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Pin-collinear Body-and-Pin Frameworks and the
Molecular Conjecture

Bill Jackson* and Tibor Jordan**

Abstract

T-S. Tay and W. Whiteley independently characterized the multigraphs
which can be realized as an infinitesimally rigid d-dimensional body-and-hinge
framework. In 1984 they jointly conjectured that each graph in this family can
be realized as an infinitesimally rigid framework with the additional property
that the hinges incident to each body lie in a common hyperplane. This conjec-
ture has become known as the Molecular Conjecture because of its implication
for the rigidity of molecules in 3-dimensional space. Whiteley gave a partial
solution for the 2-dimensional form of the conjecture in 1989 by showing that
it holds for multigraphs G = (V, E) in the family which have the minimum
number of edges, i.e. satisfy 2|E| = 3|V| — 3. In this paper, we give a complete
solution for the 2-dimensional version of the Molecular Conjecture. Our proof
relies on a new formula for the maximum rank of a pin-collinear body-and-pin
realization of a multigraph as a 2-dimensional bar-and-joint framework.

1 Introduction

All graphs considered are finite and without loops. We will reserve the term graph for
graphs without multiple edges and refer to graphs which may contain multiple edges
as multigraphs. Given a multigraph G and a positive integer k, we use kG to denote
the multigraph obtained by replacing each edge of G' by k parallel edges.

Informally, a body-and-hinge framework in R? consists of large rigid bodies articu-
lated along affine subspaces of dimension d — 2 which act as hinges i.e. bodies joined
by pin-joints in 2-space, line-hinges in 3-space, plane-hinges in 4-space, etc. This
notion may be formalized by using the facts that the infinitesimal motions of a rigid
body in d-space can be coordinatized using screw centers (real vectors of length (d;d)
which represent (d — 1)-tensors in projective d-space), and that rotations correspond
to particular kinds of screw centers called (d — 1)-extensors, see [I]. A d-dimensional
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Section 1. Introduction 2

body-and-hinge framework (G,q) is a multigraph G = (V, E) together with a map
q which associates a (d — 2)-dimensional affine subspace ¢(e) of R? with each edge
e € E. An infinitesimal motion of (G, q) is a map S from V to (dgl)-space such that,
for every edge e = uv, S(u) — S(v) is a scalar multiple of P(e,q), where P(e,q) is a
(d — 1)-extensor which corresponds to a rotation about g(e). An infinitesimal motion
S is trivial if S(u) = S(v) for all u,v € V and (G, q) is said to be infinitesimally rigid
if all its infinitesimal motions are trivial[| We refer the reader to [I8, 20] for a more
detailed account of body-and-hinge frameworks in R¢. We will only be concerned with
the case d = 2 and specific details for this case will be given in Sections [2| and [5| of
this paper.

Multigraphs which can be realized as infinitesimally rigid body-and-hinge frame-
works are characterized by the following theorem, proved independently by Tay [14]
and Whiteley [18].

Theorem 1.1. A multigraph G can be realized as an infinitesimally rigid body-and-
hinge framework in R® if and only if ((d;ﬂ) — 1)G has (d'gl) edge-disjoint spanning
trees.

Tay and Whiteley jointly conjecture that the same condition characterizes when a
multigraph can be realized as an infinitesimally rigid body-and-hinge framework in R?
with the additional property that all the hinges incident to each body are contained
in a common hyperplane.

Conjecture 1.2. [16] Let G be a multigraph. Then G can be realized as an infinites-
imally rigid body-and-hinge framework in R? if and only if G can be realized as an
infinitesimally rigid body-and-hinge framework (G, q) in R? with the property that, for
each v € V, all of the subspaces q(e), e incident to v, are contained in a common
hyperplane.

Conjecture [1.2] is known as the Molecular Conjecture because of its implications
for the rigidity of molecules when d = 3P It has been verified by Whiteley [19] when
d = 2 for the special case when 2G is the union of three edge-disjoint spanning trees.

!These definitions can be motivated by considering each vertex v € V as being represented by
a large rigid body B, in d-space and each edge e = uv € E as being represented by the ‘hinge’
q(e) attached to B, and B,. Each body B, can move continuously subject to the constraints that,
for each edge e = uv € E, the relative motion of B, with respect to B, is a rotation about the
hinge g(e). At any given instant, the motion of B, is represented by the screw center S(v). The
constraint concerning the relative motion of B, with respect to B, is represented by the condition
that S(u) — S(v) is a scalar multiple of P(e, q).

Tt is known that infinitesimal rigidity is a projective invariant, and it is the projective dual
of the case d = 3 of the Molecular Conjecture which has implications for the rigidity of molecules.
Under projective duality in R3, lines are mapped to lines, and planes are mapped to points. Thus the
conjecture for d = 3 is equivalent to the statement that a graph G can be realized as an infinitesimally
rigid body-and-hinge framework in R? with all hinges incident to each vertex concurrent at a point, if
and only if 5G has six edge-disjoint spanning trees. The application to molecules represents atoms as
vertices and bonds between atoms as edges [21] 24]. The corresponding body-and-hinge framework
will centre each atom at the point of concurrence of the bonds which are incident to it. For partial
results on the 3-dimensional version of the Molecular Conjecture see [5] [6].
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Section 2. Bar-and-joint frameworks 3

The purpose of this paper is to give a complete solution of the conjecture when

= 2. We will assume henceforth that d = 2 and refer to hinges as pins and to
body-and-hinge frameworks as body-and-pin frameworks. We say that a body-and-
pin framework is pin-collinear if the pins incident to each body lie on a common
line. Our proof that Conjecture holds when d = 2 uses an equivalent definition
of body-and-pin structures as ‘bar-and-joint’ frameworks. These will be described
in Sections [2| and 4] along with some basic results. We need two more sections to
collect the notions and preliminary results we use in the main proof: in Section [3| we
summarize some structural properties of forest covers of multigraphs, and in Section
we define body-and-pin frameworks and their associated rigidity matrices. Our
main result, which solves the bar-and-joint version of the 2-dimensional Molecular
Conjecture, is given in Section 6 We give some corollaries of this result in Section
[7 and deduce, in particular, that Conjecture holds when d = 2. We close by
describing a conjectured characterization of when a general incidence structure can
be realized as an infinitesimally rigid pin-collinear body-and-pin framework in Section

B

2 Bar-and-joint frameworks

A (2-dimensional) bar-and-joint framework (G, q) is a graph G = (V, E) together with
amap ¢ : V — R2 We say that (G,q) is a realization of G. We consider each
vertex to be represented by a universal joint at ¢(e) and each edge e = uv € E to be
represented by a rigid bar attached to the joints ¢(u) and g(v). The joints are free to
move continuously in R? subject to the constraints that the bar-lengths ||q(u) — q(v)]|
remain constant for all uv € E. The framework (G, ¢) is said to be rigid if each such
motion preserves the distances ||q(u) — ¢q(v)|| for all u,v € V.

The rigidity matriz of the framework is the matrix R(G, q) of size |E| x 2|V|, where,
for each edge v;v; € E, in the row corresponding to v;v;, the entries in the two columns
corresponding to vertices v; and v; are given by the coordinates of (¢(v;) — ¢(v;)) and
(q(vj) — q(v;)), respectively, and the remaining entries are zeros. See [20] for more
details. The rigidity matrix of (G, q) defines the rigidity matroid R(G,q) of (G, q) on
the ground set E by linear independence of rows of the rigidity matrix. We denote
the rank of R(G,q) by (G, q).

The following lemma gives an upper bound on (G, q).

Lemma 2.1. [20, Lemma 11.1.3] Let (G, q) be a bar-and-joint framework with n > 2
vertices. Then r(G,q) < 2n — 3.

The framework (G, q) is said to be infinitesimally rigid if r(G, q) = 2n— 3. We refer
to the vectors in the null space, Z(G, q), of R(G, q) as infinitesimal motions of (G, q),
and define the number of degrees of freedom of (G, q), df(G,q), to be the dimension
of Z(G,q). Thus df(G,q) = 2n — r(G,q). (These definitions are motivated by the
fact that every continuous motion of (G, q) which preserves bar-lengths ‘induces’ an
infinitesimal motion of (G,q). In particular the rigid isometries of R? corresponding
to translation along either axis and rotation about the origin give rise to three linearly
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Section 2. Bar-and-joint frameworks 4

independent infinitesimal motions of (G, q). If (G, q) is infinitesimally rigid, then these
three infinitesimal motions are a basis of Z(G,q).)

We say that (G, q) is a generic realization of G if the set of coordinates of all points
q(v), v € V, is algebraically independent over Q. (It follows from a result of Gluck
[3] that if (G, q) is generic, then (G, q) is rigid if and only if (G, ¢) is infinitesimally
rigid.) All generic realizations of G have the same rank and we denote this value
by r(G). The following lemma follows from the fact that the entries in R(G, q) are
polynomial (and hence continuous) functions of the components of ¢(v), v € V| with
rational coefficients.

Lemma 2.2. Let (G, q) be a bar-and-joint framework. Then

(a) 7(G,q) < r(G).

(b) There exists an € > 0 such that for all ¢ : V — R? with ||¢'(v) — q(v)]| < € for all
v eV, we have r(G,q") > r(G,q).

Let G = (V, F) be a multigraph. For X C V| the degree of X, dg(X), is the number
of edges of G from X to V — X . If X = {v} for some v € V' then we simply write
dg(v) for the degree of v. The set of neighbours of X (i.e. the set of those vertices
v € V — X for which there exists an edge uv € F with u € X)) is denoted by Ng(X).

We shall need some basic results on the rigidity of frameworks.

Lemma 2.3. [20, Lemma 2.1.3] Let Gy = (Vi, Ey) be a graph and vy, vy be distinct
vertices of Gy. Let G be obtained from Gy by adding a new vertex v and edges vvy, vvs.
Let (G1,q1) be a realization of Gy such that q(vi) # q1(v2). Choose a point @ such
that q1(v1),q1(v2), Q are not collinear and let (G,q) be the realization of G obtained
from (Gy,q1) by putting q(v) = Q. Then r(G,q) =r(G1,q1) + 2.

Lemma 2.4. [20, Lemma 2.2.2] Let G4 = (Vi, Ey) be a graph, vi,vq,v3 be distinct
vertices of Gy and vivy be an edge of G1. Let G be obtained from G — vivy by adding
a new vertex v and edges vvy,vve, vvs. Let (G1,q1) be a realization of Gy such that
q1(v1), q1(ve), q1(v3) are not collinear. Let @ € R* be a point on the line through
q1(v1), q1(v2) distinct from qi(vy),qi(ve). Let (G, q) be the realization of G obtained
from (G1,q1) by putting q(v) = Q. Then r(G,q) = r(Gy,q1) + 2.

The following result is given without proof in [20, Figure 2.9]. We include a proof
for the sake of completeness.

Lemma 2.5. Let G = (V,E) be a graph, v € V and Eg(v) = {vvy,vvq, ..., 00}
for some k > 2. Choose j such that 2 < j < k and let G' be the graph obtained
from G — v by adding two new vertices v',v" and edges v'vy, Vv, ..., v'v;, V"1, 0" vy,
V"1, .., V" vk Suppose q : V — R2. Define ¢/ : V(G') — R? by ¢'(u) = q(u) for all
ueV—vandq)=q@") = q(v). Suppose q(v) —q(v1) and q(v) —q(ve) are linearly
independent. Then r(G',q") > r(G,q) + 2.

Proof: Since ¢(v) — q(v1) and ¢(v) — g(vq) are linearly independent, we can include
vy, Ve in a basis B of R(G,q). Let I ={vv; € B : 3<i<j}and I ={vvy; € B :
j+1<i<k}). Put

B' = (B —Eg(v))U{v'v; : vu; € L} U{0"v; : vu; € I} U{v'v1, 0" 09,0 01,0 05}
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Section 2. Bar-and-joint frameworks )

We will show that B’ is independent in R(G’,¢’). Suppose not. Then the rows
of R(G',q") corresponding to B’ are linearly dependent. Thus there exist constants
auww € R, uw € B’ not all equal to zero, such that, for each u € V/(G'), we have

> awla(u) - g(w)) = 0. (1)

uwe B’

Define constants (., € R, uw € B, as follows: (., = a4, when uw is not incident
to v; Buy, = Quny, for vv; € Iy Buy, = aumy, for vv; € Iyy Buw, = Qo + Quirgy;
Bovs = Quryy + Qury,. Then implies that > 5 Buw(q(u) — q(w)) = 0 for all
u € V(G). Since B is independent, we must have (3,, = 0 for all uw € B. Thus
Qyy = 0 for all uw € B with uw ¢ {v'vy,v'va,v"vy,v"v9}. Substituting into (|1
with u = v" we may also deduce that .., (¢(v) — q(v1)) + @, (q(v) — q(v2)) = 0.
Since q(v) — ¢q(v;) and ¢q(v) — q(vy) are linearly independent, we must have
Qyryy, = 0 = ury,. Similarly, oy, = 0 = umy,. This contradicts the assumption
that not all of the constants «,, are equal to zero. Thus B’ is independent and
r(G',¢) > |B'|=|Bl+2=r(G,q) + 2. °

We refer to the operations in Lemmas 2.3 2.4 and 2.5 as 0-extensions, 1-extensions,
and vertez-splits, respectively. The next result is a non-generic extension of [20]
Lemma 3.1.4 (1)]. It can be proved similarly.

Lemma 2.6. Let (G,q) be a framework and let Gy, Gy be subgraphs of G with 2 <
V(G| < V(GQ)|—1, GiUGy = G and V(G1)NV (Gs) = X. Suppose that (G, q;) are
both infinitesimally rigid frameworks, where q; denotes the restriction of q to V(G;),
i=1,2. Then df(G,q) =6 if X =0, df(G,q) =4 if |¢(X)| =1, and df(G,q) = 3
(so (G, q) is infinitesimally rigid) if |q(X)| > 2.

Lemma 2.7. Let G = (V, E), Gy = (V1, Ey), Gy = (Va, E) be connected graphs such
that G = G1UGs, and G1NGy = K is a complete graph on t vertices, fort € {0,1,2}.
Let (G, q) be a realization of G and let q; be the restriction of q to Vi, i € {1,2}.
Suppose the affine hull of q;(V;) is 2-dimensional for each i € {1,2} and that q(u) #
q(v) if u,v are distinct vertices of K. Then r(G,q) = r(G1,q1) + r(Ga, ¢2) — |E(K)|.

Proof: Choose a base B; of R(G;,q;) with E(K) C B;. Since the affine hull of
qi(V;) is 2-dimensional, we can add edges to the graph (V;, B;) such that the resulting
graph H; = (V;,T;) satisfies |T;| = 2|Vi| — 3 and (H;, ¢;) is infinitesimally rigid. Let
H = Hy U H,. Lemma [2.6| now implies that r(H,q) = |E(H)| and hence T} U T is
independent in R(H, q). Since B = B; U By, C T} UTs, B is independent in R(G, q).
On the other hand, the fact that B; spans E; in R(G;, ¢;) implies that B spans E in
R(G,q). Thus B is a base of R(G, q) and

r(G,q) = [B| = |Bi| + [By| — |E(Ky)| = 7(G1, q) + r(Ga, q) — [E(KL)]-

As noted in the Introduction, the space of infinitesimal motions of an infinitesimally
rigid bar-and-joint framework in R? can be coordinatized using screw centers, which
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Section 3. Bricks and Superbricks 6

are real vectors of length (d'ZH), see [I]. We will use this coordinatization for the

special case d = 2 in Section [5| to define 2-dimensional body-and-hinge frameworks
and their associated rigidity matrices. We derive the required properties of screw
centers in 2-dimensional space in the remainder of this section.
1
For S = (wy,wq,ws3)? € R3, let Mg = ws ( (1) 0 ), Vg = ( Z2 ) and define
- 1

fs:R* - R? by fs(x) = Mgx + vs. We use {(z,y,2)) to denote the subspace of R?
spanned by a vector (x,y,2) € R®. The following lemma is straightforward to check.

Lemma 2.8. Suppose S, T € R® and x = (x1,13) € R% Then
(a) fser(x) = fs(x) + fr(x).
(8) F5(x) = 0 if and only if S € (21, —2,1)).

Let G = (V, E) be a graph and (G, ¢) be a realization of G as a 2-dimensional bar-
and-joint framework. Since the columns of the rigidity matrix R(G, ¢) are indexed by
V' we can consider the vectors in the null space of R(G, ¢), i.e the infinitesimal motions
of (G, q), as maps ¢’ : V — R? with the property that (q(u) —q(v))-(¢'(u) — ¢ (v)) =0
for all uv € E. We adopt this convention in our next result.

Lemma 2.9. Let G = (V, E) be a graph with at least two vertices, ¢ : V — R?, and
S = (wy,wq, w3) € R3. Let fgoq:V — R? by fgoq(v) = fs(q(v)) for allv € V.
Then

(a) fsoq belongs to the null space, Z(G,q), of R(G,q).

(b) If (G,q) is infinitesimally rigid, then the map [ : R® — Z(G,q) by f(S) = fsoq
for all S € R? is a vector space isomorphism.

Proof: Choose u,v € V. Then

(a(u) = q(v)) - (fs 0 q(u) = fs 0 q(v)) = ws(q(w) — q(v))Ms(q(u) — q(v))" =0.

Thus fsoq € Z(G,q) and (a) holds. To prove (b) we assume that (G,q) is
infinitesimally rigid, and hence that dim Z(G,q) = 3. It is straightforward to
check that f is a linear map. Suppose f(S) = 0. Since (G,q) is infinitesimally
rigid, we may choose vy,v; € V such that (z1,y1) = q(v1) # q(v2) = (z2,y2).
Lemma [2.§(b) and the fact that fs(q(vi)) = 0 = fs(g(v2)) now imply that
S € ((z1,—y1,1)) N {(z2, —y2,1)) = {0}. Thus S = 0 and hence f is an injection.
Since R? and Z(G, ¢) both have the same dimension, f is an isomorphism. .

3 Bricks and Superbricks

In this section we summarize the structural results on forest covers of multigraphs
that we shall use. Let H = (V,E) be a multigraph. For a family F of pairwise
disjoint subsets of V' let Ey(F) denote the set, and ey (F) the number, of edges of H
connecting distinct members of F.
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Section 3. Bricks and Superbricks 7

The following theorem is well-known[]

Theorem 3.1. [10, [11), [17] Let H = (V, E) be a multigraph and let k be a positive
integer. Then
(a) the mazimum size of the union of k forests in H is equal to the minimum value of

en(P) + k([V|=[P]) (2)

taken over all partitions P of V;
(b) H contains k edge-disjoint spanning trees if and only if

en(P) > k(|P|—1)

for all partitions P of V;
(c) the edge set of H can be covered by k forests if and only if

[E(HX])| < k(X[ =1)
for each nonempty subset X of V.

In this paper we shall be concerned with the case when H = 2@, for some multi-
graph G, and & = 3. Let G = (V,E) be a multigraph. For a partition Q of V
let

defe(Q) = 3(|Q| — 1) — 2e¢(Q)

denote the deficiency of Q in G and let
def(G) = max{def;(Q) : Q is a partition of V'}.

Note that def(G) > 0 since defg({V'}) = 0. We say that a partition Q of V' is a tight
partition of G if defe(Q) = def(G).

A multigraph G is strong if 2G has three edge-disjoint spanning trees. Equivalently,
by Theorem [3.1(b), G is strong if def(G) = 0. A subgraph H of a multigraph G is said
to be a brick of G if H is a maximal strong subgraph of G. Thus bricks are induced
subgraphs.

We say that a multigraph G = (V, E) is superstrong if 2G — e has three edge-disjoint
spanning trees for all e € E(2G). Equivalently, by Theorem [3.1[(b), G is superstrong
if def(G) = 0 and the only tight partition of V' is {V'} itself. A subgraph H of G
is said to be a superbrick of G if H is a maximal superstrong subgraph of G. Thus
superbricks are induced subgraphs.

The following properties of bricks and superbricks were verified in [5]]

3Theorem a) appears in [I3, Chapter 51]. It follows easily from the matroid union theorem of
Nash-Williams [12] and Edmonds [2], which determine the rank function of the union of & matroids,
by applying this theorem to the matroid My (H) which is the union of k copies of the cycle matroid of
H. Part (a) implies parts (b) and (c), which are well-known results of Tutte [I7] and Nash-Williams
[10], and Nash-Williams [11]], respectively. The minimum value of is equal to ri(E), where ry
denotes the rank function of My (H).

“In [5] these notions and the following lemmas were formulated for graphs and for a different
count: with six edge-disjoint spanning trees in 5G. However, as was noted in [B], they hold in a
much more general context, which implies the results for multigraphs and for both counts.
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Section 4. Body-and-Pin Realizations of Graphs as Bar-and-Joint Frameworks 8

Figure 1: The brick partition B; and the superbrick partition By of a graph G. We
have def(G) = defg(B;) = defe(By) = 1.

Lemma 3.2. [5] Let G = (V, E) be a multigraph. Then the vertex sets of the bricks
(resp. superbricks) of G partition V.

The term brick partition (resp. superbrick partition) of G refers to the partition of
V given by the vertex sets of the bricks (resp. superbricks) of G, see Figure [1 We
shall frequently use the fact that the brick and superbrick partitions of G are both
tight. This follows from the next lemma.

Lemma 3.3. [J] Let G = (V, E) be a multigraph and P be a tight partition of V.
(a) If P is chosen so that |P| is as small as possible then P is the brick partition of
G

(b) If P is chosen so that |P| is as large as possible then P is the superbrick partition
of G.

4 Body-and-Pin Realizations of Graphs as Bar-
and-Joint Frameworks

Let G = (V, P) be a multigraph. For v € V let Eg(v) be the set of all edges of G
incident to v. The body-and-pin graph of G is the graph G* with V(G*) = V U P and

EG")={vp : veVand p € Eg(v)} U{pp2 : v €V and p1,p2 € Eg(v)}.

See Figure [2|
We first show that def(G) can be used to obtain an upper bound on r(G*).

Lemma 4.1. Let G = (V, P) be a multigraph with no isolated vertices. Then r(G*) <
2V +[P]) = 3 = def(G).

Proof: Since |V(G*)| = |V|+ |P|, we have r(G*) < 2(]V| + |P|) — 3 by Lemma [2.1]
Thus we may assume that def(G) > 1. Let Q = {Q1,Qs, ..., @;} be a tight partition
of V. Since def(G) > 1, we must have ¢ > 2.

Forv € Vlet B*(v) = {v}UEg(v) C V(G*) and let X; = U,eq, B*(v), for 1 <1i <.
Then every edge of G* is induced by some X;, and since G' has no isolated vertices,
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Section 4. Body-and-Pin Realizations of Graphs as Bar-and-Joint Frameworks 9

we have |X;| > 2, for 1 <4 < t. Furthermore, 3¢, | X;| = |V| + |P| + ec(Q). Now
we can use Lemma [2.1] to deduce that

r(GY) < Z(Q‘Xi| =3) =2([V+ [P]) + 2e6(Q) — 3t

= 2(|[V] +|P|) — 3 — def(G).

We shall see later, in Corollary , that equality holds in Lemma (This could
also be proved directly using the characterization of the rank function of the rigidity
matroid of a graph given by Lovész and Yemini [9].)

Let G = (V, P) be a multigraph and G* be the body-and-pin graph of G. Given
a map q : V(G*) — R? we say that the bar-and-joint framework (G*,q) is a body-
and-pin realization of G if q acts injectively on {v} U Eg(v) for all v € V and the
subframework, B,, of (G*,q) induced by {v} U Eg(v) is infinitesimally rigid. The
realization (G*, q) is said to be pin-collinear if the points ¢(p), p € Eg(v), are collinear
for each v € V. In this case, the line through ¢(p), p € Eg(v), is unique when
de(v) > 2, and we denote it by LG+ q)(v). We extend this notation for vertices v € V'
with dg(v) = 1, say Eg(v) = {p}, by putting L+ ¢ (v) equal to the line through ¢(p)
which is orthogonal to the line containing ¢(v), ¢(p). We refer to the lines LG« ¢ (v),
v € V, as the pin-lines of (G*,q). Note that the infinitesimal rigidity of B, implies
that ¢(v) must not lie on L+ 4)(v) for each v € V. The pin-collinear body-and-pin
realization (G*, q) of G is said to be non-degenerate if L= g (u) # L= (v) for all
uv € P. Note that if G has a non-degenerate pin-collinear body-and-pin realization
(G*,q) then G must be a graph, since if u,v € V are joined by two or more edges in
G then we must necessarily have Lig«q)(u) = L= ) (v).

Lemma 4.2. Let G = (V, E) be a graph and (G*,q1) be a pin-collinear body-and-
pin realization of G. Then there exists a non-degenerate pin-collinear body-and-pin
realization (G*,q2) of G such that r(G*, q2) > r(G*, q1).

Proof: Suppose LG« q,)(u) = L(g=q)(v) for some wv € E. If dg(u) = 1 then we
may move ¢;(u) by Lemma [2.2(b) so that the line through ¢i(u), ¢ (uv) is no longer
perpendicular to Lg«4,)(v). Thus we may suppose that Eg(u) = {uv,uvy, ..., uv}
for some ¢t > 1. By Lemma (b), there exists a neighborhood S; around each point
q(uvy), i € {1,2,...,t}, such that r(G*,¢;) does not decrease if we move ¢ (uv;)
within S;. Thus we may modify (G*,¢;) by moving each point ¢;(uv;) slightly, in
such a way that it continues to lie on LG« 4,)(v;) and belong to \S;, and also such that
qi(uwv), qi(uvy), . .., q1(uvy) all lie on a line Ly which is not parallel to Lig- q,)(v). (We
may imagine Ly is obtained by a small rotation of L(g+4,)(u) about the point ¢, (uv).)
Repeating this process for all such pairs of pin-lines we obtain a non-degenerate
pin-collinear body-and-pin realization (G*, ¢2) of G such that r(G*,q2) > r(G*,q1). ®
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Figure 2: A non-degenerate pin-collinear body-and-pin realization (G*, q) of the graph
G = (V, P) from Figure . White (resp. black) vertices of G* correspond to vertices
(resp. edges) of G. We have r(G*) = r(G*,q) = 2(|]V| + |P|) — 3 — def(G). Since
def(G) = 1, (G*, q) has exactly four degrees of freedom.

5 Body-and-Pin Frameworks

Let G = (V, E) be a multigraph and (G*, q) be a body-and-pin realization of G as a
bar-and-joint framework. Since, for each v € V, the vertices in {v} U Eg(v) induce
an infinitesimally rigid subframework of (G*, q), it is not difficult to see that r(G*, q)
will be uniquely determined by the position of the points ¢(e), e € E. That is to
say r(G*, q) is independent of the position of the points ¢(v), v € V, as long as each
q(v) is chosen so that the points ¢(z), x € {v} U Eg(v) are not collinear whenever
dg(v) > 2 holds. This observation leads us to the following definition.

A body-and-pin framework (G, q) is a multigraph G = (V, E), together with a map
q: F — R? Letgq(e) = (q1(e), q2(e)) for each e € E. We define an infinitesimal motion
of the body-and-pin framework (G, ¢) as a map S : V — R3 satisfying the constraints
that, for all e = uv € E, S(u) — S(v) € (P(e,q)), where P(e,q) = (q1(e), —q2(e), 1).
An infinitesimal motion S is trivial if S(u) = S(v) for all u,v € V. The framework
(G, q) is infinitesimally rigid if all its infinitesimal motions are trivial. Given a body-
and-pin realization of a multigraph G = (V| F) as a bar-and-joint framework (G*, q),
we may define the body-and-pin framework associated to (G*,q) to be the body-and-
pin framework (G, ) where ¢ is the restriction of ¢ to E. We shall see in Lemma
below that there is a natural correspondence between the infinitesimal motions of
(G*,q) and (G, q).

We first show that the set of infinitesimal motions of a body-and-pin framework
(G, q) is the null space of a matrix. For each e € F, let Q(e,q) = (1,0, —qi1(e)) and
R(e,q) = (0,1,g2(¢e)). Then {Q(e,q), R(e, q)} is a basis for the orthogonal complement
of (P(e,q)) in R3. Thus the constraint that S(u) — S(v) € (P(e,q)) for e = uwv € F
is equivalent to the simultaneous constraints (S(u) — S(v)) - Q(e,q) = 0 and (S(u) —
S(v)) - R(e,q) = 0. Combining these constraints for each edge e € E, we obtain a
system of 2|E| equations in the unknowns S(v), v € V. The matrix of coefficients
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of this system is the 2|E| x 3|V| matrix Rpp(G,q) with pairs of consecutive rows
indexed by E and triples of consecutive columns indexed by V. The entries in the
rows corresponding to an edge e € F and columns corresponding to a vertex u € V
Q(e, q)
ke, q)

to u and u < v in the ordering on V induced by the order of the column labels,

are given by the 2 x 3 matrix X., where X,, = if e = wv is incident

Xew=— ( gg? g; ) if e = ww is incident to v and © > v, and X, is the zero matrix

if e is not incident to u. We refer to Rgp(G, q) as the body-and-pin rigidity matriz of
(G,q). By the above, a map S : V' — R? is an infinitesimal motion of (G, q) if and
only if S belongs to the null space, Zgp(G, q) of Rpp(G,q). Hence the infinitesimal
motions of (G, q) form a vector space. Since every body-and-pin framework (G, q)
has three linearly independent (trivial) infinitesimal motions, obtained for example
by putting S(v) = x for all v € V, for each x € {(1,0,0),(0,1,0),(0,0,1)}, the
dimension of Zpp(G, q) is at least three, and (G, ) is infinitesimally rigid if and only
if Zgp(G,q) has dimension equal to three. Equivalently, rank Rgp(G,q) < 3|V| —3
and (G, q) is infinitesimally rigid if and only if rank Rpp(G,q) = 3|V| — 3.

The matrix Rpp(G,q) defines a 2-polymatroid Rpp(G,q) on the groundset E, in
which the rank of a subset £/ C F is given by the rank of the submatrix of Rgp(G, q)
indexed by E" and V. We refer to Rpp(G, q) as the body-and-pin polymatroid of (G, q)
and denote its rank by rpp(G, q).

The proof of the next lemma is similar to a related result for 3-dimensional frame-
works due to Whiteley [23].

Lemma 5.1. Let G = (V, E) be a multigraph, (G*,q) be a body-and-pin realization of
G as a bar-and-joint framework, and (G, q) be the body-and-pin framework associated
to (G*,q). Then the null spaces of R(G*,q) and Rpp(G,q) are isomorphic vector
spaces.

Proof: Let Z(G*,q) and Zpp(G, §) be the null spaces of R(G*,q) and Rpp(G,q),
respectively. Choose o € Z(G*,q). For v € V| let G} be the subgraph of G* induced
by {v} U Es(v), ¢, the restriction of ¢ to V(G?), and o, the restriction of o to V(GY).
Then the bar-and-joint framework (G?, g,) is infinitesimally rigid and o, € Z(G%, ¢.).
By Lemma 2.9(b), the map f : R® — Z(G%,q,) defined by f(S) = fsog, is an
isomorphism. Thus we may define S, : V' — R? by choosing S, (v) to be the unique
vector in R3 which satisfies f(S,(v)) = o,.

We next show that S, € Zgp(G, §). It suffices to verify that, for each e = uv € E|
we have S,(u) — S, (v) € (P(e,q)). Since e € V(G%) NV(GE) we have o,(e) = o,(e).
Hence fs,0(a(€)) = fo,(a(e)). By Lomma E8(a), fs,cs,0(a(c) = 0. Now
Lemma [2.8(b) and the fact that ¢(e) = g(e), imply that S,(u) — Sy(v) € (P(e,q)).
Thus S, € ZBP(G,Q).

We may now define h : Z(G*,q) — Zpp(G,q) by putting h(c) = S, for all
o € Z(G*,q). Tt is easy to check that h is a bijective linear map. Hence Z(G*, ¢q) and
Zpp(G, ¢) are isomorphic. °
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We say that a body-and-pin framework (G, q) is generic if the (multi)set containing
the coordinates of the vectors ¢(e), e € F, is algebraically independent over Q. Since
the entries in Rpp(G,q) are polynomial functions of the coordinates of the vectors
q(e), e € E, with rational coefficients, all generic body-and-pin frameworks for G give
rise to the same 2-polymatroid. We refer to this as the body-and-pin polymatroid of
G. We denote it by Rpp(G), and its rank by rgp(G). We have rpp(G, q) < rpp(G)
for all body-and-pin frameworks (G, q), with equality whenever (G, q) is generic.

Now suppose that (G*, ¢) is a non-degenerate pin-collinear body-and-pin realization
of a graph GG as a bar-and-joint framework. The fact that, for each uv € E, the point
q(uv) is uniquely determined as the point of intersection of Lig 4)(u) and Lig= 4)(v)
indicates that r(G*,q) will be uniquely determined by the pin-lines of (G*,q). We
formalize this observation by defining yet another kind of framework, and use it to
show that 7(G*, ¢) is maximized when its pin-lines are ‘generic’.

A rod-and-pin framework (G,p) is a graph G = (V, E), together with a map p :
V — R? such that p(u) and p(v) are linearly independent for all uv € FE. Let
p(v) = (p1(v), p2(v)) for each v € V. We define the pin-line of v to be L, = {(x,y) €
R? : p;(v)x+p2(v)y = 1}. The map p induces a map p : E — R? by p(uv) = L, N L,
for all wv € E. Thus

pluv) = d(U,U)_l(]b(U) — p2(u), p1(uw) — p1(v)),

d(u,v) = det ( Pr(u) pafu) ) .

pi(v) pa(v)
The map p gives rise to a body-and-pin framework (G, p) which we refer to as the body-
and-pin framework associated to (G,p).E] We define the rod-and-pin rigidity matrix
Rrp(G,p) and 2-polymatroid Rrp(G, p) of (G, p) by putting Rrp(G,p) = Rgp(G, p)
and Rrp(G,p) = Rpp(G,p). Let rrp(G,p) = rank Rrp(G,p).

We say that a rod-and-pin framework (G, p) is generic if the (multi)set containing
the coordinates of the vectors p(v), v € V, is algebraically independent over Q. Since
the entries in Rrp(G,p) are polynomial functions of the coordinates of the vectors
p(v), v € V, with rational coefficients, all generic rod-and-pin frameworks for G give
rise to the same 2-polymatroid. We refer to this as the rod-and-pin polymatroid of
G. We denote it by Rrp(G), and its rank by rgrp(G). We have rrp(G,p) < rrp(G)
for all rod-and-pin frameworks (G, p), with equality whenever (G, p) is generic. Note
also that even if (G, p) is a generic rod-and-pin framework, its associated body-and-
pin framework (G,p) will not in general be generic. Thus rrp(G) = rgpe(G,p) =
rep(G,p) < rep(G). We will see later that, by Theorems and equality must
hold.

Let (G*,q) be a non-degenerate pin-collinear body-and-pin realization of a graph
G = (V, E) in which no pin-line passes through the origin. Then the equation of a pin-
line L, can be uniquely written as p;(v)z + pa(v)y = 1 for each v € V. We define the

where

SFor each v € V, the points p(e), e € E(v), all lie on the line L,. Thus (G, ) is a 2-dimensional
body-and-hinge framework in which the 0-dimensional hinges, i.e. pins, incident with each body all
lie on a 1-dimensional hyperplane, i.e. line. We may imagine each body as a rigid segement of this
pin-line, i.e. rod, containing the pins it is incident with, see Figure
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Figure 3: The rod-and-pin framework associated to the non-degenerate pin-collinear
body-and-pin realization (G*,¢) of Figure [2|

rod-and-pin framework associated to (G*,q) to be the rod-and-pin framework (G, p)
where p: V — R? by p(v) = (p1(v), p2(v)) for all v € V, see Figure 3.

We say (G*,q) is pin-line-generic if (G*,q) is non-degenerate and its associated
rod-and-pin framework is generic. It is easy to see that every graph G = (V| F) has
a pin-line-generic pin-collinear body-and-pin realization (G*,q): we first choose an
algebraically independent set {p;(v),p2(v) : v € V'} to define the pin-lines L,, then
define ¢ : V' — R? by putting ¢(uv) equal to the point of intersection of L, and L, for
each uv € F, and then choosing the points ¢(v), v € V, such that the subframework
induced by {v} U F(v) is infinitesimally rigid.

Our final result of this section verifies the intuitively obvious fact that the rank of
a pin-collinear body-and-pin realization of a graph as a bar-and-joint framework will
be maximized when it is pin-line-generic.

Lemma 5.2. Let G be a graph with no isolated vertices and (G*,qo) be a pin-line-
generic pin-collinear body-and-pin realization of G. Then r(G*, qy) = max{r(G*,q)}
over all pin-collinear body-and-pin realizations (G*,q) of G.

Proof: Let (G*,q1) be a pin-collinear body-and-pin realization of G. By
Lemma there exists a non-degenerate pin-collinear body-and-pin realiza-
tion (G*,q2) of G such that r(G*,q2) > r(G*,q1). Let (G,py) and (G,p2) be
the rod-and-pin frameworks associated to (G*,qo) and (G*, q2), respectively.
Then (G,py) is generic so rank Rrp(G,py) > rank Rgrp(G,p2). Let (G,qo)
and (G, da) be the body-and-pin frameworks associated to (G*,qo) and (G*,q2),
respectively.  Then Rgrp(G,ps) = Rpp(G,d) and Rrp(G,p2) = Rpp(G,§).
Hence dim Zpp(G,q) < dim Zgp(G,go). Lemma now implies that
dim Z(G*,q) < dim Z(G*,q2) and hence r(G* q) > r(G*, q) > r(G*, q).
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6 Maximum Rank of Pin-Collinear Body-and-Pin
Realizations

Our first result determines the maximum rank of a pin-collinear body-and-pin real-
ization of a graph as a bar-and-joint framework. It will be extended to multigraphs
at the end of this section.

Theorem 6.1. Let G = (V, P) be a graph with no isolated vertices. Then the mazi-
mum rank of a pin-collinear body-and-pin realization of G as a bar-and-joint frame-

work is 2(|V| + |P|) — 3 — def(G).

Proof: By Lemmas [2.2(a) and it will suffice to show that there exists a pin-
collinear body-and-pin realization (G*, q) of G such that r(G*,q) = 2(|V|+|P]) —3—
def(G). We proceed by contradiction. Suppose there exists a graph G = (V, P) such
that, for all pin-collinear body-and-pin realizations (G*, q) of G, we have r(G*, q) <
2(|V |+ |P|) — 3 —def(G). We may suppose that G has been chosen such that |V|+ |E|
is as small as possible. It can easily be seen that G has at least four vertices. We
denote the number of vertices and edges of G' by n and m, respectively. We will extend
this notation using subscripts, so that for example, the number of vertices and edges
in a graph (G; will be denoted by n; and my, respectively. We will frequently use the
fact that if ny < n then, by induction and Lemma [5.2] there exists a pin-line-generic
pin-collinear body-and-pin realization (G7,q) of Gy with r(G%,q) = 2(ny +my) — 3 —
def(Gy). Since (G5, q) is pin-line-generic, no two pin-lines of (G7, q) are parallel and
every point ¢(p), p € P, belongs to exactly two pin-lines in (G7, q).

Claim 6.2. G is connected.

Proof: Suppose the claim is false. Then there exist disjoint subgraphs G, Gy of G
such that G = G; U Gs. Clearly def(G) = def(G1) + def(G2) + 3. By induction, there
exists a pin-collinear body-and-pin realization (G}, ¢q;) of G; such that r(G},¢) =
2(n; +m;) — 3 — def(G;), for each i € {1,2}. Taking the union of (G7, ¢1) and (G%, ¢2)
we obtain a pin-collinear body-and-pin realization (G*, q) of G. By Lemmal2.6satisfies

T(G*,Q) - T(G;ql)—i_?ﬂ(G;v(IQ)

2(ny +my) — 3 — def(Gy) + 2(ng + my) — 3 — def(Gs)
2(n+m) — 3 — def(G).

This contradicts the choice of G. .

Claim 6.3. For each v €V, dg(v) > 2.

Proof: Suppose there exists v; € V with dg(v1) = 1. Let p; = ujv; be the edge of G
incident to v; and G; = G—v;. Let By be a tight partition of G;. Put B = {v;} and let
Q = By U{B}. Then def(G) > defs(Q) = defg, (B1) + 1 = def(G1) + 1. By induction
and Lemma there exists a pin-line-generic pin-collinear body-and-pin realization
(G7,q1) of Gy such that 7(G7, q1) = 2(ny + my) — 3 — def(Gy). Choose py € Eg, (u1).

EGRES Technical Report No. 2006-06



Section 6. Maximum Rank of Pin-Collinear Body-and-Pin Realizations 15

Let @1 be a point on L(gs q,)(u1) such that Q1 # qi(p) for all p € Eg, (u1). Choose
another point Qs # Q1. We may now extend (G%,q;) to a pin-collinear body-and-
pin realization (G*,q) of G by putting ¢(p;) = @1 and ¢(v;) = Q2. Since G* can
be obtained from G7 by performing a 0O-extension (adding the vertex p; and edges
p1u1, p1p2), then adding the vertex vy and edge v1py, and finally adding the remaining
edges of F(G*), Lemma [2.3[ implies that

r(G*,q) > r(G7,q1) +3=2(n1 +my) —3 —def(Gy) + 3 > 2(n +m) — 3 — def(G).

This contradicts the choice of G. °

Claim 6.4. G is 2-edge-connected.

Proof: Suppose the claim is false. Then there exists pg € P and disjoint subgraphs
G1, Gy of Gg = G — pgy such that Gy = G71 U G5. By induction and Lemma there
exists a pin-line-generic pin-collinear body-and-pin realization (G, qo) of Gy which
satisfies (G}, qo) = 2(ng +mp) — 3 —def(Gy). Clearly def(G) = def(Gy) — 2. Let u; be
the vertex of G; incident to pg, for each i € {1,2} and @ be the point of intersection
of the lines L(gs 40)(u1) and Lz 40)(u2). We may extend (Gf,qo) to a pin-collinear
body-and-pin realization (G*,q) of G by putting ¢(py) = Q. Let H; be the subgraph
of G* induced by V(G?) U {po}, ¢; the restriction of ¢ to V(G}) and ¢, the restriction
of q to V(H,), for i € {1,2}. Lemmas [2.3 and [2.7 imply that

T(G*a q) = T(Hla qa) + T(H27 QQ) Z T(G; QI) +2+ T(G;7 Q2) +2 Z T(GS7 QO) +4
= 2(ng+mp) — 3 — def(Gy) + 4 = 2(n+ m) — 3 — def(G).

This contradicts the choice of G. .

Claim 6.5. For each v € V, dg(v) > 3.

Proof: Suppose there exists v; € V with dg(vy) = 2. Let p; = uyv; and ps = ugvy be
the edges of GG incident to v; and G; = G — v;. Let B; be the brick partition of G.

We first consider the case when u; and uy both belong to the same brick B; of Gj.
Let B= By +v and Q =By — {B,} U{B}. Then

def(G) > defg(Q) = defg, (B1) = def(Gh).

By induction and Lemma [5.2] there exists a pin-line-generic pin-collinear body-and-
pin realization (G7, ¢;) of G such that

(G, q1) = 2(ny +my) — 3 — def(Gy) > 2(n +m) — 9 — def(G).

For i € {1,2}, let Q; be a point on Lg: q)(u;) such that Q; # qi(p), p € Eg, (w),
and Q1 # Q2. Choose a point ) which does not lie on the line through @1, Q-.
We may now extend (G7,q) to a pin-collinear body-and-pin realization (G*,q) of
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G by putting q(p;) = Q; for i € {1,2} and ¢(v;) = Q. Lemma implies that
r(G*,q) > (G5, q1) + 6 > 2(n +m) — 3 — def(G). This contradicts the choice of G.

Thus u; and us must belong to distinct bricks of B;. Let B = {v;} and Q =
By U {B}. Then

def(G) > def(Q) = defg, (By1) — 1 = def(Gy) — 1.

Consider the following three cases.
Case 1. ujus € E.

Let pg = wius and Gy = G1 + pg. Since uq,us belong to distinct bricks of Gy,
def(G2) < def(G7) — 1. By induction and Lemma there exists a pin-line-generic
pin-collinear body-and-pin realization (G%, g2) of G such that

r(G5, q2) = 2(ng + mg) — 3 — def(Gg) > 2(ng + my) — 3 — def(G;) + 3.

Let ¢; be the restriction of ¢» to V(GY). Then (G7,¢q) is a pin-line-generic pin-
collinear body-and-pin realization of G; so, again by induction and Lemma [5.2
r(Gy,q1) = 2(ny + my) — 3 — def(Gy). Thus (G + pour + pous + pops, G2) =
2(ny + my) — 3 — def(Gy) + 3 for some py € Eg,(u1) U Eg,(uz). By symmetry we
may assume that p; € Eg, (u1). Let Hy = G} + pouy + pous + pops. By Lemma
r(Hz, q2) does not decrease if we move ¢a(pg) in a small enough neighbourhood to a
new position (1, in such a way that it remains on Ly 4,)(u1), but no longer lies on
Las.q0)(u2), and such that the line Lo through @1 and ga(us) intersects Lgs q,)(u2) at
a point Qs # qo(p) for all p € Eg,(usz). Choose a point @)y such that Qg, Q1, Q- are
not collinear. Define ¢ : V(G*) — R? by putting ¢(z) = g(x) for x € V(G3) — po,
q(p1) = @1, q(p2) = Q2, and ¢(v1) = Q. Then (G*,q) is a pin-collinear body-and-
pin realization of G. Since G* can be obtained from H, by first relabelling p, as
p1, then performing a l-extension (deleting pjus and adding po, pap1, pouse, paps for
some p3 € Fg, (uz)), then performing a 0-extension (adding vy, v1p1, v1p2), and finally
adding the remaining edges of F(G*), Lemmas and imply that

r(G*,q) > r(Ha, q2) +4 > 2(ny +my) — 3 —def(Gy) + 7 > 2(n +m) — 3 — def(G).

This contradicts the choice of G.
Case 2. ujus € E and dg(u;) > 3 for all i € {1,2}.
Let p3 = uyug, Eg, (w1) = {ps, s, - - -, p;j} and Eg, (uz) = {p3, pj1,Pjr2, - - - Pk} Since
dg(uy),dg(ug) >3, j > 4 and k > 5. Since u;, up belong to distinct bricks of G and
uug € E, no vertex of Gy is adjacent to both uy, and uy. Thus the (multi)graph G
obtained from (; by contracting the edge p; onto a new vertex z contains no parallel
edges. Furthermore, the fact that uy, us belong to distinct bricks of GG; also implies
that def(G3) < def(G;) — 1. Since dg(v1) = 2 and G is a 2-edge-connected graph
on at least four vertices, G3 contains no isolated vertices. By induction and Lemma
.2 there exists a pin-line-generic pin-collinear body-and-pin realization (Gj,g3) of
(3 such that

(G5, q3) = 2(n3 + mg3) — 3 — def(G3).
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Each vertex p;, 4 <i < k, lies on exactly two pin-lines of (G}, ¢3). Let L; be the pin
line of (G3, g3) which contains p; and is distinct from Lgs ¢5)(2)-

Let S = {pupi © A< s <j j+1<t<h (50) £ (hj+1)}, Hy= G55,
F be the subgraph of Hj induced by {z} U{p;, : 4 < i < k}, and ¢y be the
restriction of g3 to F. Since (F),qo) is infinitesimally rigid, r(Hoy,q3) = r(G3, q3).
Let H; be the graph obtained from Hy — psp;+1 by adding two new vertices, p1, ps,
and edges pip3, p1pa, P12, P3pj+1, p3z. Choose two distinct points (), ()3 on L(G;%)(z)
such that Q; # g3(p) for all ¢« € {1,3} and p € Eg,(z2), and define ¢4 : V(H;) — R?
by qu(z) = g3(z) for x € V(G3), qu(p1) = Q1 and qu(ps) = Q3. Since (Hi,q)
can be obtained from (Hy, ¢3) by applying two 1l-extensions, Lemma implies that
r(Hi,qu) = r(Ho,q3) +4 =1(G%, q3) + 4.

Let H, be the graph obtained from H; — z by adding two new vertices, w1, us, edges
wip; for i € {1,3,4,...,7}, and edges ugp; for i € {1,3,5+ 1,57+ 2,,...,k}. Define
¢ : V(Hsy) — R? by gs(x) = qu(x) for x € V(H,) — 2z, and g5(u1) = ¢5(u2) = qu(2).
Since (Ha, g5) can be obtained from (Hy, q4) by a vertex-split, Lemma implies that
r(Hs, qs) > r(Hy, qu) + 2. By Lemma[2.2] there exists a neighborhood S; around each
point g5(p;), @ € {1,4,...,j}, such that r(Hs,g5) does not decrease if we move g5(p;)
within S;. Thus we may modify (Hs, g5) by moving each point gs5(p;), i € {1,4,...,7},
slightly, in such a way that it continues to lie on L; and belong to .S;, and also such
that pi,ps, pa, ..., p; all lie on a line Ly which is not parallel to Lgs 4,)(2). (We may
imagine Ly is obtained by a small rotation of Lz 4)(2) about the point gs(ps).)

Let L; be the line through gs(p1) and gs(us). By using Lemmal[2.2(b) to move g (u»)
if necessary, we may suppose that ()5, the point of intersection of L; and L(Gg,qs)(z),
is distinct from gs(p) for all p € Eg, (u2). Choose a point (g which does not lie on
Ly. Define ¢ : V(G*) — R? by q(z) = gs(x) for x € V(G*) — {pa2,v1}, q(p2) = Q2
and q(v1) = Qo. Then (G*,q) is a pin-collinear body-and-pin realization of G. Since
(G*, q) can be obtained from (Hs, g5) by a l-extension, (which deletes ugp;, and adds
a new vertex ps and edges papi, uspa, P2ps3), a O-extension (which adds vy, vipy, v1ps)
and by adding other edges, we have

T<G*7Q) > T(H27Q5)+4Z T(Hlaq4)+6:T<G§7q3)+10

= 2(nz+mg) — 3 —def(G3) + 10 > 2(n +m) — 3 — def(G),

since def(G) > def(G1) — 1 > def(G3). This contradicts the choice of G.
Case 3. ujus € E and dg(u;) = 2 for some i € {1,2}.
Let p3 = wjus. Suppose, without loss of generality, that Eg(us) = {p2,ps}. Let
G4 = G — {v1,uz}. Note that G is obtained from G4 by attaching a complete graph
on three vertices (which is strong) at vertex uj, and hence def(G4) = def(G). By
Claim [6.4) we have |Eg, (u1)] > 2.

By induction and Lemmal[5.2], there exists a pin-line-generic pin-collinear body-and-
pin realization (G}, ¢s) of G4 such that

(G}, q6) = 2(ng + my) — 3 — def(Gl).

Let py € Eg,(u1). Let Hy be the graph obtained from G by adding new ver-
tices pi,p2, p3,v1,up and edges piui, pipa, P3us, P3pa, PaP1, P2P3, V1P1, V1P2, U2P3, UaDa-
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Section 6. Maximum Rank of Pin-Collinear Body-and-Pin Realizations 18

Choose distinct points Q1, Q3 on Lgx ¢5)(u1) such that Q; # gs(p) for all i € {1,3}
and p € Eg,(u1). Choose a point @, which is not on Lgs 4)(u1), and choose
points (5, Q¢ such that ()5 is not on the line through @, @2, and Q)¢ is not on
the line through Qs, Q. Define ¢; : V(H,) — R? by ¢:(z) = gs(z) for z € V(G}),
qr(p1) = Q1, ¢1(p3) = Qs, q7(p2) = Q2, gz(v1) = Qs, and g7(uz) = Q. Since
(Hy, g7) can be obtained from (G, gs) by five 0-extensions, Lemma implies that
r(Hy,q7) = 7(G5, g6) + 10. Since def(G4) = def(G) and |V(G*)| = |V(G3)| + 5, we
have
r(G*,q7) > r(Hy,q7) = r(G},q6) + 10 = 2(n +m) — 3 — def(G).

This contradicts the choice of G. °

Claim 6.6. For each p € P, def(G — p) > def(G) + 1.

Proof: Clearly def(G —p) > def(G). Suppose def(G — p;) = def(G) for some p, € P.
Let p; = vv2 and G; = G — p;. By induction and Lemma [5.2] there exists a pin-line-
generic pin-collinear body-and-pin realization (G7,q) of Gy such that r(G},q) =
2(n1 +my) — 3 — def(Gy). Let @ be the point of intersection of L(g: 4,)(v1) and
Lg#,q1)(v2). We may extend (G, ¢1) to a pin-collinear body-and-pin realization (G*, q)
of G by putting ¢(p1) = Q. Lemma 2.3 implies that

r(G*,q) > r(Gl,q1) +2=2(n1 + mq) — 3 —def(G1) + 2 = 2(n + m) — 3 — def(G).

This contradicts the choice of G. .

Claim 6.7. G is not 3-edge-connected.

Proof: Choose py € P and let Gy = G —pg. By Claim def(Gp) > def(G)+1 > 1.
Thus Gy is not a brick. Let By be a tight partition of Gy.  We have
def(Go) = defGO(Bo) = 3(|Bo| - ].) - 26@0(80) > 1. Thus 26@0(8()) < 3|B()| — 4 and
2e;(By) < 3|By| — 2. Hence, there exists B € By such that dg(B) < 2. o

Claim 6.8. If S = {p1,p2} is a 2-edge-cut of G then def(G — p1) = def(G) + 2.

Proof: Let p; = wv and G; = G — py. It follows from the definition of def(G) and
Claim[6.6]that def(G)+1 < def(G1) < def(G)+2. Suppose that def(Gy) = def(G)+1.
By induction and Lemma [5.2] there exists a pin-line-generic pin-collinear body-and-
pin realization (G7,q;) of Gy such that r(G7,q1) = 2(ny + mq) — 3 — def(G;). Let @
be the point of intersection of L(g: ¢,)(u) and Lgx 4,)(v). We may assume that ) does
not lie on the line through ¢;(p2) and ¢;(v), since if it does, then we can use Lemma
2.2(b) to move ¢;(v) in a small neighbourhood without decreasing r(G%, ¢1). Choose
ps € Fg,(u) and let H; be the graph obtained from G7 by adding the vertex p; and
edges pi1u, p1ps. We may extend (G%, 1) to a bar-and-joint realization (Hi,q) of H;
by putting ¢(p;) = Q. Lemma implies that r(Hy,q) = r(Gi,q1) + 2. Let Hy be
obtained from H; by adding the edge pjv. Since @ is not on the line through ¢;(p2)
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and ¢;(v), the infinitesimal motion of (H7,q) which keeps both ps and the component
of Hy — ps containing u fixed, and rotates the other component about ps, is not an
infinitesimal motion of (Hs,q) (since it changes ||¢(p1) — q(v)||). Thus (Hs,q) has
fewer degrees of freedom than (Hy,q) and r(Hs, q) = r(Hy,q) + 1. Hence (G*,¢q) is a
pin-collinear body-and-pin realization of G for which

r(G*,q) > r(Hsq) >r(Gl,q1)+3
= 2(n;+my) — 3 —def(Gy) +3=2(n+m) — 3 — def(G).
This contradicts the choice of G. .

Claim 6.9. G is not a superbrick.

Proof: Suppose G is a superbrick. Then 2eq(P) > 3(|P| — 1) + 1 for all partitions
P of G with |P| > 2. Hence def(G — p) < def(G) + 1 for all p € P. This contradicts

Claims [6.7] [6.8] .

We now continue the proof of the theorem. Let B be the superbrick partition of
G. By Claim [6.9] |B] > 2. Since def(G) = 3(|B| — 1) — 2eq(B) > 0, we may use a
similar argument to that given in the proof of Claim to deduce that there exists
a superbrick By € B with dg(B;) = 2. By Claim , we have 2 < |By| <n — 2. Let
p1 = uv1 and ps = usvy be the edges in G from B; to V — By, where uy,us € Bjy.
Let Hy, Hy be the components of G — {p1,p2} where V(H;) = By. Let G; be the
graph obtained from H; by adding two new vertices wg, w; and edges ps = ujwg, py =
wowy, ps = wius. Let Go be the graph obtained from H, by adding a new vertex ws
and edges pg = v1ws, Py = VoWs.

Claim 6.10. (a) G, is a brick.
(b) def(G) > def(G).

Proof: (a) Suppose G is not a brick. Let B; be the brick partition of G;. Then
|B1| > 2. Since G[By] is strong and since strong graphs with at least two vertices
have minimum degree at least two, we must have By = {By, {wo},{w1}}. But then
def(G) = defg, (B;) = 0, contradicting the assumption that G is not a brick.

(b) Consider the brick partition By of G3. Let By be the brick of G5 which contains
wy and @ = By — {By} U {By U By}. Then

def(G) > def(Q) = defq, (By) = def(Gy).

It follows from Claims [6.5] and [6.9] that |V (G;)| < |[V(G)] for i € {1,2}. Thus, by
induction and Lemma [5.2] there exists a pin-line-generic pin-collinear body-and-pin
realization (G}, q;) of G; such that r(G},¢) = 2(n; +m;) — 3 — def(G;), for each
i € {1,2}. Since 7(G3, qz) is preserved by a translation, rotation, and dilation of R?,
we may assume that ¢;(p3) = ¢a(ps) and q1(ps) = q2(p7). Define ¢ : V(G*) — R?
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by putting ¢(z) = qi(z) for x € V(G}) — {wo, w1, p3,p4, 05}, q(z) = q(z) for z €
V(G3) — {wa, 6,07}, q(p1) = @1(ps) = q2(ps), and q(p2) = q1(ps) = q2(pr). Then
(G*,q) is a pin-collinear body-and-pin realization of G.

By Claim [6.10(a), def(G1) = 0. Thus r(Gf,q1) = 2(n; + my) — 3 and (G}, q1) is
infinitesimally rigid. Hence r(G7 + psps, 1) = 7(G5,¢1). Let Fy = G — {wo, w1, psa}
and Iy, = G5 — {wy}. For i = 1,2 let ¢; be the restriction of ¢; to V(F;). Using
Lemma [2.3) we may deduce that r(Fi,t1) = 2(ny +m) — 3 — 6 = r(Fy + psps, t1) and
r(Fy, ta) = 2(ng + my) — 3 — def(G2) — 2. Now Lemma [2.7) implies that

(G +pip2,q) = r(F1+p3ps,t1) +r(Fpt) — 1
== 2(711 + ml) + 2(712 + m2> — def(Gg) — 15.

Since 7(Fy,t1) = r(Fy + psps,t1) we have r(G*,q) = r(G* + pip2,q). Since n =
ny +ng — 3 and m = my + my — 3 this gives

r(G*,q) =2(n+m) — 3 —def(Gs) > 2(n +m) — 3 — def(G),

by Claim [6.10(b). This contradicts the choice of G and completes the proof of the
theorem. .

We close this section by extending Theorem [6.1] to multigraphs.

Theorem 6.11. Let G = (V,P) be a multigraph without isolated vertices. Then
there exists a pin-collinear body-and-pin realization (G*,q) of G such that r(G*,q) =
2|V + [P]) = 3 — def(G).

Proof: Suppose the theorem is false and choose a counterexample G with as few
multiple edges as possible. If G has no multiple edges then the theorem follows from
Theorem [6.1] Hence G has a pair uy,us of vertices joined by ¢ > 2 parallel edges.
We may show that G is connected as in the proof of Claim [6.2] If ¢ > 3 then we may
proceed as in the proof of Claim since deleting one of the parallel edges does not
increase the deficiency in this case. Thus we may suppose that t = 2 and proceed as
in Case 2 of the proof of Claim when both u; and uy have a neighbour outside
uy,uz, and as in Case 3 of the proof of Claim |6.5) when one of u,us has its only
neighbour in {uy,us}. (Note that the graph G obtained from G by contracting the
multiple edge ujuy to a single vertex satisfies def(G;) = def(G).) .

Corollary 6.12. Let G = (V, P) be a multigraph without isolated vertices. Then
r(G") =2([V|+ [P]) = 3 — def(G).

Proof: This follows immediately from Theorem and Lemmas [4.1] and 2.2(a). e

Corollary 6.13. Let G = (V, P) be a multigraph. Then G has an infinitesimally
rigid pin-collinear body-and-pin realization if and only if G has an infinitesimally
rigid body-and-pin realization.

Proof: This follows by putting def(G) = 0 in Theorem and Corollary [6.12] e

EGRES Technical Report No. 2006-06



Section 7. The Molecular Conjecture in 2-Dimensional Space 21

7 The Molecular Conjecture in 2-Dimensional
Space

In this section we use our results on body-and-pin realizations of graphs as bar-and-
joint frameworks to show that the rank functions for the body-and-pin and rod-and-pin
2-polymatroids of a graph are identical. We also deduce that the Molecular Conjecture
holds in 2-dimensional space.

Theorem 7.1. Let G = (V, E) be a graph with no isolated vertices. Then rrp(G) =
3|V| =3 — def(G).

Proof: Let (G*,q) be a pin-line-generic pin-collinear body-and-pin realiza-
tion of G as a bar-and-joint framework. By Theorem and Lemma
r(G*,q) = 2(|V| + |E]) — 3 — def(G) and hence dim Z(G*,q) = 3 + def(G).
Let (G,p) be the rod-and-pin framework associated to (G*,q) and (G,q)
be the body-and-pin framework associated to (G*,q). By Lemma
dim Z(G*,q) = dim Zgp(G,q). Thus dim Zgrp(G,p) = dim Zpp(G, §) = 3 + def(G).
Hence rgrp(G) = rrp(G,p) = 3|V] — 3 — def(G). o

Theorem 7.2. Let G = (V, E) be a multigraph with no isolated vertices.

(a) rpp(G) = 3|V| = 3 — def(G).

(b) There ezists a body-and-pin framework (G, q) such that rpp(G) = 3|V |—3—def(G)
and, for each v € V, the sets of points {q(e) : e € Eg(v)} are collinear.

Proof: We proceed as in the proof of Theorem [7.1] For (a), we choose a generic
body-and-pin realization (G*,q;) of G as a bar-and-joint framework, and use
Corollary rather than Theorem [6.1] For (b), we again choose a pin-line-generic
pin-collinear body-and-pin realization (G*,¢q;) of G as a bar-and-joint framework and
consider the body-and-pin framework (G, §) associated to (G*, q). °

Theorems|[7.I]and[7.2]imply that, if G is a graph, then its rod-and-pin 2-polymatroid
Rrp(G) is identical to its body-and-pin 2-polymatroid R zp(G). Theorems[7.2/and
also imply the following characterization of infinitesimal rigidity (by taking def(G) =
0), and hence solve the 2-dimensional version of the Molecular Conjecture.

Theorem 7.3. Let G = (V, E) be a multigraph. Then the following statements are
equivalent.

(a) G has a realization as an infinitesimally rigid body-and-hinge framework in R2.
(b) G has a realization as an infinitesimally rigid body-and-hinge framework (G, q) in
R? with each of the sets of points {q(e) : e € Eg(v)}, v € V, collinear.

(c) 2G contains three edge-disjoint spanning trees.

A body-and-pin framework (G, q) is independent if the rows of Rgp(G, q) are linearly
independent i.e. rgp(G, q) = 2|F|. We close this section by using Theorems and
to derive a result of Whiteley which characterizes when a graph G can be realized
as an independent ‘pin-collinear’ body-and-pin framework.
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Theorem 7.4. [19, Theorem 5.4] Let G = (V, E) be a multigraph. Then the following
statements are equivalent.

(a) G has a realization as an independent body-and-hinge framework in R2.

(b) G has a realization as an independent body-and-hinge framework (G, q) in R* with
each of the sets of points {q(e) : e € Eg(v)}, v € V, collinear.

(¢) 2G can be covered by three forests.

Proof: We may suppose that G has no isolated vertices. By Theorem [7.2] it will
suffice to show that 2|F| = 3|V| — 3 — def(G) if and only if 2G can be covered by
three forests. This follows easily from Theorem [3.1{(a). o

Note that an infinitesimally rigid body-and-pin framework (G,q) need not have
an independent infinitesimally rigid spanning subframework. For example, when |V/|
is even, we have rpp(G, q) = 3|V| — 3 is odd, whereas all independent body-and-pin
frameworks have even rank. On the other hand, the body-and-pin 2-polymatroid of an
arbitrary body-and-pin framework (G, ¢) is linear, so we can determine the maximum
rank of an independent subframework of (G, q) using the results of Lovasz [§].

8 Concluding Remarks

In the body-and-hinge frameworks investigated so far in this paper, each hinge is
shared by exactly two bodies. We can obtain more general structures by relaxing this
condition.

An identified body-and-hinge framework in R? is an ordered pair (H,q) where H =
(V UP,I) is a bipartite graph and ¢ is a map which associates a (d — 2)-dimensional
affine subspace ¢(p) with each p € P. Infinitesimal motions and infinitesimal rigidity
of (H, q) are defined in an analogous way as for body-and-hinge frameworks. Tay and
Whiteley [16, Conjecture 2, Theorem 3| give a conjectured characterization of when
a bipartite graph has an infinitesimally rigid realization as a d-dimensional identified
body-and-hinge framework and point out that their conjecture holds when d = 2.
Indeed we may use the rank formula for the 2-dimensional generic (bar-and-joint)
rigidity matroid given by Lovész and Yemini in [9] to determine the maximum rank
of a realization of a bipartite graph as a 2-dimensional identified body-and-hinge
framework. To see this we extend the definition of a body-and-pin graph.

Let H = (V U P,I) be a bipartite graph without isolated vertices. The identified
body-and-pin graph of H is the graph HBY with V(HPP) =V U P and

EHP?Y={vp : veV,pe Pope I} U{pips : vV and p1,ps € En(v)}.

(This definition extends the earlier definition for a graph G by taking H to be the
bipartite graph obtained by subdividing each edge of G. We then have G* = HBF.)
Let F be a partition of V. For each p € P let wg(p) be the number of sets F' € F
for which Ng(p) N F # 0. Put defy(F) = 3(|F[ — 1) — 2(3_,cp(wr(p) — 1)) and
let def(H) = maxz{defy(F)}. By using the above mentioned rank formula for the 2-
dimensional generic rigidity matroid it is not difficult to show that r(H5F) = 2(|V| +
|P|) — 3 — def(H).
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We believe that Theorem [6.11] can be extended to identified body-and-pin graphs.

Conjecture 8.1. Let H be a bipartite graph. Then there exists a pin-collinear real-
ization (HP? q) of HBT such that r(HBT q) = r(HBT).

An affirmative answer to Conjecture[8.1]for the special case when H has a realization
as an independent body-and-pin framework follows from the above mentioned result
of Whiteley [19, Theorem 5.4]. Whiteley also formulated a similar conjecture to
Conjecture [8.1] for 3-dimensional frameworks in [19, Page 93].

Acknowledgement We would like to thank Walter Whiteley and Zoltan Szabadka
for helpful conversations regarding the relationship between body-and-hinge and bar-
and-joint frameworks.
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