
65/3)" < °

k L
g2 (2) (D) Laue
3 33/2

k
< g2, (2> g1/
= 3
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cost=3 cost = cost=15

e

! SR
.@

Figure 3.2:  Another example of a J € F that induces a path in J. The example
is similar to Figure B, with the only difference that vy is a (3,0) vertex now and the
total cost is lower. In this case, notice that the removal of vy, results to 2 trivial and 1
non-trivial cases for vy.

since m is at most k. O

Subsequently we have that given a pseudograph J derived from a Laman graph with
c connected components, then its number of valid 2-orientations is bounded by:

k
3(n+e)/2 <§) . (3.3)

Nevertheless, we prove that an exact bound on the embedding number of Laman
graphs can be derived considering a fixed edge, whose removal does not create multi-
ple components. Recall from graph theory that given a connected graph G = (V) E),
a subset of vertices S C V is called vertex separator is its removal breaks the connec-
tivity.

Lemma 3.5. Let G be a Laman graph, then 3¢ = (u,v) € FE(G) such that G/ =
(G\ {u}) \ {v} is connected.

Proof. Since G is a Laman graph, it is at least 2-connected [[L7]. If the minimum size
separator contains at least 3 vertices, then the lemma is proven. In the other case, we
denote a 2-vertex separator with S;. If we remove .57 from G, then we get two compo-
nents G, G}.

If one of the two components, i.e. G, does not contain a separator, then Sy is
called extreme. This means that either G[V (G1)] contains edges, but the deletion of
any 2 vertices does not break the connectivity, or there are no edges in G[V(G1)]. In
the latter case, every edge that is incident to a vertex in G, has its other endpoint in .S;.
If S; is not an extreme separator, we repeat the process in G; without loss of generality,
setting a new partition in G, So, G as before. We end the process when a separator in
one of the two components is extreme.

21



Let us denote the two components and the separator in the end of this process with
Gs,G's and S respectively. We consider G's to be the component with no separator.
If there is an edge in one of the components, then trivially the deletion of its endpoints
does not break the connectivity.

If there is no edge in G'g, then let u, u’ be the vertices in S and v be a vertex in Gg.
Since G is 2-connected, then v has degree at less 2, so there are edges (u, v) and (v, v).
Since there are no edges in Gg and both v and v’ connect with both Gg and G, the
removal of v and one of these 2 cannot break the connectivity. O

Theorem 3.6. Let G = (V, E) be a Laman graph. The embedding number of G in C?
and S? is bounded from above by

16 1/2 IV‘72
7 (2-3 ) .

The asymptotic order of this bound is O(3.46!V1).

Proof. In [3] it is proven that the bound of the embedding number for a Laman graph
G with a 2-valent vertex v is the same with the number of orientations of the graph
G \ {v}, so by Theorem .3 the number of orientations is the same. This means that
for the general bound, we may consider only Laman graphs with minimum degree 3.
Since the number of hanging edges & is equal to the number edges incident to the fixed
vertices, but for the fixed vertex, we have that k£ > 4. Also, Lemma B.3 indicates that
there is always a fixed edge whose removal does not break connectivity.

By setting & = 4 and ¢ = 1 in the upper bound on the 2-orientations given in
Equation B.4, and combining it with Theorem R.3 we derive the new upper bound. [
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CHAPTER 4

HIGHER DIMENSIONS

In this chapter we improve the bounds for all d > 3. The elimination method here is
analogous with d = 2. The main difference is that paths with multiple normal degree
profiles shall be considered. Remark also that the case of Laman graphs is used as base
case for some of our proofs. The asymptotic bound derived in this section is given by
the following Theorem, that extends Theorem B.4.

Theorem 4.1. Let G = (V, E) be a minimally rigid graph in dimension d > 2. The
embedding number of G is bounded from above by

vl
2d — 1\ '/*
ofl2-:
(=)
Let C4(r, h) denote the cost of the removal of a vertex with r normal edges and h
hanging edges in dimension d. The following quantity

Ca(r, h)™=1 (4.1)

is the asymptotic effect for the elimination of a vertex with degree profile (r, h), for
r > 2. Notice that the exponent in this quantity is not affected by the hanging degree
of the vertices, so it is the same for all vertices with the same normal degree. We also
consider that the asymptotic effect of vertices with normal degree 1 is trivially 1. Let
us also remind that there is no reason to examine vertices such thatr +h < dorh > d,
since they have no valid d-orientations.

The first step leading to the bound of d-orientations is to derive the maximal of the
asymptotic effect for certain cases of degree profiles. More precisely we prove that the
asymptotic effect of (2d — 1, 0) vertices is bigger or equal to the asymptotic effect of all
other vertices examined in the following lemma. Thus, C4(2d — 1,0)= shall be called
target bound in the sequel.

Lemma 4.2. The asymptotic effect is maximized overall 1 < r < 2d—1with0 < h <
d for (r,h) = (2d — 1,0), but for the cases (r,h) = (2(d—h),h) with1 < h < d—1.

Proof. The case of r = 1 is trivial by definition.
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For the non-trivial cases, we prove initially that Cy(r, O)% is monotonically in-
creasing for all integers in € [d, 2d — 1]. This corresponds to the asymptotic effect
of vertices with no hanging edges. We are interested only in this interval since by
Lemma there is an elimination process such that the maximum normal degree is
2d — 1 and r + h > d. Observe that the term d — 1 is constant, so it suffices to prove

that the ratio el ) ( ) )
+1,0 r—+1)""
U _ d\T" ) _
d(T) Cd(T, 0) (T 41— d)rfl . (;)

is bigger than 1 in this interval.

Ua(r+1)
Ud(r)

Ua(r+1) _ ((r+2)(r+ 1 —d)>r
Uq(r) (r+1)(r+2-d)

If we take the ratio we conclude that

is always smaller than 1 Vd > 2, so U(r) decreases and its minimum in [d, 2d — 1] is
42d—2
24— 1\
(a7
For d = 2 we have that U*(d) = 4/3 > 1 and it can be easily checked that

U*(d+1)
U*(d)

U*(d) = Uyg(2d — 1) =

> 1 proving that Vd > 2

Ug(2d —1) > 1.

This implies that, we have that C4(r + 1,0)Y/" > C4(r,0)/=1 for every
r € [d,2d — 1], concluding our claim.

The cases for 1 < h < dandd —h <r < 2-(d— h)— 1 can be related with
the bounds on the orientations in lower dimensions. Thus, we prove by induction that
if the maximum for the asymptotic effect holds for d — h it also holds for these cases
for d. We just proved that

Can(r,0)d=h=D/=1) < ¢, (2(d — h) — 1,0)"/?

holds if we consider d* = d — h.
So we need to prove the last part of the following inequality

Cap(r,0) =D/ =1 < ¢y 4 (2(d — h) — 1,0) @1/ 2(d=h)=2)
= Cq(2(d — h) — 1, )41/ @ld=R)=2) 4.2)
< Cq(2d —1,0)'/2.
This will be done by demonstrating that the ratio

Cd(Z(d _ h) -1, h)2(d—h—1)—2
Ca(2(d —h —1) — 1, h 4 1)2(d=h)=2

is always bigger than 1 for 0 < h < d. In other words, the shift h — h + 1 reduces the
asymptotic effect. Considering d* = d — h as above, this shift turns to d* — d* — 1
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and the ratio becomes

 Cge(2dF — 1,027 4 (4d* - 2)2‘”‘4 1
(

© Cg-(2d* —3,1)2d—2 d* 2d*—3)2
d*—1

W (d")

which is bigger than 1 for d* = 3, since 102 > 3.
Now the ratio

th;gd*)l) ((4d*—2)(d*—1))4d*_6. (2;{«*— 13> 2

“\ dd—6)d 24" — 5
dr—2

9 4d* —6
= 1 —————
( Jy I Gd*)

is also bigger than 1, showing that W (d*) is increasing.

What remains is to deal with the case of (2(d — h), h*) vertices with h* > h + 1,
as well as the case of vertices with » > 2(d — h) + 1 and more or equal than h hanging
edges. Notice that in the first case if the term 2(d — h) in

2(d —h)
(i)

if fixed, then this binomial coefficient decreases as h* > h increases. Since we have
that Cq(2(d — h),h + 1) = C4(2(d — h), h — 1) and vertices (2(d — h), h — 1) have
smaller asymptotic effect than (2(d — h) + 1,h — 1) vertices as proven before, our
hypothesis is valid.

The same comparison with (2(d — h) 4+ 1, h — 1) vertices can be done for (2(d —
h) + 1, h*) with h* > h, since C4(2(d — h) + 1,h) = Cq(2(d — h) + 1,h — 1) and
all vertices with more hanging edges have smaller cost. Finally, we remark that in the
previous 2 cases the cost function was maximized for vertices with h hanging edges,
from the properties of binomial coefficients. Thus, if we want to examine the case of
r > 2(d — h) 4+ 2, we can refer to the cases of vertices with less hanging edges that
shall have bigger cost. Our base case now, are the (2d — 1, 1) vertices and (2d — 1,2)
ones. The first have asymptotic effect equal to the target bound, while the latter have
strictly smaller, concluding our proof. O

The cases of vertices with degree profile (2(d — k), h), cannot be included in this
kind of analysis for all dimensions, since the ratio

Ca(2(d = h), h)*~2
Ca(2d —1,0)2@ 01

is strictly bigger than 1. Notice that this case is treated in dimension 2 for (2, 1) ver-
tices. What's more, this condition is inherited for vertices with the same normal degree
and increased hanging degree in bigger dimensions. For example in dimension 3, the
vertices with higher asymptotic effect than the target bound are both the (4, 1) vertices
and the (2, 2) vertices. The latter correspond to the (2, 1) vertices in dimension 2, since
they have the same cost.

We will treat these cases expanding the idea of grouping composite vertices pre-
sented in Section . Let us define the dichotomy between composite and non-composite
vertices in general dimension. We remind that trivial vertices are the ones that have cost
equal to 1.

25



Definition 4.3. Let J be a pseudograph, in which we apply an elimination process
to bound the number of its d—orientations. The non-composite vertices with normal
degree 2(d — h), for 1 < h < d — 1 are the vertices with degree profile (2(d —
h),h),(2(d—h),h+1),(2(d — h),h — 1) such that

+ they had exactly this degree in J.

* they have this degree profile and they were generated by the removal a trivial
vertex with normal degree r < d.

All the other vertices eliminated with this degree profile are called composite vertices
with normal degree 2(d — h).

This definition serves to group all composite vertices for different path elimination
steps. The non-composite vertices with degree profile (2(d—h), h+1), (2(d—h),h—1)
have smaller asymptotic effect than the target bound, while the cardinality (2(d— h), h)
vertices is bounded by the number of initial hanging edges, since they can be generated
only by a drop in H.E.E.

Analogously with Lemma B.2, there is always an elimination process such that no
composite non-cut vertex can be generated by vertices with degree profile other that the
ones belonging in the previous definition. The following lemma bounds the average
cost for these vertices.

Lemma 4.4. The removal of a composite path with normal degree 2(d — h) has elim-
inating average cost at most D(d — h + 1).

Proof. First, we show that the cost function follows at worst case the recursion Equa-
tion R.7. We will consider the case of a J; path with more than one vertices, which
can be generalized in all other cases. Let B4(¢) and G4(¢) denote the cardinality of a
(2d—2,1) and (2d —2,0) or (2d — 2, 2) vertices respectively. Since vertex vy is elimi-
nated with normal degree 2d — 1, so g+ 5 = C(2d—1,0), we set B4(0) = G4(0) =1
which satisfies the cost function and the count for the distribution of hanging edges (see
Lemma P.§). By the same Lemma, the elimination of a (2d — 2, 1) vertex gives a hang-
ing edge to one of its neighbours in exactly (2 dd:f’) cases, while in the rest (Qj:;) cases
this neighbour does not acquire any hanging edge. Both these quantities are equal to
a4/2. Similarly in the cases of (2d —2, 2) vertices, a neighbour acquires a hanging edge
in 84 — ag/2 cases and does not get any in «g/2 cases, while for (2d — 2, 2) vertices
this counts are reversed. This means that the worst case scenario for the cardinalities
follows Equation B.1|, leading to the desired recursive function for the cost. This gives
the upper bound D(d) for the average cost if the first vertex is eliminated as a vertex
with degree profile (2d — 1,0). If the first vertex has normal degree (2d — 1, h) with
h > 2, we can make a similar modification as with (3, 2) vertices in the case of Laman
graphs (see Lemma B.3)) and use the eliminating average cost for the paths.

The case of the removal of a single path is proven, but definition f.3 and the adjust-
ment of Lemma .2 in dimensions d > 3 allow the generation of composite vertices in
Ja—p with h > 1, after the removal of another path 7;. So it remains to prove that the
removal of all vertices in both paths does not violate the eliminating average cost in our
analysis.

First we consider the case of the elimination of a J; path followed by the elimination
of a Jy path, with d > d’. Notice that if the removal of both paths increased the
connected components, the elimination would not be valid. Thus, we are allowed to
remove the paths with any order.
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CHAPTER 4. HIGHER DIMENSIONS

The cost for elimination of the first path 7; follows the count set above. Let now
Ba(0), Gar (0) denote the cardinalities of vertices with normal degree 2d — 2 in the final
step of the J; removal, if [7; has more than 1 vertices, otherwise B4 (0) = G4 (0) = 1.
Ba (1) and Gy (1) are the cardinalities of vertices with normal degree 2d’ — 2 in the
first step of elimination of ;. We also denote the cost of the paths C4(0) and Cg/ (1)
respectively. The worst case scenario for the cost Cy/, would be to consider By (1) =
SH(Bar(0) + Gar (0)) and Gar (1) = 5 Bar (0) + (Ba — %) Gar (0).

Now we prove that

Co(l) _ af + By

Ca(0) = aa + Bar
for all the cases in which the total cost of 7; follows the worst case scenario.
We have that

Ca(1)  agBy(1)+ BaGa(1)
Car(0)  agBa(0) + B4Gar (0)
g (Oéd . Bd/(O)/2 +aq - Ga (0)/2)
- agBa (0) + B4Ga (0)
+ Bar (Oéd - By (0)/2 + BaGar (0) — Qg gd/(o)/Q)
agBy (O) + BaGar (O)
_aa (Ca(0)/2 = Ba - Gar(0)/2 + o - Ga (0)/2)
o aaBa (0) + BaGar (0)
N Bar (Car(0)/2 — g - Gar (0)/2 + Ba - Gar (0)/2)
agBa (0) + BaGa (0)
_ aa + Ba N (s — Bar) - (g — Ba) Gar (0))
2 Q(Ozd[),dl(()) + ,Bdgd’(o))

4.3)

Since
of + 65 aw+ By (ag —Pa)?

agq + Bar 2 © 2 (o + Ba)
and aog > By , Inequality k.3 is satisfied if

(aa — Ba) - Gar (0) < Q@ = Bar
aaBa (0) + BaGar (0) ~ aa + Bar’

The relation (d — 1) - g = d - B4, holds for every d > 2, so the inequality becomes

G (0) o1
d-By(0) +(d—1) Ga(0) — 2d —1

= (Qd/ —d)-Ga(0) <d- By (0).

Since 2d’ — d < d and G4 (0) < By (0) the inequality is proven.

The sequence follows at the worst case the recursion established in Lemma R.13,
so we may use the inequalities established in the proof of Lemma to prove the
cases of Cyr(I + 1)/Cy(I) with I > 1. For with [ > 4 there is nothing to prove
since the inequality (ag — 284) - Car (€ — 3) < ag(ag — Ba) - Car (€ — 4) always
holds as explained in Lemma R.14. The case C (3)/Cy (2) is proved as equivalent to
Cy(1)/Cyq(0) < agr, which holds, since Cy/ (1) /Cy (0) < (Ozz, +ﬂ§,)/(ozd/ +Ba) <
Qgr.

Now for the last two cases, by the definition of the eliminating average cost,
we can always consider the ratio Cq/(1)/Ca(0) = (a2 + B%)/(aar + Ba) as in
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Lemma B.3. With that modification the inequalities established for Cy (2)/Cy (1) and
Cy(4)/Cyq (3) in Lemma remain the same.
O

Lemma 4.5. The asymptotic effect for the eliminating average cost of paths J4_pt1
is always smaller than the asymptotic effect of (2d — 1,0) vertices in the case of
d—orientations.

Proof. The asymptotic effect in the case of paths is D(d — h + 1) 2T, First we
prove that this holds for h = 1. Recall that aq/5q = d/(d — 1).

D(d)Qd ’ <1 <=
Ca(2d — 1,0)2d-

(af + B3)%~

7ad+5d)4d =<1l <

2d—2
(g +Ba) <1 &=

( af + 53
(g + Ba)?

)
<1 _ _2adbs ) (g + Ba) <1 <=
)

Oéd-i—ﬂd
-2 <2d1>
<1l <=

1—
(- T
242 - 2d+1\*"? (2d -1 1
(2d —1)? d
which holds for d = 2. So we need to show that the following function is monotonically
decreasing for d > 2.

= (525 ()

We have that
2(d+1)> —2(d+ 1) +1\* (2d+1
Ald+1) (2d + 1)? d+1
A(d) 242 — 2d+1\*"7* (2d—1
(2d — 1)2 d
2d+1)2 —2(d+1)+1\>
( P -2(2d + 1)
- 242 — 2d +1\>"7°
(Parm) @
(8d* =242 —2d 4+ 1\*"? 2
C\8dt —2d2+2d+1 (2d+1)3-(d+1)

which is obviously less than 1 for all d > 0.
Now, since this inequality holds in dimension d, we use the fact that in smaller
dimensions

D(d— h+1)TT 0T < Cqppr(2(d—h+1) — 1,0)1/2
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for h > 2. This means that D(d — h + 1) 2T is bounded using similar inequalities
as in Equation (. from Lemma }.2. O

Finally, we prove that the asymptotic effect of non-composite (2(d — h), h) vertices
is maximized for h = d — 1.

Lemma 4.6. The following ratio is biggerthan 1 for 1 < h < d — 2.
22(d7h)71
Cd(z(d - h)7 h‘)

Proof. Let us denote d* = d — h as in Lemma 1.2 and by S(d*) the above ratio. Since
the shift d* — d* + 1 corresponds to the shift h — h — 1. Taking the ratio

S(d* +1) 1

S(d*) tor

one deduces that S(d*) is clearly increasing. Since S(2) = 8/6, the condition holds.
O

Now we are ready to prove the bound on d-orientations.

Theorem 4.7. The number of d—orientations for a connected d-pseudograph with n
vertices and k£ hanging edges is bounded by

k

_q\ (mHatn)/2
<2d 1) . 2 )

d 2d — 1\ 77
d

Proof. Let us list the basic categories of vertices to be eliminated and provide a notation
for their cardinalities.

* tq vertices with degree profile (2d — 1,0) or (2d — 1,1) are eliminated.

* s, vertices with degree profile (r, h), such that their asymptotic effect is strictly
smaller than the target bound. For these vertices we consider an upper bound for
the cost of their elimination omitting /& from the cost function:

Ca(r) = max = Ca(r,h).
h#(r—2d)/2

This definition allows us to use the eliminating average cost for path bounds.
Remark that the condition h # (r — 2d)/2 applies only in the case of vertices
with even normal degree.

* {y, vertices with normal degree 2(d — h), for 1 < h < d — 1 eliminated with path
elimination step.

 my, vertices with degree profile (2(d — h), h), such that their asymptotic effect
is bigger than the target bound.
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The total cost of the elimination process is bounded by

Ca(2d —1,0)" - T Ca(r)* - [[ P(d = h 4+ 1) - T] Ca(2(d — h), m)™ (4.5

By Lemma P.6 the elimination process stops when tree condition (d—1)-n/+1 = k/
is achieved, where n’ and k&’ denote the number of vertices and hanging edges at this
instance. This means that

no= n—tg—> .8 —>.lp—> my
Eo= k+(d—=1)ta+>(r—d) s, —>.(d—2h) &, — > (r—d) -my

were k' is derived by applying the H.E.E. formula (see Lemma R.7). These equations
combined with tree condition lead to the following inequality on ¢4:
n l4+k—=3(—1)-s, =3 2(d-h)—1)- Ly =3 (r—1) -ms

< Z
ta =3 2d — 2

Applying this inequality to Equation f.5, it is deduced that the following quantity
bounds the number of orientations

Sy 7 mp

Ca(2d —1,0)3 w0 . T] (%) 11 (%) 11 (%) )

where wy = 2’3%12, wy = 2 Fan 2, and wy = %. Since the terms the asymptotic
effect of vertices (2d — 1, 0) is bigger than the asymptotic effect of vertices in the first
product and paths in the second product (see Lemmata §.J and §.3) and the asymptotic
effect of non composite (2,d — 1) vertices is the biggest among the cases of vertices
with asymptotic effect exceeding the target bound (see Lemma }.6), we deduce that the
orientations are bounded by

9 > mp

n_ k-1

C(2d—1,0)2 72072 | — = .
C(2d —1,0)2a—2

By the definition of non-composite vertices with asymptotic effect bigger than the target
bound, we have that > my, is bounded by the initial number of hanging edges k. Thus,

the bound in Equation f.4 follows. O
L4 T2 [ 3] 4 [ 5 [ 6 | 7 [ 8 |
Bézout 4 8 16 32 64 128 256

BES 4.89 8.94 16.7 31.7 60.7 117.1 226.8
BEV 3.78 6.84 12.68 23.89 45.53 87.46 168.9
new 3.46 6.32 11.83 22.44 42.98 82.84 160.4

Table 4.1:
d < 8. Bézout denotes the Bézout bound, BES is the bound derived in [3] using matrix
permanents, BEV is the bound derived in [J] that uses elimination techniques to bound
outdegree constrained orientations, and new is the bound derived in this paper. Note
that as we go on higher dimensions, the difference between our bound and the next best
increases.
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Lemma 4.8. Let G be a minimally rigid graph in dimension d. There is a fixed subgraph
Ky in G, with d’ < d, that its removal does not break the connectivity of G.

Proof. The graph G is at least d-connected. Let S be the minimum separator of G.
Note that |S| > d. Hence the removal of any subgraph of G with less than d vertices
cannot break its connectivity. O

Now we are ready to prove Theorem J.1].

) Qdfl )
Proof. First we prove that m < 1. Observe that the ratio
2d.(2dd71) B d+1 -
1 (2d+1\
2d 1.(d+1) 2d +1

for all d > 2. This implies that 2¢=! < C(2d — 1, 0) holds for every d > 2, since for
d =2 we have that 2 < (3).

Lemma §.§ indicates that there is always at least a fixed K that is not a separator for
d > 3. The bound results applying Theorem [ 1| for d—orientations to TheoremR.3. [J
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CHAPTER 5

ON THE MAXIMAL NUMBER OF mBe.

In this section we provide examples of Laman graphs with maximal number of 2-
orientations, among certain cases we computed. Let us remark that an exhaustive search
over all Laman graphs with big number of vertices is almost infeasible, since their num-
ber is gigantic. For that reason, graphs were constructed by using repetitive Henneberg
steps [[17] to Laman graphs with big embedding number (data for the embedding num-
bers was found in [[11]). To provide these bounds, we calculate them using the code
from [d].

Given a Laman graph G(V, E), we denote with 1(G) the number of its complex
embeddings. Recall that mBe(G, ¢) denotes the bound derived from Theorem R.3 for
a fixed edge e € E and R(G, e) the corresponding number of orientations.

Then applying Theorem B.4, the following inequality holds:

G) < min(mBe(G.¢)) <mBe(G.e) < 5 . (2.312)""7
u(G) < min(mBe(G.e)) <mBe(G,e) < 27z - (2-3'7)

since the bound can vary for different fixed edges.

Figure 5.1:  The graph Gag,, is a Laman graph on 29 vertices. The dashed blue edge
corresponds to the fixed edge that yields the maximal m-Bézout. Note that k = 6 for
the specific fixed edge.
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In order to compute the asymptotic order of our bound, we consider only the non-
fixed vertices as in [2, [11]. This choice is made due to the underlying algebraic systems
that lead to the bound in [3]. We also exploit the fixed terms to examine if the base of
the exponent is increased. This is done both in the case of the bound on embeddings
from Theorem B.6 and the bound on orientation from Theorem B.4. More precisely, to
compute the asymptotic order of m Be(G, €), we consider mBe(G, e)'/(IVI=2),

In order to include the fixed term of the bound, we need to take into account that a
part of the fixed term is related to the target bound for the orientations which is 3'/2 ~
1.7321. So we consider the following equality

mBe(G,e) = i—? (2 a)VI72, (5.1)

Finally, the deletion of certain fixed edges may result to connected d-pseudographs with
more than 4 hanging edges, which is the default value used for Theorem B.6. Thus, in
order to examine only the bound on orientations, we use also the relation

2k -
R(G,e) = W . aLVl 2. (52)

k

The graph Gag,, is a 29—vertex graph and has the maximum asymptotic bound we
have computed (see Figure B.1)). For the edge e that maximizes this bound, we have
that mBe(Gagq,€) = 21,947,282,882, 560, so R = 163, 520. The asymptotic order
for these numbers, without taking into consideration the constant term are respectively
mBe(Gaga,e)/IVI=2) = 3.1198 and R (G294, ¢)/IVI=2) = 1.5599. Including the
constant term and considering the default value £ = 4, we get ¢ = 1.5866. Finally,
taking into account that both the fixed vertices have degree 4, we compute that taking
into account £k = 6, we get ag = 1.6329. We believe that with bigger computational
resources, these numbers can be further increased.

Figure 5.2: The graph Gagy, is also a Laman graph on 29 vertices and the dashed blue
edge corresponds to the fixed edge that yields the minimum m-Bézout. For that fixed
edge k = 5.

Although this graph has a big bound for this specific edge, its minimum bound is
much lower, namely 416, 611, 827, 712 with an asymptotic order of 2.6938!V|. Thus,
we ran computations aiming for graphs with big minimum bound.

The graph Gagp is the 29-vertex graph with the maximum minimal asymptotic
bound we have computed (see Figure 5.2). For the edges e that minimizes the bound
for the specific graph, we have that mBe(Gagp, €) = 784,502, 620, 160, which yields
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CHAPTER 5. ON THE MAXIMAL NUMBER OF mBe.

mBe(Gagp, €)'/ IVI=2) = 2.7576 as an asymptotic order. Divided by 2, we have that
the asymptotic order for the orientations is R (Gagp, €)'/ (IV1=2) = 1.3788. Setting the
default value of hanging edges, we get a = 1.3431, while using the fact that actually
k = 5, the result is a5 = 1.3355. Notice that a and a5 in that case are smaller than the
asymptotic order of R(Gagp, €). That happens because the square of all these values is
strictly smaller than 2 (so the fraction in Equations B.1] and .2 is smaller than 1).
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CHAPTER O

CONCLUSIONS AND FUTURE WORK

In this thesis we have managed to improve the upper bounds on the embedding number
of minimally rigid graphs, via bounding the number of outdegree constrained orienta-
tion for certain cases. This bound is still far from the lower bounds on the maximal
number of complex embeddings in the cases of dimension 2 and 3, but as we show
in Section B, it seems to be close to the bound on the orientations for Laman graphs.
Thus, we consider that the upper bound on orientations may be sharp, but demanding
computations are needed to verify this conjecture.

More demanding computations are also required for improving the lower bounds
on the embedding number that may reduce the gap between lower and upper bounds.
In the case that the bound is indeed sharp on orientations, but loose for the embedding
number, one may consider other ways to improve upper bounds. One idea is to examine
if there are certain combinatorial properties for the fixed Ky whose removal minimizes
the number of orientations. Another approach would be to consider tools from sparse
algebraic geometry on determinantal varieties of Cayley-Menger matrices or even to use
a completely different formulation to represent the problem. A more efficient stopping
condition might improve the asymptotic cost of the elimination process. By taking
under consideration, the graph density and the average degree of a graph, one may
improve the upper bounds.

Finally, our bounds may be extended generally for all outdegree constrained d-
orientations. In that case the restriction on degree is not applied for (2d — 1)—valent
vertices, but for (2d)-valent vertices. This result may also have applications on the
multihomogeneous bound of certain polynomial systems, as demonstrated in [4].
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