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Abstract

A translation surface X of genus 2 with one singularity of 67 can be described as
a set of closed planar eight-bar linkages. A linkage L in this set can be regarded as a
collection of eight vectors {vi,...,v8} in the plane whose sum equals zero. This paper
will focus on the subset of unit-length linkages with an interior distance of one between
distinct vertices. Each such linkage arises as the minimal vector decomposition of X.
The configuration space of linkages satisfying these conditions is a CW complex whose
geometrical and topological properties will be presented.

1 Introduction

A polygonal region K in R? is the graph of an n-cycle embedded in R? unioned with its interior.
That is, it is a region in R? whose boundary consists of straight edges joined at vertices. There
is a labeling of the edges of K and an orientation on the edges such that there is an equivalence
relation on the points of K which identifies edges of the same label such that if one edge is
oriented from v, to v, and the other from v, to vy, then the points are identified by a linear
map with v, ~ v, and v, ~ v4. The quotient space K/ ~= X is said to be obtained by pasting
the edges of K together [7].

Another way to consider this is that the edges of a polygonal region K correspond to the arcs
along which we cut the surface X. If X is a translation surface, then X is a topological surface
which is flat everywhere, except at a finite number of cone points, or singular points, whose
angles are each a multiple of 27. For a translation surface X of genus 2 with one singularity of
67 we can cut X along arcs where some arcs must pass through the singular point such that
when X is unfolded the resulting surface is a polygonal region K € R2. In that case the interior
angle sum of K must be at least 67 and so K must have at least eight edges.

The boundary of K can be described by a set of vectors in R?. The minimal vector decom-
position of X is the smallest number of vectors needed to describe the boundary of a polygonal
region K corresponding to the translation surface X. For a translation surface of genus 2 with
one singularity of 67, the minimal vector decomposition will describe the boundary of an oc-
tagon where all the vertices are identified to form X. We call this set of vectors a linkage. Thus
a linkage L is the minimal vector decomposition of X if the vectors which form L define the
edges of the polygonal region K that X is the quotient space of. For K a translation surface of
genus 2, the vectors of L will form the set {#;} € R? for i € (1,8) connected tip to tail counter-
clockwise. So > ©; = 0 since K is connected and thus L is closed. The edge identification of
K used to form X via pasting can be represented in L by letting @; = —¥;14(mods) Where the
edges of K described by #; and U4 4(mods) are pasted together.

I will focus on the set of closed planar unit-length eight-bar linkages which arise as the
minimal vector decomposition of a translation surface of genus 2 with a singularity of 6r. (A
linkage is unit-length if it is formed from unit vectors, which is possible since K can be rescaled
so that it has unit-length sides without affecting its quotient space X.)



To better understand these linkages and their configuration space, we next explore the
implications of the above conditions on the structure of a linkage.

1.1 Interior Distance

The requirement that the interior distances between distinct vertices is no less than one de-
termines the conditions on the angles between vectors. There are three cases of how to form
linkages in the configuration space.

Consider the vectors describing a linkage. The vectors will be connected such that they
form a chain. Let ;; denote the angle between ¥; and ¥; where ; is encountered first in the
counter-clockwise orientation of the vectors. If j = i 4 4(mod8) then «;; = 0.

Define g and p to be vertices at the start and end of the vector chain with the line segment
connecting them denoted ¢p. Then the requirement that linkages have an interior distance no
less than one means that for all sets of vector chains, |gp| > 1.

Proposition 1.1 If |gp| > 1, then

i) for a vector chain of two vectors {vU,, Uy}, tap > 5,
i) for a vector chain of three vectors {Uy, Uy, Ue}, Qap +
Qpe = T.

Proof

i) Let ¥, and ¥} meet at the vertex a. Then the vertices ¢, a, p form the triangle gap.

If |gp| = 1, then the triangle qap is an equilateral triangle with unit length sides. Thus all
interior angles are %, SO Qgp = %

If |gp| > 1, then the triangle gap is an isosceles triangle. Since |¥,| = |Up| = 1, gp is the
longest side of triangle gap and so the angle opposite (ayp) will be the largest interior angle of
the triangle. Suppose aq, < 5. Then the sum of the angles at vertex ¢ and vertex p will be
greater than %’T since the sum of all the angles must be 7. This requires at least one of those
two angles to be greater than %; contradicting that agp is the largest interior angle. Thus it
must be that ag, > %

Therefore a,p, > 3 if the vector chain has just two vectors.

i1) Let ¥, connect to ¥, which connects to ¥, at vertices a and b. Then the vertices ¢, a, b, p
form a quadrilateral.

If |gp| = 1, then quadrilateral gabp is a rhombus with unit-length sides. Opposite angles
will be equivalent, yielding the relation: 2a.p + 2ap. = 27, SO Qgp + Qpe = 7.

If |gp| > 1, then for all possible values v = aqp + e there exists trapezoid gabp (which will
never be a thombus) such that agp = ape = 5 + 0 for some ¢ € R. Since lines through vertices
a and b, perpendicular to line gp will intersect gp at a’ and ¥’ respectively, the triangle qaa’
and the triangle pbh’ will be right triangles and so it must be that § > 0. Thus ag, + ape > 7
if |gp| > 1.

Therefore gy + ape > 7 if the vector chain has just three vectors.
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Since each linkage in the configuration space will have four pairs of parallel vectors, Propo-
sition 1.1 provides some insight into the structure of a linkage L in the space. If L is in case (i),
then ¥, and @}, will not be one of the parallel vector pairs. If L is in case (i¢) with |gp| = 1, then
U, and v, will be parallel and could be one of the vector pairs describing L, but not necessarily,
and Ty, as in case (i) will not be paired with either ¥, or ¥,.

The third case is when there are four vectors (¥, U, U, U4) in the vector chain with no
subchain being in one of the previous two cases. To solve this case we will use a different
notation for describing the relationship between the vectors in the chain. A unit vector ¥, is
described by e~ in the complex plane. The a;; used in Proposition 1.1 can be recovered from
the theta notion by the relation:

Q5 :7T—|9j—91“.



Since vectors are taken in a counter-clockwise manner, this can be written as o;; = 7— (6, —0;).

Proposition 1.2 If |gp| > 1, then
iii) for a vector chain of four vectors {Uy, Uy, Ve, Uq},

cos(aap) + cos(ape) + cos(@ge) — cos(ap + pe) —
cos(pe + Qeq) + cos(aqp + ape + eq) < %

Proof
Let ¥, describe the vector from point ¢ to point p. Then |gp| = |Uyp| > 1. The sum of the
four vectors is e + % 4 et 4 ¥ =5, s0
}ewa + it 4 ¢ife _|_ei9d’2 _ |17qp\2 > 1.
‘eiea + it 4 pife 4 eied‘Q _ (ewa 4 e 4 gife 4 ewd)(e—iea e~ 4 o—ife 4 e—ied)7
so expanding and plugging back into the inequality yields:
cos(0p — 0,) + cos(0. — 0,) + cos(0. — Oy) + cos(04 — 0,) + cos(04 — 6p) + cos(0q — 0.) < _73
cos(m — agp) + cos(2m — ape — Qap) + cos(T — ape) + €o8(3T — Qeq — Qpe — Qap)
+c0s(2m — Qg — pe) + cos(m — age) < _73
—cos(agp) + cos(Qpe + ap) — cos(ape) — c0S(QAed + Qpe + ap) + €08(Qeqd + pe) — cos(ge)
cos(aap) 4 cos(ape) + cos(age) — cos(ap + ape) — cos(pe + teq) + cos(ap + ape + Qeq)

=7
)
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These three cases are all of the cases since if there were a chain of five vectors, then since

a linkage is closed, on one side of the line gp would be five vectors (¥, Uy, Ue, Ug, ) and so

three connected vectors would be on the other side and fall within case (i7). Similarly, case (i)

implies that a chain of six vectors lies on the other side of the line gp.

1.2 Genus 2 Surface

If a linkage L is in the configuration space, L is closed and formed by eight vectors. Then L is
an octagon with an interior angle sum of 67. In order for L to correspond to a genus 2 surface
with a singularity of 67, each vertex of L must be identified with every other vertex of L.

As previously mentioned, L consists of four vectors and their additive inverses. Each vector
and its inverse describes two edges in the polygonal region K which are pasted together to form
the translation surface X. Since @; = —¥; 4(mods), €ach linkage in the configuration space can
be described by the set {¥;, U2, U3, U4} of four vectors and a matching.

Let L be represented by the word formed by the indices of the four vectors which describe it,
{1,2,3,4}, with every element appearing exactly twice. For example, if L is hypereliptic (180°
rotational symmetry), then the word 12341234 describes L, up to a relabeling of the vector
pairs.

The way the vertices of a linkage L are identified is by looking at how the corresponding
translation surface folds up. Each vector of L has an orientation and so the vertex that would
be at the tip of v7 is the same as the vertex at the tail of v since by the matchings, the two
vectors represent the same edge on the polygonal region described by L. This same vertex is at
the tail of the vector following 7, say v>, and can be identified to another vertex on L which
is at the tip of 5. This is done for all the vertices of L. All of the vertices must be identified
together if L is in the configuration space. Figure 1 shows some examples of eight-bar linkages
with their vertices identified.

It turns out that if a linkage L is in the configuration space then, when two adjacent vectors
of different labels appear in a certain order, if they happen to be next to each other at a
different point in L, then they cannot appear in the reverse order. For example, L cannot be
represented by the word 12342134 because this means that in the structure of L, v is followed
by v2 but later on ¥, is followed by #;. Checking the vertex identifications, the linkage with



Figure 1: These octagons represent a linkage where the edge numbers correspond to vectors of
that same label. The property that vectors of the same label are parallel is being ignored so as
to focus on how to determine if a linkage is the decomposition of translation surface of genus 2
with a singularity of 67. The arrow on an edge indicates the edge’s orientation with respect to
pasting, so some edges may be oriented in a different direction than the vector which describes
it.

word 12342134 corresponds to a translation surface with three singularities of %’T, %’r and 37“
(as shown in Figure 1).

1.3 Allowable Linkages

Combining together all of the requirements for a linkage to be in the configuration space, there
are only three types of linkages, up to a relabeling, which are allowed. These linkages have word
representations 12341234, 12341423, and 12132434. Note, as seen in Figure 1, a linkage with
word 12123434 satisfies the genus 2 requirement but not all interior distances between distinct
vertices will be greater than or equal to one since 1212 corresponds to a closed four-bar linkage.

As a notational simplification, each of the allowed three linkage types can be written as being
of type (3,3,3,3),(3,2,2,1) and (1,2,2,1). A linkage being of type (a, b, ¢, d) means that there
are a edges in the linkage between the first edge and its second appearance and similarly for the
other edges. When determining the separation between edges of the same label, the minimum
separation is the one chosen. For example, a linkage of type 12341423 is of type (3,2,2,1) but
there are five edges between the third edge (3) and its second appearance, however starting at
its second appearance yields a separation of two.

2 Constructing the Configuration Space

Let linkage L be in the configuration space. L is constructed from the vectors: vy, Vs, U3, Us.
Each linkage type can be described by a set of the «;;, in a similar way as how only four of the
eight vectors were needed to describe a linkage.

Proposition 2.1 For each linkage type, only three angles are needed to know the entire struc-
ture of a linkage in the configuration space.

Proof

A linkage in the configuration space is closed with eight unit-length sides, so it follows that
only the angles between the vectors are needed to construct a linkage if its type is known, since
that will provide information on the order of the vectors. Consider each linkage type separately:

(3,3,3,3): If L is a linkage of type (3,3,3,3), then L can be written as the word 12341234.
The set of interior angles of L is {12, (a3, i34, g1 } with each angle appearing twice in L. Since
the sum of the interior angles in L is 6, it follows that oo + ao3 + ags + ag; = 3w. Then
ay1 = 31 — (@12 + aag + @i34), S0 only s, g, 34 are needed to describe L.

(3,2,2,1): If L is a linkage of type (3,2,2,1), then L can be written as the word 12341423.
The set of interior angles of L is {aq2, s, @34, @41, 014, a2, @31} with aag3 appearing twice in
L. The 414 part of L is in case (i7) of Proposition 1.1 and so a4; + a4 = 7. It follows that



only one of the two angles is needed to describe the 414 portion of L. Furthermore, if the
vertex at a4 is labeled a and the vertex at ayo is labeled b, then let the vector from a to b
be ¥5. Since the 414 part of L is in case (ii) of Proposition 1.1, @5 is parallel to ¢;. The word
4145 corresponds to a rhombus and the word 123523 corresponds to a hyperelliptic hexagon
with equal-length sides. Therefore a2 = a2 and a3y = ags, SO a9, aing, and ags are the only
angles needed to describe 123523. Additionally, a4 = as4 and knowing a4 means knowing the
entirety of 4145. Then aq9, as3, 35 and a4 will describe L. Since agy = a3+ as4 = ags + a1y,
only a2, aiag, aizq are needed to describe L.

(1,2,2,1): If L is a linkage of type (1,2,2,1), then L can be written as the word 12132434.
The interior angles of L are all of unique label and form the set {2, ag1, @13, age, a4, 3, iz, 41 }-
However, the structure of L is such that if v5 goes from the vertex at a3 to the one at ay;
and vg is defined similarly, only between ass and ay1, then the words 1215, 3265, and 4346 all
correspond to a rhombus and are thus in case (i) of Proposition 1.1. As seen with linkages of
type (3,2,2,1), only one interior angle is needed to describe a rhombus. Thus, only a2, (32, i34
are needed to describe L.

O

These sets of three angles can be used as coordinates in R3. Figure 2 shows which o
is used for each axis. Since each linkage type has a different construction, they cannot be
plotted together using this method since the three coordinates provide no information about
the structure of a linkage.

| (3,3,3,3) | (3,2,2,1) | (1,2,2,1)

x @12 12 Q12
Yy 23 23 32
z 34 Q34 Q34
3 =),
S A 2 "W
1 \‘\ LT O *,
1 2 P w3
— <_‘._._..4- \“ _,—’ "\
------- a A -
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I o2 4~ 51)1} _____ 5

Figure 2: The table shows which «;; was chosen to be used in the coordinate system for
describing linkages of each type and which coordinate in R3 that a; corresponds to. An
example of each linkage type is given with the three angles needed to describe it highlighted.

The boundary of the configuration space will be when one of the inequalities in Propositions
1.1 and 1.2 is an equality. This occurs when there exists a distance of length one between at
least two nonadjacent vertices within a linkage.

2.1 The Boundary

Each linkage L in the configuration space must satisfy certain requirements (previously men-
tioned). From these requirements a certain number of degrees of freedom can be assigned to L.
If there exists an interior distance of length one between at least two nonadjacent vertices of
L, then those vertices become locked at that position such that if any interior angle of L were
to be changed to form linkage L', then L’ will have a distance of one between the same vertices
for which this is the case on L. The degrees of freedom of L are the number of angles which
can be changed without breaking any locked distances that L may have. Since changing one



angle will require at least one other angle to change, a linkage in the configuration space can
have a maximum of three degrees of freedom.

The interior of the configuration space is the set of angles that satisfy the strict inequalities.
It is the set of linkages which are described by the strict inequalities in Propositions 1.1 and
1.2. This set will be an open set bounded by the set of linkages in the configuration space with
less than three degrees of freedom. An easy visualization is to picture where a point p is able
to move. If p is on the interior of the configuration space then from p there is a point p’ in
the direction of a linear combination of the vectors €;, €}, €, which is still on the interior, where
€i, €5, €, will always denote linearly independent unit vectors.

It then follows that a linkage with two degrees of freedom will correspond to point p on a face
of the configuration space. From p, only traveling in the direction of some linear combination of
€;,€; will go from p to p’ still on the face. The face does not have to be planar for this fact to be
true. For instance: If a person is walking on a hill, they can only choose a linear combination
of going forward or turning to the right to change their location and maintain being on the hill
regardless of whether they are traveling upward or downward with respect to some reference
position.

Using the same logic, it can be seen that a linkage on an edge of the configuration space
will have one degree of freedom and if on a vertex it will have no degrees of freedom.

The next three subsections describe in detail the structure of the configuration space for
each linkage type. This will be three separate configuration spaces for which their union is the
configuration space which has been referred to up until now.

2.2 Linkage Type: (3,3,3,3)

Let the linkages of type (3,3,3,3) be linkages with a word representation of 12341234, so the
configuration space Py is plotted via a (a2, a3, aigq)-coordinate system. Py will have 12 faces,
30 edges, and 20 vertices. Specifically, Py will have sets of four faces which are either hexagonal,
pentagonal, or quadrilateral. We will label the hexagonal faces Fy, through Fj,,, F5, through
Fg, will be pentagonal, and the remaining faces Fy, through Fi5, will be quadrilateral.

Since the vertices have no degrees of freedom, all of their interior angles are known with
certainty and so their a;; can be determined. Doing this for all of the vertices will yield a plot
like that in Figure 3.

(o]

Vi (%7%7%) Vi, (%77T>%)

‘/20 (4?7‘-) %’ 77) Vl?o (77’ U 2%)

Véo (%371_7%) V130 (%7%;4{)
Vi, (7“%74‘777) Vi, (272%72%)
V50 (ﬂ-?ﬂ-v%) V15o (%a%a%)
Véo (7.(’%’2?77) Vlﬁo (2%34%7%)
Va, (%72?””7) Viz, (4%72%72%)
‘/80 (2%’77771-) V180 (%7%‘-’2{)
‘/90 (772%7%) V190 (2%3%34%)
Vio, (2%7gﬂ77) Va0, (2?”’2%7%)

Figure 3: Coordinates for the vertices of Py and a plot of the vertices and edges.

To understand the properties of Py, further investigation of the faces is needed. Knowing



the curvature of each face will provide a better explanation as to the appearance of the config-
uration space in R®. The equations for each face are as follows:

F10:a12+a23+a34:8?ﬂ- F90:a12+a23=27r
F20:a12:% F100:a23+0z34:2ﬂ'
F3, a3 = 3 Fii, o+ =m
F40 F34 =3 F12o tQie3 3y =T

Fs, . —cos(a12)+cos(aas)—cos(asy) —cos(ara+aaz) —cos(aas+ass) —cos(ara+aoz+asy) =
Fg, : cos(a12)+cos(aag) — cos(asa) — cos(anz + aaz) + cos(aieg + aga) +cos(aiz + g +age) =
Fy, i —cos(a12)—cos(aaz)—cos(agy)+cos(aia+aag)+cos(ags+asy)+cos(aratass+aszy) =
Fg, : —cos(ai2)+cos(aas)+cos(asq) +cos(ara+aas) — cos(aas +asq) +cos(ara+asg+asy) =

| ‘|
m\ww‘w\wm w0

This indicates that all of the faces are planar, except for faces Fs,, Fg,, F7,, Fs,. (F5, is
graphed in Figure 4). Due to the curvature of these faces with respect to the rest of Py, Py is
not convex.

Figure 4: This is a plot of the equation describing the linkages on Fy, with bounds determined
by the vertices of the face. Faces Fg,, Fr,, Fg, will have similar plots.

Proposition 2.2 All the points p € R? satisfying the succeeding inequalities will correspond
to a linkage L of type (3,3,3,3) which satisfies the requirements outlined in Section 1. These
inequalities describe the subset of R® which is bound by the faces of Py.

(1) iz + cvog + a3y < &F (3) m < aqg + agg < 2w
(2) aij > % foralli,j (4) 7 < oz + azq < 27
(5) —cos(a12)+cos(aag) —cos(asys) —cos(ar2+aa3) — cos(aaz + asq) —cos(ara+ oz +asy) > _73
(6) cos (alg) + cos(aa3) — cos(asy) — cos(ana + aa3) + cos(aas + asq) + cos(ara + qag + agq) < %
(7) —cos(a1z) —cos(aa3) —cos(azs) +cos(aa +aa3) +cos(aoz +aszs) +cos(arz +agz+aszs) > 5
(8) *005(0112) +cos(ags) + cos(asa) +cos(arz +aos) — cos(ans +asa) +cos(ana + sz +azs) < 3

Proof

A linkage L of type (3,3,3,3) will be closed and have an interior angle sum of 67 with
@12 + Qo3 + 34 + gy = 3m. By Proposition 1.1 we know that a;; > % for all 4, j, so (2) is
satisfied. This also means that

7r
0412+0423+0434=37r—a41§377_§:7

so (1) is satisfied.



Additionally, Proposition 1.1 states that o;; + a; > 7 for all 4, j, k. So
Qi + Qg =3m—ap —ap < 3T —1 = 2T,

so (3) and (4) are satisfied.

Proposition 1.2 states that cos(cv;) 4+ cos(ojx) + cos(aur) — cos(oj + ojx) — cos(ak + agr) +
cos(a; + g + ag) < % By following the process used to prove Proposition 1.2, it can be
determined that (5), (6), (7), (8) are satisfied. The difference in signs arises from the vector
orientations in L. That is (5), (6), (7), (8) will be of the form given in Proposition 1.2 if close
attention was paid to whether a;; was between #; and ¥; or if it was between ¥ 4(moqs) and
Uj44(mods) When determining the equation for the face each inequality comes from.

O

2.2.1 Fundamental Domain

Despite being the plot of all linkages of type (3,3,3,3) which satisfy all of the requirements
outlined in Section 1, Py is not the proper configuration space for such linkages. Due to the
symmetry of linkages of type (3,3, 3, 3), Py contains sets of points which correspond to the same
linkage. This is because if a linkage L € P, is represented by the word 12341234 and plots as the
point(ia, aiaz, 34), then there exists linkage L’ € Py which plots as the point (ao3, azq, aa1)
and thus is represented by the word 23412341, a cyclic permutation of the labeling of L. Every
linkage L € Py will plot as the set of points {(a12, o3, as4), (o3, asq, 1), (@34, @41, 012),
(41, 12, ai23) }, with not all the points necessarily unique. An affine transformation can be
applied to an element of this set to get another element in the set. Define this transformation
as:
T(@) = Ad+b=d'

Where
Qij 0o 1 0 Qi 0 Qi
T| o | = 0 0 1 e | + 0 =| owm
(093] -1 -1 -1 (€93 37 ay;
Then T%(&) = id. The set of fixed points of 7" is {(2%, 2T, 3%)} which is the set containing the

point corresponding to a linkage which makes a regular octagon. This point is the midpoint of
Py. The transformation S can be applied to the coordinates of Py so as to make the point for
the regular octagon be at the origin.

Q5 1 0 0 Q5 %T Bij
S QK = 01 0 Qjk — %T = ﬁjk
Qg 001 Qkl & Bri

The transformation S can be used to change from the a-coordinate system of Py to a -
coordinate system for the linkages of type (3,3,3,3) and create the space Fy,. The linear
transformation R = SoT 0 S~! can be applied to the 3-coordinates of Py to generate the set of

point4s {(B12, B3, B3a), (B2s, B3, Bar), (B34, Bar, f12), (Bai, P12, B23)} for each linkage. As with
T, R* = id.

Proposition 2.3 Py can be split into four quadrants where each quadrant will contain at least
one of the coordinate representatives from the set of points representing a linkage L € Py. One
of these quadrants will form the fundamental domain, Py, of Py.

Proof Begin by dividing the boundary of Py into four pieces. We have that:
T(Flo) = FQO’TQ(Flo) = F3oaT3(Flo) = F40§

T(F5o) = FﬁoaTZ(Ff)o) = F707T3(F50) = FSO;



T(FQO) = F1007T2(F90) = F110,T3(F90) = F120'

The boundary of Py can then be divided into the four sets given by {F;,, Fj,, Fk, }, for i €
(1,4),5 € (5,8),k € (9,12), based on which faces are connected to one another.

Consider the set { F},, F5,, Fo, }. Connect the vertices Vi, Va,, Vag, Vio, Vaos Vises Viees Vi7o Vise
of this set to the midpoint of Py. This will define the boundary of the space P; € F.

For coordinate simplicity, apply R to the linkages in P, to get the space P;,. Then the
edges connecting the vertices (Vi,, Va,, Vi, Vsgs, Vay, Viss, Viess Vizs, Vis,) to the origin can
be described by the vertex. That is, every linkage on the edge between the origin and a vertex
V € Py, is of the form ¢tV where ¢t € (0,1). Since R is linear, R(tV) = tR(V). Thus tV
is represented by a set of four points in Py, and those four points will appear on the edges
connecting the origin to the image of V under R™.

Every point in P, is equivalent to ¢tp where p is a point on the boundary of Pi, and so p is
on one of the faces I, F5,, Fy,. Since the faces are sent to other faces not in Py, under the
transformations R, R?, R%; for all tp € Py, there exists a point in R(P,), R*(P1,), R*(Py,).

Applying R™! to Py, shows that for all p € Py there exists a point in T'(Py),T?(Py), T*(P1)
and so P; is the fundamental domain of Py and the desired configuration space for linkages of
type (3,3,3,3).

O
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Figure 5: P;.

2.3 Linkage Type: (3,2,2,1)

Let linkages of type (3,2,2,1) with a word representation of 12341423, with the configuration
space P, be plotted using a (a2, aas, agq)-coordinate system. P, will have 8 faces, 18 edges,
and 12 vertices. Specifically, P> will have two hexagonal faces Fi, and Fj,, and the remaining
faces F3, through Fg, will be quadrilateral.

Linkages of type (3,2,2,1) do not have the same amount of symmetry as those of type
(3,3,3,3) do, so every point in P, corresponds to a unique linkage and there is no fundamental
domain for the space which needs to be found. Figure 6 gives a plot of the vertices and edges
of P2.

The equations for the faces of P, are:

. _
Fi, tai2 a3 + gy = 5 Fs,:ap=m
. _ 8
Fy, t a1z + ag3 +azq = Fs,:ap=1T
Fs, tap3 = F7220412:§
Fy, :a Qo3 =T . 5
4, 1 Q12 + Q23 Fy, tonp + a3 = 5F

This indicates that all of the faces are planar and P, will be convex if the interior is well-
behaved.



Vertex ‘ Coordinate H Vertex ‘ Coordinate
Vlz (%vﬂ’ﬂ—) V72 (7T, %v 4%)
V22 (%771-’4?‘”) V82 (2%’%7%1’)
V32 (2%77772%) V92 (%72%74%)
V42 2{,7@71’) V102 (777 2%’ 2%)
Vo TG LR Vo [0
V62 (7Tv %’ 7T) V122 (7T7 2%’ 7T)

Figure 6: Coordinates for the vertices of P, and a plot of the vertices and edges.

Proposition 2.4 All the points p € R? satisfying the succeeding inequalities will correspond
to a linkage L of type (3,2,2,1) which satisfies the requirements outlined in Section 1. These
inequalities describe the subset of R® which is bound by the faces of Ps.

(1) T <onp+oog+az <& (3) 5 <<
(2) T <ong+ags <3 (4) §<a<m
Proof

A linkage L of type (3,2,2,1) will be closed and have an interior sum of 67 with a2+ aa3 +
a3q + a4l = 3m. Due to its structure, an additional vector, U5, can be added to the linkage
which will be parallel to ¥; and create the six-bar linkage represented 123523 and the four-bar
linkage represented by 4145. Then by symmetry, oo + ao3 + ass = 2m and asq + a4l = 7,
where o34 = 35 + asg.

By Proposition 1.1, a;; > % for all 4, j. Then Qg =T —a54 ST — % = 2?“ Subtracting
ay1 from aqo + asg + azq + a41 =37 ylelds I < g+ asg +azy < 83 , so (1) is satisfied.
Similarly, a1a + o3 = 2m —ags <27 — § = %’T

Proposition 1.1 also gives that o;j+aj, > 7 for all ¢, j, k. Combining this with ajo+aos < 5
yields (2). We know that a2 4 a35 > 7, 80 a3 = 27 — (12 + a35) < 7. This satisfies (4) Slnce
a;; > % for all i, j. Switching a1o and aw3 gives (3). O

2.4 Linkage Type: (1,2,2,1)

Let linkages of type (1,2,2,1) with a word representation of 12132434, with the configuration
space P3, be plotted using a (a2, a3z, zq)-coordinate system. Ps will have 6 faces, 12 edges,
and 8 vertices. Specifically, all of the faces of Ps; will be quadrilateral.

The relations between the faces, edges, and vertices mentioned in Table 7?7 can be used to
determine that all of the faces will be quadrilateral.

Linkages of type (1,2,2,1) do not have the same amount of symmetry as those of type
(3,3,3,3) do, so every point in P3 corresponds to a unique linkage and there is no fundamental
domain for the space which needs to be found. Figure 7 gives a plot of vertices and edges of
Ps.

The equations for the faces of P are:

10



<

Vertex \ Coordinate H Vertex \ Coordinate T
V23 (?ﬂ-»%;%) V63 (%72%7%)
‘/33 (%7%a2%) V73 (g72?7r’2%)
Vi, | (5:5:%) Ve, | (55 %)

Figure 7: Coordinates for the vertices of P and a plot of the vertices and edges.

. _ T 2
F13-Oé32—§ Fyy raza =5
. — &T . T
Fgg.alg—ﬂ—? F53-0434—§
F33:0412:§ }7‘(332()(32277r

This indicates that all of the faces are planar and P, will be convex if the interior is well-
behaved.

Proposition 2.5 All the points p € R? satisfying the succeeding inequalities will correspond
to a linkage L of type (1,2,2,1) which satisfies the requirements outlined in Section 1. These
inequalities describe the subset of R® which is bound by the faces of Ps.

<ap<E

(1) 5 <o < = (2) 5 <as < 2?” (3) =

w3

Proof

A linkage L of type (1,2, 21) will be closed with a symmetric structure that causes a2 + ag; =7
and ay3 +aszq = 7. By Proposition 1.1, a;; > % for all 4, j. Combining this fact with the above
properties yields § < a2 < 2% (1) and § < a3y < 2?” (3).

The structure of L allows for an additional vector 5 to be added which will be parallel
to Uo. A vector v parallel to U3 can also be added to L. This will form three quadrilaterals
represented by 1215, 3265, and 4346. This means that ass + age = 7, so (2) is satisfied by

subtracting age > 5.
O

3 Equivalence Relation on the Linkages

Each linkage which is in either P;, Py, or P3 corresponds to the minimal vector decomposition
of a translation surface of genus 2. Let K be the polygonal region that has edges defined by the
linkage L € Ui:l P,,. Then the translation surface corresponding to L is obtained by pasting
the edges of K together. The word (12341234, 12341423, 12132434) used to describe L can be re-
placed by a labeling scheme (klmnk=t=tm=n=t kimnk=n=t"tm=L, kik=tmi~tnm~—tn=1)
for K. The exponent of each edge indicates the orientation of the edge. When pasting, edges
k and £~ may be pasted together, but not edges k and k. Figure 8 shows the pasting process
for a polygonal region with labeling scheme klk~'mi~'nm~'n~! corresponding to a linkage of
type (1,2,2,1).

Before all of the edges of K are pasted together, any interior line connecting two vertices
can be cut along to create two polygonal regions K; and K,. These two regions can then

11



Figure 8: This diagram shows how pasting a polygonal region corresponding to a linkage of
type (1,2,2,1) will result in a genus 2 surface. (Image by Christopher Judge.)

be pasted together along any pair of edges with the same label, as in Figure 9, to make the
polygonal region K’. Such a cutting and pasting will change the geometry of K but will not
change the translation surface obtained by pasting together all of the edges of K [7]. That is,
the topological space obtained from pasting together all of the edges of K will be the same as
that obtained from K’ and so the two regions are said to be equivalent.

Figure 9: This diagram shows how a polygonal region K with a labeling scheme of
abcda='b~'c'd~! can be cut and then pasted back together at a different pair of edges to
form the region K’ with the labeling scheme ac™'d teda'ce™!.

Proposition 3.1 Given a linkage L € Ui:l P, there exists a polygonal region K with edges
defined by L. K can be cut along any interior line segment joining two vertices £ and pasted
together to form the polygonal region K' with a different labeling scheme than that of K. The
edges of K' can be described by a linkage L'. Then L' € Ui:l P, if and only if |¢| = 1.

Proof

Let L' € Ui:l P,,. The edges of L’ will all be of length one since L’ is created by eight unit
vectors. L' is the linkage describing the edges of the polygonal region K’ which was obtained
by cutting-and-pasting the region K, described by L. Since K was cut along the line £ and has
a different labeling scheme than K’, £ must appear in the labeling scheme of K’. So K’ has an
edge labeled ¢ which corresponds to a vector in L’ and so £ must be of length one.

Suppose that £ is the line segment in K which was cut along such that K’ is obtained. Thus
when K was cut apart along /¢, the resulting two polygonal regions had unit length sides since
the edges of K can be described by L € Ui:l P,,. When these two regions are pasted together
to form K’, the edges which comprise K’ will be of unit length since cutting-and-pasting has no
effect on the length of existing edges and so L’ will consist of unit vectors. Furthermore, the two
regions obtained from cutting K can be described by linkages with an interior distance between
distinct vertices greater than or equal to one since L € Ui:l P,,. Pasting these two regions

12



together will preserve this property, so L’ will have interior distances between distinct vertices
which are no less than one. The action of cutting-and-pasting is geometrical and will not affect
the topological space, so K’ will also paste together to be a genus 2 surface. This means that
L' is the minimal vector decomposition of a translation surface of genus 2, so L’ € Uizl P,.
O
By Proposition 3.1, there exists a mapping via cutting-and-pasting which sends any linkage
L e Ui:1 P, to a linkage L’ # L also in Ui:l P, shown in Figure 10. The same notion
of equivalence between two polygonal regions K and K’ which paste together to be the same
topological space, can be extended to the linkages which describe K and K'.

Figure 10: This is an example of how to get a linkage on Fy, € P, from a linkage on Fy, € P;.

Proposition 3.2 Given the linkages L, L' € Uizl P,, describing the polygonal regions K, K'.
The cutting-and-pasting techniques described above can be regarded as an equivalence relation,
where L ~ L' if K and K' are equivalent.

Proof Let the polygonal regions K, K’, K" described by the linkages L, L', L” be equivalent.

Reflexive: L~ LV L e |J_, P,.
K is equivalent to K since K can be cut along some line and then pasted together upon that
same line. It follows that L will describe K, so L ~ L.

Symmetric: L ~ L' implies L' ~ L for all L, L’ € Ui:l P,.
L ~ L' implies K is equivalent to K’. Then K’ is equivalent to K, so L' ~ L

Transitive: L ~ L' and L' ~ L" implies L ~ L" for all L, L', L" € UZ:1 P,.
L ~ L’ implies K is equivalent to K’ and L' ~ L” implies K’ is equivalent to K”. Then
there exists a cutting-and-pasting of K to K’ and then to K", so K is equivalent to K”. Thus
L~L".

([l

3.1 Structure of the CW-Complex

To understand the space that is P = Ui:l P,, with the equivalence relation given in Proposition
3.2, consider the equivalence classes for the linkages on the boundary of P. These are given
in Figure 11. By the equivalence relation of Proposition 3.2, it appears that P consists of 2
verticies, 8 edges, and 10 faces coming from 3 polyhedron. However, the linkages which form
edges in P in the equivalence class Es, are equivalent to themselves except for the linkage
which is the midpoint of the edge. That is if L is a linkage on some edge F in the equivalence
class Fs,, then there exists a linkage L also on E with L ~ L’. There is one linkage W on FE
such that if W ~ W’ for W/ on E, then W’ is a relabeling of W and so W and W' are the same
linkage, up to a relabeling. It turns out that W will be the midpoint of E in the configuration
space and can be regarded as a third vertex of P.
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It follows that P is a CW-complex with the n-cell breakdown as given in Figure 12. An
n-cell is defined as being homeomorphic to a n-dimensional ball. The n-skeleton is the union
of all of the m-cells for m < n. The 1-skeleton of P is given in Figure 12.

Equiv. Class \ Members

1, s,

F2P Flo’F12aF22

Fs, Fo,, F3,, Fy,, F5,

Fyp Fs,, I3y, F3y, Fuy, I,

Isp F7,, By, By, Fe,

Fs,. faces in P; formed by: {Vs,, Vis,, Vap }s {Vs0s Vize, Vap }
Fr. faces in Py formed by: {Vi,, Viey, Vap }, {Vag, Vise, Vap }
Fs, faces in Py formed by: {Vi,, Vis,, Vs, }, {Vay, Vi7e, Vap }
Fy, faces in Py formed by: {Vs,, Vis,, Var }, {Vs,, Viee, Vap |
Fio, faces in Py formed by: {Va,, Vi, V5, }

Eip Ey, — Eg,, E11, — Evay, Eozy — E3o0,, Esy, Bay, B, — Eno,
Esp Ey,, Eroy, Es,, E6yy Esy — Es,

Esp Ei5, — Eisys Eoyy By, Eray, Eis,, Eieyy Eigy Eogy Erog, Ero,
Eyp Erg, — E2ay, En,, Fi2y, Ersy, Evr,, Eisy, By, Euyy oy, Erg
Es, edges in Py between: {Vi,, Vs, }, {Vag, Vap }, {Vag, Vap
Es,. edges in Py between: {Vis,, Vs, }, {Vie,, Vap }

E;, edges in Py between: {Viz,, V3, }, {Visy, Vap }

Es,. edges in Py between: {Vs,, V5, }, {Vs,, Vs, }

Vip Vi = Vaogs Vi, = Viz,, Viy — Vs,

Vo, midpoint of edges in the equivalence class Es,,

Vip point (37, 3% 3T) € P = regular octagon

Figure 11: These are the equivalence classes for the linkages on the boundary of P given for
each n-cell (n = 0,1,2) and the linkages which belong to them.

4 Properties of the CW-Complex

To understand P beyond how it is constructed, some of its topological properties are calculated.
The next three subsections explore the Euler characteristic, homology groups, and fundamental
group of P.

4.1 Euler Characteristic

For a finite CW complex X, the Euler characteristic x(X) is defined to be the alternating sum
> (=1)"c, where ¢, is the number of n-cells of X [4]. For a surface S, this is the familiar
formula: x(S)=F — E+V =2 —2g, where F is the number of faces, E' the number of edges,
V' the number of vertices, and g the genus of S. For the space P,

3
X(P)=> (-1)"c, =3-8+10-3=2.
n=0
A motivation for calculating the Euler characteristic is that it is a topological invariant,
meaning that it is preserved under homeomorphism and thus can be used to show that other
spaces are not related to P.

14



Figure 12: This figure shows the number of n-cells the CW-complex P has for each n. The
1-skeleton for P is also given.

4.2 Homology Groups

The homology groups of a space are also topological invariants. The n‘® homology group of X
(for n € Z) is defined to be the abelian group

H,(X) = ker(0,)/Im(0n+1),

where 9,, : C,,(X) — Cj,—1(X) is a homomorphism on the n-chains of X. The n-chains are the
abelian groups whose elements are integer linear combinations of oriented n-cells. It follows
that the set of n-cells will generate the n-chains and so rank(C,) = ¢,. 0, is the boundary
operator acting on the n-chains.

The chain complex for P is defined as:

Oa d3 02 01 o
(0) = C3(X) = Ca(X) = C1(X) = Co(X) = (0)

The matrix representation of d,, for each n, can be found by determining the map of each
unique n-cell onto the (n — 1)-cells which comprise its boundary. The boundary of each n-cell
of P was found using the following process:

0p: The boundary of a 0-cell is trivial.

01: The boundary of an oriented l-cell, E;,, is V;, — Vi, € Co(P), where E;, is
oriented toward Vj, and away from V},,. The orientation of each 1-cell with respect to P
was determined by the cutting-and-pasting mapping discussed in Section 3. For example,
Eyp =Vo, — Vi,

0s: The boundary of an oriented 2-cell, F;,, is a;E}, + apEx, + ... + amEp € C1(P),
where F;, is oriented in either the clockwise or counter-clockwise direction and the sign of
the coeflicient of each 1-cell is determined by whether it is oriented to go with the orientation
of F;, (+) or if it goes against the orientation of F;, (—). For example, Fy, = F1, + Ey, —
E,—FEs,+FE,+FEy, —FEy, =FE,,—FEs3,+Ey4,.

03: The boundary of an oriented 3-cell, P;, is b;F;, + bpFlp + ... + b Fn € Co(P),
where the sign of the coefficient of each 2-cell is determined by the 2-cells orientation. The
orientation of each 2-cell can be described by the set {€},€5,3} of the canonical basis,
where €3 is the outward facing normal vector of the 2-cell and so (€}, €3, €3) denotes a 2-cell
oriented counter-clockwise while (€5, €1, €3) denotes a 2-cell oriented clockwise. Taking the
determinant of the matrix representation of (€;, €;,€3) results in 2-cells oriented counter-
clockwise having a positive sign and those oriented clockwise have a negative sign. For
example, Py = F5, — F5, — Fy, + Fy, — Fy, — F5, = —2F5,. Notice that a 2-cell is not

P
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required to always have the same orientation with respect to the 3-cell since its orientation
is determined by how the 1-cells around it are placed.

For the boundary operators of P, let M (9,,) denote the matrix representation of 9,,. Then:

1 0 0
1 0 0
1 1 0
8_01_02 0 -1 00 1 1 1 1
M@)=| "5 o o M@)=(0 1 00 0 0 0 0
5 0 0 0 00 -1 -1 -1 -1
-2 0 0
2 0 0
1 0 0
5 1. 000 1 -1 1 0 0
0 0 00O 0 O 0 0 0
0 -1 110 0 0 0 1 0
01 110 0 0 0 0 0
M@)=109 09 000 0 1 1 0 0 M(@)=(0 0 0)
0 0 000 0 -1 0 1 0
0 0 000 1 0 -1 0 0
0 0 000 -1 0 0 —10

Since H,(P) is an abelian group, we can apply the Fundamental Theorem for Finitely
Generated Abelian Groups.

Theorem 4.1 [6] Let G be a finitely generated abelian group. Let T be its torsion subgroup.
(a) There is a free abelian subgroup H of G having finite rank 8 such that G=H & T.
(b) There are finite cyclic groups Th, ..., T, where T; has order t; > 1, such that t;|ts|...|tx
and T =T, & ... T},.
(¢) The numbers B and ty, ..., ty are uniquely determined by G.

In particular, for each n,
H,(P)=7Pr @ Z/t), ®..® L/ty,.

The number S, is called the n** Betti number of P. The Smith Normal form of the matrix
representation of the boundary operators of P gives all of these numbers. The torsion coefficients
of H,(P) are given by the entries which are greater than one in M (d,,41). Furthermore,
rank(ker(On+1)) is the number of zero columns of M(J,41). Additionally, the number of
non-zero rows of M (0,41) is equal to rank(Im(0n41)). It follows that

Brn = rank(ker(0y,)) — rank(Im(0n+1)) = rank(H,).

Let SNF(0,) denote the Smith Normal form of M(8,,), then:
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1 00
010
0 0 2
8 8 8 100 0 0 0 0 O
SNF(03) = 00 0 SNFO;)= 0 1 0 0 0 0 0 O
00 0 0000 O0O0OTO0F©
0 0 0
0 0 0
0 0 0
100 0 0 0 OO0OO0OO
01 00O0O0OO0OO0OTGO0O@ O
001 0O0O0O0O0TO0OTF O
000 10O0O0O0TO0TF®
SNF(0s) = 0000100000 SNF(@O):(O 0 0)
000 O0O0OODb5O0O0O0O0
00 0O0O0OO0OO0OTO0OTU 0@ 0
00 0O0O0OO0OO0OTO0OTUO0OD®O

Figure 13 shows the homology groups of P found from the Smith Normal Form of the
M(0y).

n| B |ty | Ha(P)
0] 32=1] - Z
1]166=0| 5 | 2z/5z
2| 43=1| 2 | ZaZ/2Z
3]00=0] - {0}

Figure 13: This table shows the homology groups and their rank for P.

The homology groups of a space keep track of the number of n-dimensional holes in the
space. For example, rank(Ho(P)) = 1, so P has one 0-dimensional hole (an open point) and
so P is path-connected since it will have a single path. Similarly, P has no 1-dimensional holes
(a circle, S') nor 3-dimensional holes (S3), but P does have a 2-dimensional hole (S52).

The homology groups are related to the Euler characteristic in that for a finite CW-complex
X, x(X) =3, (=1)"rank(H, (X)) [4]. This is just the alternating sum of the Betti numbers
for each homology group; so

x(P)=1-0+1-0=2.

This agrees with the calculation of x(P) given in Section 4.1.

4.3 The Fundamental Group

The group of loops in a space X starting and ending at a basepoint xg € X is the fundamental
group of X, denoted 71 (X). Two loops are considered to be the same if one can be deformed into
the other within X [4]. The space P is path-connected; allowing for the use of Van Kampen’s
Theorem to calculate 71 (P).

Theorem 4.2 (Van Kampen) [4] If X is the union of path-connected open sets Ay, Ag each
containing the basepoint xo € X and if the intersection A, N Ag is path-connected, then the
homomorphism ¢ : m1(Agy) * m1(Ag) — m(X) is surjective. If in addition the intersection
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A, N Ag is path-connected, then the kernel of ¢ is the normal subgroup N generated by all
elements of the form ing(w)ige(w)™t forw € m(AaNAg), and hence ¢ induces an isomorphism
7T1(X) = (71'1(14@) * 7T1(A6)) /N

For calculating 71 (P), let
10
P=R*U (U Uk>
k=1

where Uy is an open set around the 1-skeleton for each face of P. m(R™) = {0} for all n, so
m1(P) = xxm1(Uk) /ker($). (Note: It is sufficient to consider only the 2-skeletons of P. Taking
into account the n-skeletons of P for n > 2 will add no new information to m1(P) [4].) Let pg
denote the basepoint for finding 1 (P) where pg is the vertex in P which corresponds to the
vertex that was used to plot the configuration space for each linkage type. The loops around
each Fy will generate ker(¢) since each will start and end at py and are distinct from one
another since the Uy are distinct (due to the faces of P being distinct). The generators of
x,71(Uyg) are the distinct paths taken along the edges of P from pg to pg. Figure 14 shows each
face of of P with their corresponding edges and vertices.

Figure 14: The labels and orientations used for each edge in P are shown with respect to the
faces which they lie on. The orientation of each face is implied by the power of each edge. The
interior line indicates the boundary of the open set around the 1-skeleton, Uy, defining each face.
For example, the 2-cell which has five edges (F7,) is generated by edge a and aaaaa € ker(¢).
The basepoint pg is also indicated.

Calculating 71 (P) yields:

(a®,a e tabb~tad, aca™td, cbb=tdbb~t cde™td= 1t ah ™ g, a7 fle,ag e, ch ™ f, bb te Le).

For notation simplicity, a,b,c,d, e, f,g,h was used to replace E1,, Es,, Es,, E4,, Es,,
Eep, Er,, Eg,, respectively.
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This can be reduced slightly since the loop bb~le~le is trivial, as well as bb~'. Addition-

ally, the generator h=1f can be generated by three other generators of xm(F)) and thus is
unnecessary. Then:
m(P) = (a,¢,d,h™"g, fle,g7te)/
(a®,a " ¢ ta?d, aca™td, cd,edcrd "t jah T g, a7 e, ag T e, ch T f).

le = v, yielding:

To simplify the notation of the generators, let h~'g = w, f'e =u, and g~
m (P) = {(a,c,d, w,u,v)/

(a®,a ¢ ta?d, aca™td, cd, cdcrd ™ aw, a” tu, av, cwvu ™).

The fundamental group is related to the first homology group by the following theorem.

Theorem 4.3 [4] By regarding loops as singular 1 cycles, we obtain a homomorphism h :
m (X, z9) = H1(X). If X is path-connected, then h is surjective and has kernel the commutator
subgroup of m1(X), so h induces an isomorphism from the abelianization of 1 (X) onto Hy(X).

Calculating the abelianization of 7 (P) does indeed yield an outcome isomorphic to Hy (P).
Abel(m(P)) = m1(P)/[m1(P), m1(P)]
= (a,c¢,d,w,u,v)/{a®, ac™'d, cd, aw, a™ u, av, cwvu1).
Since ker(¢) = {a®,ac™'d,cd, aw,a " u, av,cwvu=1}, it follows that each element of the

set is equal to the identity element and so « = w™! = v = v~! and ¢ = d~!. This leads to

c=wuww twt =a®and ¢ = ad = ac”! so ¢ = a. Then ¢® = id. Abel(m1(P)) can then be

reduced to:

Abel(mr1(P)) = {(a)/(a®) = Z/5Z = H,(P).
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