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Abstract

In this report I deal with the Orthogonal Procrustes Problem by considering either two
distinct point configurations or the distribution of distances of two point configurations. The
objective is to align the two point configurations by first finding a correspondence between the
points and then constructing the map which aligns the configurations. The terms reordering and
relabelling will be used interchangeably. This idea is also extended to e-diffeomorphisms which
were introduced by [1] Damelin and Fefferman. I give a few examples to show when distributions
of distances won’t allow you to get a complete map between the points, if the distributions
match, and then describe how we can partition our configurations into polygons in order to
construct the maximum possible correspondences between the configurations, considering their
areas. Included is also a brief overview of reconstructing the configurations, given the distance
distributions. Finally, some algorithms are described for configurations with matching points
along with examples, where we find a permutation which will give us a relabelling, and also the
affine transformation which aligns the configurations. If not specified, any arbitrary dimension
RP with D > 2 can be considered.

1 Procrustes Problem

Procrustes Problem: Let D,n € N, O(D) the set of orthogonal transformations, and A(D) the
set of affine transformations in RP. Considering the following action:

x— Ar+t

where A € O(D), t € RP, d(-) the Euclidean distance in RP. X = {xy,...,z,} and ¥ =
{y1,..,Yn} are collections of distinct points in RY. If d(z;,z;) = d(yi,y;) for all 1 < i,j < n,
then 3o € A(D) such that @(x;) = y; for all i,j € {1,...,n}. Given the collections X and Y, find
A€ O(D)and € RP, or ¢ € A(D).

There are several proofs of this Problem. As part of the REU a collaborative proof between 4
students and 2 professors was given, which will therefore be omitted.



2 Non-Reconstructible Configurations

In [2] we see an example of two set of points, where the set of their distances match but the point
configurations do not, for a total number of points n = 4. [2] Proposition 2.1 gives a simple way to
check such cases.

Definition 2.1. By relabelling, we mean that if there’s an initial labelling of ordered points in two
congruent configurations, we reorder them in such a way that there’s a correspondence between the
points.

An example is if there’s an initial labelling of ordered points {a,b,c,d, e} in X and {a, f,€,d,7} in
Y, where a corresponds to «, b to 8, ¢ to v, d to § and e to €, one such relabelling will come from

the permutation (}2213%).

Proposition 2.1. [2] Suppose n # 4. A permutation ¢ € S(n) s a relabelling if and only if for all
2
pairwise distinct indices i, j,k € {1,...,n} we have:

¢-{i,j}no-{i,k} #0.

In other words, we need to take the edges of equal length between the two configurations we are
considering and check if there’s a mutual vertex between all such pairs for a given permutation
pes @)- This permutation is what will give us the labelling if it does exist.

In the context of our problem, we consider the given n-point configurations {p1, ..., p, } and {q1, ..., gn }
with their corresponding pairwise distances Dp = {dp;;j|dp;; = d(pi,p;),1 < 4,5 < n} and Dg =
{dgi;ldgi; = d(gi, q;),1 < i,j < n} with Dp = D¢ upto some reordering and [Dp| = [Dg| = (3).

We then want to find if 3{7, k}, {j, 1} such that d(p;,pr) = d(g¢;,q) & dpir, = dgj Vi, j, k,1l €
{1,...,n} for a permutation ¢ € S(n). In the case where this isn’t true, we need to disregard a
2

certain number of bad points from both configurations in order to achieve this.

2.1 Example

Below is an example with two different 4-point configurations in R? which have the same distribution
of distances. The corresponding equal distances between the 2 configurations are represented in
the same color, and the we have two edges with distances 1,2 and /5, but it’s obvious that there
doesn’t exist a Euclidean transformation between the two.

From this example we can construct infinitely many sets of 2 different configurations with the same
distribution of distances. This can be done by simply adding as many points as desired on the
same location across the dashed line in both the configurations of figure 2.
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Figure 1: Two different 4-point configurations with the same distribution of distances
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Figure 2: Configurations with the same distribution of distances for n > 4

In both the above example and the one mentioned in [2], it suffices to exclude one point from the
two configurations and you will be able to get a Euclidean motion to move from one configuration
to the other.

Conjecture 2.1. For two n-point configurations P,Q € R* with Dp = D¢ for which 34 € 0(2),
t € R? such that Q = (AP + ﬂ assuming the points have been labelled appropriately, then Ip; € P

and 3q; € Q such that Q\q; = (A(P\pi) + f), for some A € O(2), t € R2.

If the above conjecture holds, it suffices to exclude a single bad-point from both P and @, such that
P and @ differ only by a Euclidean motion. Iterating through the potential pairs of bad-points
will take O(n?), the issue still arises in determining whether the points we excluded results in two
congruent configurations.



3 Partition Into Polygons

One approach we can take in order to see which points should be excluded from our 2 configurations
P and @), is to partition the entire configurations into smaller polygons and compare polygons of
the same area, in order to determine existing point correspondences between P and (). For any
subsets {,7,...} C{1,...,n}or {s,t} C{1,...,k} we consider in the upcoming sections, the elements
of each subset will be distinct.

3.1 Considering Areas Of Triangles - 10-step algorithm
Considering our two n-point configurations P = {p1, ...,p,} and Q = {qi, ..., gn }, we partition them

into a total of (g) triangles and considering the distance between our 3 points in each case, let’s
say indexed 4, j, k, we have the distances dp;;, dp;, dp;;, and analogously dq; j/, dq;j, dgjp .

We now compute the areas as follows:

dpi; + dpi, + dpji
2

Aije = \/5(5 — dpij)(s — dpik)(s — dpj) where s :=

dgijo + dgi + dgji
2

Bi’j’k’ = \/S/(S, — dqi/j/)(s’ — dqi/k/)(s’ — ng'k/) Where 8/ =
and consider the sets of areas

B = {Bi/j/k;/|V{7;/,j/7k;/} C {1, ,n}}}
where |A| = |B| = (’;) — W_

We further partition the above sets as follows:
Al = {Azjk‘|Al]k € A and EIBi’j’k’ S B s.t. A’l]k‘ = Bi’j/k’}

B = {Bi/j’k/’Bi’j’k/ € B and HAijk; € As.t. Bi/j’k/ = Aijk’}
Ay = A\A, By = B\B;
Note that it may not be true that |A;| = |B|, as the areas need not all be distinct.We essentially
want the shapes formed by our points in the two sets which are ”identical’. Let’s assume our

sets A; and B are in ascending order with respect to the modes of the areas. We undertake the
following steps in order to check which points to disregard and permutations are valid:

1. Disregard all points from from P and @ which are vertices of triangles in As and Bs respec-
tively, but at the same time not vertices of any triagle in A4; and Bj.

2. In order we take A;;;, € A; and the corresponding triangles in By, with A;jx = By .



. If the distances of the sides of the triangles corresponding to A;;r and By, don’t match,
disregard the triangles with area By g/ .

. If the distances match up, we assign the points the corresponding points from P to () and
essentially start constructing our permutation, so thus far we have:

ij ok o
(i’ J kK )
Alternatively, we can match the points between A;j; and By which have the same corre-
sponding angles.
. Note that we might have more that 1 possible permutation, so for now we keep track of all of
them and list them as a? = (4 ;, ,f,

A, and t being the indicator of the corresponding triangle in B; in order (so if 3 triangles
correspond, we have t € {1,2,3}).

) for s being the indicator of the triangle we take from

e For triangles with 3 distinct inner angles we will have 1 permutation, for isosceles tri-
angles 2 permutations, and for equilateral triangles 3!=6 permutations.

e In the case of squares when considering quadrilaterals, we will have 4!=24 permutations
(will be discussed in section 3.3).

e This can be though of as matching angles between equidistant edges of our polygons.

. Go to the next triangle in \4; (which might have the same area as our previous triangle), and
repeat steps 2-4

e If the distances of our current triangle match with those of our previous triangle, simply
take all previous permutations and ” concatenate” them (I will also be using the term

”combine”). So for example (agl))Q = (a{Va{? ), where the index v in (ag))v indicates

the combination we have with agt) being the first element of the permutation as above.
We therefore get a total of HLV:_OI (t — ¢) permutations we are currently keeping track
of, where v is the number of elements in the constructions thus far. Note that in the
above procedure we assume no common points, and the case where mutual points exists
is described below.

. If our current and previous triangles share points, we consider the combination of two triangles
in B; with the same corresponding areas and shapes and matching points as the combination
of the two triangles taken from A, so we’ll either get a quadrilateral (if they share 2 points) or
two triangles sharing an vertex (not a pentagon), and check whether all (;1) or (g) distances
between our 2 shapes match up. If they do, we replace or extend the permutations we
are keeping track of, and disregard any permutations from before which don’t satisfy the
conditions of this bullet-point.

. If our current and previous triangles don’t share points, we essentially repeat steps 2-5 and
ertend the permutations we are keeping track of, in a similar manner to that shown in step

6.

. At this point we have traversed through all triangles in both A; and By with the same
area, and have constructed permutations (not necessarily all of the same size) which can be



considered as sub-correspondence of points between P and ) (meaning that more points may
be included to the correspondences). We are now going to be considering the triangles with
area of the next lowest mode and repeat steps 2-8, while keeping track of the permutations we
have thus far. Some steps though will be slightly modified as now we are considering various
shapes (corresponding to our permutations), and in the above steps when referring to our
” previous triangle”, we will now be considering our ” previous shapes”.

10. Repeating the above until we traverse through all triangles in A; and By will give us a certain
number of permutations, and for our problem we can simply take the permutations of the
largest size (might have multiple) and the points which aren’t included in that permutation
can be considered as bad points for the problem. Note that certain points might be considered
as bad for certain permutations and not for others, which depends entirely on P and Q.

Brief Explanation On The Above Approach

The idea of the above approach is to disregard non-identical shapes and configurations of the point
sets P and @), while simultaneously constructing the desired permutations of sub-configurations
which have the same shape. Note that we start of with the triangle areas which have the smallest
mode in order to simplify the implementation of this algorithm. There will exist a diffeomorphism
between P and Q if and only if the maximum permutations constructed have size n, where all
points will be included. A drawback of this approach, is that we keep track of a relatively large
number of permutations through out this process, but when going through each set of triangles of
the same area, a lot of them are disregarded in step 7.

3.2 Graph Point Of View

Another way to view this problem is as a graph problem, where our points correspond to vertices
and the distances correspond to weighted edges between the vertices of a fully-connected graph.
Considering the two graphs G p and G constructed by P and @ respectively, our goal is to find ex-
isting subgraph isomorphisms. This is known to be an NP-Complete problem. The triangles we were
using above will correspond to 3-node cliques, while quadrilaterals will correspond to 4-node cliques.

Considering this will actually make the problem significantly easier to implement, by taking ad-
vantage of the adjacency of matrices of the two graphs. In section 6 we use this concept to find
the correspondence between the points, when it’s known that there exists for all points in P and
Q. This is the Graph Isomorphism problem, and belongs in the NP-Intermediate complexity class.

3.3 Considering Areas Of Quadrilaterals

Alternatively, we can partition P = {p1,...,p,} and Q = {q1, ..., ¢n }, by partitioning them into a to-

tal of (Z) quadrilaterals , and consider the (3) = 6 distances between our 4 points in each case. If we

take 4 distinct points indexed i, j, k, I, we have the set of distances DP;;x = {dpij, dpik, dpi, dpji, dpji, dpri }
and analogously DQy iy = {dqyj, dqpir, dgiry , dqjrye , dgjry, dgip }



We now compute the areas as follows:
r:=max{d € DPjju} , s :== max{d € DP;i\{r}}

{a,b,c,d} := DPjji\{r, s}, where a,c correspond to distances of edges which don’t share a vertex

1
Aijr = Z\/WSQ — (a®+ 2 — b — d?)?

r = max{d S DQi’j’k’l’} R s = max{d S DQijkl\{T/}}

{a', b, ¢, d'} :=DQyj\{r', '}, where a’,¢” correspond to distances of edges which don’t share a vertex

1
Bijir = 1\/41“’23’2 — (a2 + 2 — 2 — d?)2
and consider the sets of areas
A= {Aulv{i,j, k, 1} € {1,...,n}}
B = {Bi/j/k/l/|v{7:/7j,’ K l/} c {1, ,TL}}

where ’A’ = ’B’ — (Z) — ”(”*1)(222)(”*3).

We further partition the above sets as follows:
.A1 = {Aijkl|Aijkl € A and HBi/j’k/l/ € B s.t. Aijkl = Bi/j’k’l/}

By = {Byjiy|Bijwr € B and 3Ay € Ast. By = Ajjua )
Ay = A\A; By = B\B;

We can now follow the same algorithm described in section 3.1, with the exception that now we’ll
be considering 4 points at a time, rather than 3. Depending on the point-configurations P and @,
either this approach or the previous approach might be more efficient, but this cannot be determined
a priori.



4 Partition Into Polygons For e-distortions
We extend our previous work to e-distortions.

4.1 Areas Of Triangles For e-distortions

For notational convenience we will be using the same notation used in section 3.1, as well as the
fact that our sets will have the following property:

qi’ 5' HqZ q]‘||

rather than dp;; = dgyj < |[pi — pjll = lla; — 4}l
Theorem 4.1. For our usual setup, it holds that for three points in our two point configurations

P and Q with indices and areas {i, j,k}, Ayji and {7, j',k'}, By respectively, the points can be
mapped from P to Q) through an E-distorted diffeomorphism if and only if

1 1
\/(Bi’j’k")z — Z . H1 S Az]k S \/(Bi’j’k’)Q + 1 . H2

where Hy, Hy depend on E := ma:n{sst|{s,t} - {i,j,k‘}}, and the elements of the distribution of
distances of Bjjip.

Proof. Considering the area of the triangles defined by the point p;,p;, pi and the corresponding
points q;, q;, 4y, we define ;5 := (1 —¢€;5), €54 := (1 +¢45), and get the following 3 inequalities for
each triangle:

dqirjr - €ij— < dpij < dqyjr - €ij4

dgik - €ik— < dpik < dgirky - Eik+
dgji - €jk— < dpjr < dqji - €jky
In order to simplify our computations we define:
E = maz{eqs|{s,t} C{i,j,k}}
E_:=(1-F) Ei:=(1+E)
= dqyy - E— < dpg < dqgy - E+ , for all pairs {s,;t} C {i,7, k}

and
s := dp;j + dpix, + dpji,

s = dqyy + dgii + dgjiy



It then follows that for all pairs {s,t} C {i, j, k}, that
(2dggv) - E— < 2dpst < (2dgev) - B

(—2dgsy) - B4 < —2dps < (—2dggy) - E-

and
(dgirjr + dgirgy + dgjryr) - E— < dp;j + dpg, + dpjp < (dgyj + dgpge + dgjre) - E4

s-BE_<s<s- -Ey

— (S/ -E_ — 2dgl’j’ . E+) S (S - 2dq”) S (S/ . E+ — 2qu/]/ . E_)

Taking advantage of the triangle inequality, s’ < 2dg; ., we get the following bounds, which unfor-
tunately are not precise:

2dgyrj - (BE- — Ey) < (' E- —2dqyj - Ey) < (s —2dgij) < (s By —2dgyj - E_) <25’ (B4 — E_)
2dgyrjr - (E- — Ey) < (s — 2dg;;) < 28 - (B4 — E_)
(—4E) - dgij < (s —2dg;j) < (4E) - §
0 < (s —2dgij) < (4E) - &

We know that the area of the triangle defined by the points in the configurations P and @ are
respectively:

o \/3(3 —dpi;)(5 — dpa) (5 — dpjr)
ik = 5

1
=5 \/5(3 — 2dp;j)(s — 2dp;i) (s — 2dpji)

1
= Ajjx = 5 V'S for S = s(s — 2dp;;)(s — 2dpix) (s — 2dpjr,)

s/(i’ — dgyr .,)(i’ _ dq.,k,)(i' —dgjn) 1
Bi’j’k’ _ \/ 2 vy N2 5 v 2 J — 5 . \/s’(sl — qui/j/)(s’ — qu@"k’)(sl — 2dqj/k/)

1
— Bi’j’k’ = 5 VS for §' = S/(S/ — 2dqirj/)(s' — 2dqi/k/)(8/ — Qde/kl)
In order to be as precise as possible we don’t undertake any simplifications, and from the above

inequalities considering the indices {i, j, k} and {7, j', k'}, we get:

s’ H (s E_ —2dqu.-Ey)<s H(s —2dp,) < 8 H (s By —2dq - E_)
V#K! L#R V#R!

s’ H (8" —2dg) — (8" +2dgy) - E] < s H(s —2dp,) < 8 H [(s" = 2dg, ) + (s + 2dqy ) - E]
V#K L#R VAR



s'(a1 — B1)(az — B2)(az — B3) < s H(S — 2dpus) < 8'(e1 + Br) (a2 + B2)(as + B3)
L#ER

s’ [041042% — [agfa(ar — B1) + a1 B3(aa — B2) + aafi(as — B3)] — 5152ﬁ3] <s H(S — 2dp,) <
LER

< [041042043 + [azB2(a1 + B1) + a1B3(ag + B2) + azBi(as + B3)] + 315253}

S —s {Oé3ﬂ2(041 — B1) + a1 f3(ae — f2) + (s — B3) + /8152,63} <S5 <

<S8 +s {agﬁz(m + 51) + a1B3(az + B2) + azfi(as + Bs) + 51ﬁ253}

S'—H, <S8<8 +H,

Comparing the areas of two corresponding triangles from the 2 point-configurations we then get:

4- (Byjr)? — Hi <4+ (Agjp)? <4+ (Byjuy)?* + Ho

1 1
(B )? — 1 Hy < (Ay)? < (Bijie)* + 1 - Hy

1 1
\/(Bi'j/k’)2 — Z . Hl S A”k S \/(Bi/j’k/)z =+ Z . H2

4.2 Considering Areas Of Triangles - Part 2

For areas of triangles for e-distortions, we construct the sets of areas of the partitioned triangles as
follows:

A= {Al¥{i, 4.k} € {L,.n})
B= {Bi/j/k/‘V{Z',,j,, ]f’} - {1, ceey n}}

A = {Awk’Awk’ € Aw/ E and 3By itk € B, s.t. \/ U/k’ — 7‘ < Ayji < | 1]%/ 24 2= |}
By = {Bz ]’k”Bz SUZAS B and E]Az]k eA W/ E, s.t. M/ z’g’k’ — —| < AZ]k < ’ z’j’k’ 24 2= ‘}

Ay = A\A By = B\B,

We then follow the exact same 10-step algorithm to get the desired result for e—distortions, although
now it is very unlikely that 2 or more triangles will have the exact same area.

10



4.3 Areas Of Quadrilaterals For e-distortions

Just as above, for notational convenience we will be using the same notation used in section 3.1,
as well as the fact that our sets will have the following property:

(1—ey) < Wi _ |lpi — p5]
ij

> = < (1 +€")7 V{’L,j} - {17 an}
dgiryr Ilg; = gjl| N

rather than dp;; = dgyj < ||pi — p;ll = |lg; — ¢lI-
Theorem 4.2. For our usual setup, it holds that for four points in our two point configurations P

and Q with indices and areas {i, j, k,1}, Aijr and {i', ', k', I'}, Byjir respectively, the points can
be mapped from P to @ through an E-distorted diffeomorphism if and only if

H. H.
\/(Bz"j’k’l’)2 (14 E?)2 - Té < Ajjm < \/(Bi’j’k’l’)2 (14 E?)2 + 1—62

where Hy, Hy depend on E := max{sst\{s,t} - {i,j,k,l}}, and the elements of the distribution of
distances of By iy

Proof. We consider our two n-point configurations P = {p1, ..., p,} and @ = {q1, ..., ¢}, and parti-
tion them into a total of (Z) quadrilaterals , and take into account (3) = 6 distances between our 4
points in each case. If we take the 4 points indexed 4, j, k, [, we have the set of distances DP;j;; =
{dpij, dpir, dpi, dpji, dpji, dpr } and analogously DQy iy = {dqyjr, dgiks , dginy, gy, dgjy , dagy }
for our 2nd configuration. We also define ¢;;_ := (1 — €y5), €ij+ := (1 + &45), and get the following
6 inequalities for each triangle:

dqirjr - €ij— < dpij < dgirjr - €ij+ dqjy - €jk— < dpjr. < dqjipr - €jk+
dgpy - gip— < dpir, < dgirgy - ikt dgjry - €j— < dpji < dgjrp - €514
dgiry - ey < dpy < dgpy - gq4 dapny - eri— < dpy < dqpry - €piy

Following a similar approach to what was shown previously, we define the following parameters and
compute the areas:

E :=max{ea|{s,t} C {i,j, k,1}}
E_=(1-F) E; =(1+F)
= dqsy - E— < dps < dqgy - E+ , for all pairs {s,t} C {i,j, k,[}

and
r = max{d € DP;ju} s := max{d € DP;ju\{r}}

{a,b,c,d} := DP;j\{r, s}, where a,c correspond to distances of edges which don’t share a vertex

S:=(a*+c* -V —d* S:=(a>+ 0>+ +d?)

1 1
Az’jkl = Z\/4T282 - ((12 + 2 —v— d2)2 - Az’jkl = Z V 4r2s2 — G2

11



r = max{d S DQi/j’k’l/} s = max{d S DQi/j/k/l/\{T,}}
{d"V,d,d'} :=DQyjuw\{r',s'}, where a’,c’ correspond to distances of edges which don’t share a vertex

S .= (a/2 + C/2 _ b/2 _ d/2) 5«, — (a/2 —{—b/2 + C/2 —l—d/2)

1 1
Bi’j’k/l’ = Z\/47’/28I2 — (CLIZ + Cl2 - b/2 - d/2)2 — Bi’j’k’l’ = Z V 47"/28/2 - Sl2

It then follows that for all pairs {s,t} C {7, j,k}
(dgsi)? - (B-) < (dpst)® < (dgs)? - (B4)?

~(dggv)? - (B1)? < —(dpst)? < —(dggw)? - (E-)°

which imply that
(r's")? - (E-)

Iy
IA
—~
=
V2)
~—
[\o}
IN
—~
ﬁ\
%\
S~—
[\o}
=
+
S~—
Ny

and

[(CL/Q—FC,Q)-(E,)Q—(+bl2+d/2)-(E+)2 < (a2+02—b2—d2) < |:(CL,2—|—C/2)-(E+)2—(—|—b/2+dl2)'(E,)Q]

[(a’2 +d?)-(1-2E+E?) — (+V? +d?) - (14 2FE + EQ)} <(@®+E - -d?) <

< [(cﬁ F ) (14 2B+ E%) — (402 +d?) - (1—2E + EQ)}

[(a'Q—l—c/Q—b'Q—d’2)-(1—|—E2)—2E~(a/2—|—c/2—|—b/2+dl2)} <@+ - -d?)<

< |:(a/2 L2y _d/2) ) (1+E2) +2E~(a’2 1 +b’2+d/2)}

-1+ B = 8- 2B)| <5< [8- (14 B + 5 2)]

—[S’-(1+E2)+§/-(2E)]2 <5< —[S’-(1+E2) —5/-(2E>]2

—57%. (14 E%)? - [Sl -(2E) - [2ES' + S'(1 + EQ)]} <-5?<

<87 (1+E?)? - [s (2E)-[2BES - S'(1 + E2)]}

—§%.(1+E*)? - H < -5*<-97%.(1+ E*)® - Hy

Comparing the areas of two corresponding quadrilaterals from the 2 point-configurations we then
get:

4(r's' )2 (BE_)Y =87 - (1 + E*)? — Hy < 4(rs)? — S < 4(r's)? - (By)* = 8- (1 + E*)? — Hy

12



4(r's)? - [1+ E*? —4BE(1 — E+ E?)] — S?- (14 E?)? — Hy < 4(rs)* = S$* <
<A4(r's)? [(1+ E**+4E(1+ E+ E*)] - S?. (1+ E*)? —- H,

IN

[4(1/3')2 . 5'2} 1+ EY)? - [16(r's')2 (E-E*+ B3+ Hl} < 4(rs)? — S2

< [4(7“/5/)2 - 5’2} 1+ E?)? + [16(7«’5’)2 (E+E*+ E°) - HQ}

[4(r’s’)2 - 5’2] (14 E*? - H, <4(rs)?> - 8% < [4(7'/3/)2 — 5’2} -1+ E»* 4+ H,y

~ A~

H H.
(Bujuwr)? - (1 + E%)? — 17;1 < (Ayji)? < By - (1 + B2 + 1752

H H
\/(Bi’j’k/l’)2 ~(1+ E?)? — Té < Ajjr < \/(Bi’j’k’l’)2 ~(1+ E%)+ 1752

4.4 Considering Areas Of Quadrilaterals - Part 2

For areas of quadrilaterals for e-distortions, we construct the sets of areas of the partitioned quadri-
laterals as follows:

A= {Ayulv{i,j, k. 1} C{1,...,n}}
B = {Byjr|v{, i KU} C{1,..,n}}

H
Al = {Aijkl‘Aijkl cA W/ E and EiBi/j/kll/ € B, s.t. \/(Bi’j’k’l’)2 . (1 + E2) — Tﬁl‘ <
H
< A’L]kl < ‘\/ l]’k’l’) . ( + EQ) ]_62 ‘}
2 2 H
Bl = {Bi’j’k’l"Bi’j’kz’l’ € B and ElAz'jkl e A W/ E, S.t. | (Bi’j’k’l’) : (1 + E ) — E| <

< Azgkl < ‘\/ z]’k’l’) (1 + E2 —|— |}

Ay = A\ A By = B\B;

We then follow the exact same 10-step algorithm to get the desired result for e—distortions, although
now it is very unlikely that 2 or more quadrilaterals will have the exact same area.
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5 Reconstruction From Distances

5.1 One-Sided Error Algorithm

We want to see how likely it is to Construct Point Configurations, given the distance distributions.

Using [3] Theorem 1.3 and considering n-point configurations, we can select (g) different sets for
{ig, 11,12}, (";3) for {j1,72}, (”;5) for {k1, ka}, (”;7) for {l1,1l2} and (”;9) for {m1, ma}. The total
number of possible such collections is:

4 4
n—3 H n—3—2 n(n—1)(n —2) H(n72L71)(n72L72)
2 2 3! 2!
=1 =1
n! 1
(n—11)!" 96
Define N := 2o . L.
(n—11)! 96
i x10™3 nvs. N for 31 points 4 x10'8 nvs. N for 32 points
|
at 6 |
‘ *
2 25f | 58 |
s *| 5 |
g B J g4 |
= | K *
Z 15t * | >3 |
* / /“
/ * |
0.5 * 1 * /
* J
** *®T A
0 = ol ockRorRxX T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Size of configurations - n Size of configurations - n
- }10‘4 nvs. N for 33 points 8 w104 nvs. N for 34 points
2t \ 51 |
|
|
| 4 |
z 15} | = |
bS] | bS] |
[ | o3 |
2 | 2 |
© | o |
> 1r | >
[ % 2
0.5 ;‘5* r *
¥ 1 %
*¥ xt'{*
0 ax2] Y L L
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Size of configurations - n Size of configurations - n

Figure 3: N tends to behave like e", as n approaches 33
As shown above, the number of 11-tuples one has to check is very large and not practical even

though it’s relatively easy to implement. An alternative way to check if our configuration is in fact
reconstructible from distances is to run a one sided-error algorithm.
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We make use of the polynomial defined in [3] which takes as inputs 6 distances:

g(U,V,\W,X,Y,Z) := 2U2Z+2UZ2+2V2Y+2VY2+2X2W+2XW2+2UVX+2UYW+2VWZ+2XYZ} +

+ —2UVY—2UVZ—2UXW—2UXZ—2UYZ—2UWZ—2VXY—2VXW—2VYW—2VYZ—2XYW—2XWZ}
and the following facts:

e g(U VW, X,Y,Z) =0 if and only if the inputs are the sides and diagonals of a well-defined
quadrilateral

o if g(d{io,h}?d{io,iz}’d{j1,j2}7d{k1,k’2}7d{ll,lQ}?d{mlﬂTLQ}) # 0 for all such 11-tuples in P, then P
is reconstructible from distances

For the one-sided error algorithm we assume that P is reconstructible from distances, and select
at random an 11-tuple from P. If for the given 11-tuple we get that g(dyiy.i,}, - Amy ms)) = 0, We

conclude that P is in fact not reconstructible from distances. The issue here is that we may

falsely conclude that P is reconstructible from distances, with an error of VCT”, where:

K= {{io,il, ...,mg}’{io,il, ...,mg} - P} |]C’ =N

Ky = {{io, 015 s mQ}‘g(d{ioyil}’ d{imiz}’ d{j17j2}’ d{khk’?}’ d{ll,lz}’ d{m1,m2}) 7é 0}

Ko = {{io, 015 e mQ}‘g(d{ioyil}’ d{imiz}’ d{j17j2}’ d{khk?}’ d{ll,lz}’ d{m1,m2}) = 0}

This obvious depends purely on P and the cardinality of s, and there’s nothing that can be said
about it a priori. So depending on how many such bad 11-tuples exist in P, we will either have a
large or a small error. In order to reduce this we can randomly select z such tuples and check all
of if them, and if at least one satisfies g(dg i}, -+ {my,mo}) = 0, We safely conclude that P is not

reconstructible from distances. In the case where all the tuples we selected lie in K; we will have

x
a false conclusion, where the error will be (%) < UJCV—”

5.2 Generalizing The Results Of [3] For e-distortions

Theorem 5.1. For a generic P,Q C R?, where the following conditions hold:
e if dist(P) = dist(Q), where dist(R) = {dist(r;,r;)|r;,7; € R C R?}
e all (g) distances dist(p;,p;) are distinct and g(U,V,W, XY, Z) =0

o if {e1,...,e6} € E for E = {(pi,pj)|i,j € {i,....,n}}, are not the diagonals of a quadrilateral
then g(e1,...,e¢) #0

then P =2 Q.

15



Definition 5.1. By dist(P) ~ dist(Q), we mean that for each element in dist(P) there exists only

one element in dist(Q), such that (1 —¢) < % < (14 ¢) and vice versa.
il

For our case, we generalize the theorem as follows:

Theorem 5.2. For a generic P,Q C R?, if 3 T € A(D) such that |T(P) — Q| < &, given ¢ > 0,
then the following inequalities hold:

o if dist(P) = dist(Q), where dist(R) = {dist(ri,r;)|ri,r; € R C R*}.
e all (3) distances dist(p;,p;) are distinct and
gU',...2") - (14 3e*) — H] < g(U,...,2) < [g(U, ..., Z") - (1 + 36*) + H|
where H depends on e, the polynomial g(-), and the distances {U’, ..., Z'}.

o if {e1,...,ec} € E for E := {(ps,p;)|i,J € {i,....,n}} are not the diagonals of a quadrilateral,
then

gler, o) ¢ H(gi (=) 4 gh (12| [(gh- (1 +e)P +gp- (1 —e)ﬂ]

Proof. We show the derivation of the analogous conditions for the e-distortions
e The first bullet-point is essentially what we want for the e-distortions.

e We have:
g(U,V,\W,X,Y,Z) := [2UQZ +2UZ% +2V3Y 4 2VY2 4+ 2X2W 4 2X W2+
+2UVX 4+2UYW +2VWZ +2XY Z |+
+ [— 20VY =20VZ -2UXW -2UXZ -2UY Z - 2UW Z—
—2VXY —2VXW —2VYW - 2VYZ - 2XYW —2XWZ
=]+ |o]
and we know that select our 6-distance collections, in order to satisfy
Va e {U,V,W,X,Y,Z} C dist(P), 3o/ € {U VW' X' Y' Z'} C dist(Q),

st. (1—¢)-d < a<(l+e¢)-d
W.L.O.G., we label and reorder our 6 — distance collections in the following way:
{U7 ‘/7 X7 X7 }/7 Z} = {Oél, Qg, a3, 04, A5, 056} - dZSt(P)
UV, X" X'Y' Z'} = {a], ab, af, oy, af, ag} C dist(Q)

We then get the following inequalities:

VI C{ai,...,ap} s.t. (2Hai) is a term of g(-), and the corresponding I’ to I
il
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(2Hal,) (1-¢) g(zHan(z a)

el il i'el’

—<2Ha,> 1—1—5 (2Ha2)§ ( Ha;,) 1—5
i'el’ i'el’
and it follows for g(aq,...,a5) = [gg} + [91} and g(af,...,ap) = [gé} + [g’l} and I, are the

collection of the 3-tuples of the terms of g(-) for « € {1,...,22} in the order presented above,
that:

10
E ( Haz,> (1-¢e)< E ( Ha,)_ E (2Ha})-(1—|—€3
el i€l, 1 el
=>g’1~(1—6) <gr<gi-(1+e)?
22 22
E (—QHaZ,> (1+e) <E (-2]]a) < g (-2[Ta) a-e?
=11 el =11 i€l, =11 i'el’

— g (1+e)P <ga<gh-(1—¢)°

=g - (1-eP+gy- (14+e)?°] <g(U,...2) < [g - (1+¢e)* +g5- (1—¢)’]

[g(U', .., Z") - (14 3e*) + (g — g1) - (3c+&%)] < g(U, ..., Z) <
<[gU',...Z") - (14 3®) + (g} — gb) - (3c +&%)]

gU', ... 2"y - (143 —H < g(U,...Z2) < g(U', ... Z") - (1 +3*) + H
where H = (g} — g5) - (3¢ + &°)
e Follow the same steps shown in the proof of the second inequality, with the only difference

that the inequality signs are switched, since we want not almost equality. So if in the proof
above we had 1 < a < 33, we would now use : a < 1 or a > o < « & [P, B2

O

17



5.3 Construction Of Points Given Distance Distribution

Question : Given dist(P) and the total volume V of the convex set of points P C R3, with P
unique, how do we reconstruct P C R3 upto a rigid motion?

In order to solve this problem, we can take the following steps, which directly relate to the
10-step algorithm:

1. List the distances in increasing order, and call this ordered list D, with E := |D| = (}). All
() edges correspond to a side of () triangles of the P configuration.

2. Find all possible triangles for d; € D in increasing order, with d; being the smallest edge of
the triangle. So essentially:

1+ 1
h <+ 1;
while i < (E —3) do
take all (" Z) ordered 3-tuples
{di, dj>i, dg>r>j};
if (dk — dj) Z di then
7;1(2')  {di,dj, di };
TO = {70, 7}
h+<h+1;
else
‘ disregard 3-tuple {d;, d;, dj};
end
141+ 1;
end
TO « YA TO,
T « |TW);

So T would look like 7 = {{dl, da,ds}, {d1,dys,ds}, {d2,dy,ds}, } for instance, which is still
ordered in ascending order of the first element of the 3-tuple, then the second element and
then the third element.

3. Again in ascending order of d; € D take all triangle 3-tuples 7, € T for ¢ € {1,...,T}, and then
construct all possible 6-tuples of edges which form a tetrahedron with d; being the minimum
length of its edges, by essentially combining the triangles. This can be done as follows:
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take 70 for all i € {1,..., E — 3} from above;

1+ 1; % index of set T, consisting of all triangles with d; as its smallest
side
J 2 % index of T, for E > j > i
while i < (E — 3) do
h« 1; % index for all elements of 7
0+ 1; % index of 6-tuple tetrahedron considering T

d} + 1% element of 7;@; hy <+ d)’s original index;
d}y + 2" element of T(i); ha < db’s original index;
d} < 3" element of 7;L(i); hg < df’s original index;
h+<h+1;
while h < |T?| do
d'1 < 1% element of 7;1& ); hy + d)’s original index;
d'y < 2" element of 7;(] ); hs < J’Q’s original index;
d's + 3™ element of 7710 ); he +— Jg’s original index;
if {th, th} N {dh4, dh5} = @ then
find the triangles which have one of the following combinations of sides
(both can’t occur simultaneously, and we only need to search in Une aT"
for H := {hg, hs, hahs}, H := H\maz{H}), and their corresponding 3"
side is assigned below to z,c(1 2}:
(i){dh27 dh4v .131} & {dhga dh57 552}
(ii>{dh27 dhs ) J}l} & {dh37 dh47 1'2}
if 1 = X9 then
hg < x1;
A {dny, dny, dng, dng, dn, dn )
AW A0, ADY;

0 1 1 1 1
@) 1 0 (dh2)2 (dhg)Q (th)Q
Vél «— ‘ﬁ det | 1 (dh2)2 0 (dh1>2 (dh4>2 ’7
1 (dh3)2 (dh1)2 0 (dh5)2
1 (dne)? (dn,)? (dns)?® 0
VO (YO Pl
d+—d6+1;
else
| disregard current 6-tuple;
end
end
h+<h+1;
end
141+ 1;
end
Y UF:_l?’ \4OR % Set with all tetrahedron 6-tuples
AN UF: 713 AW % Set with the corresponding volumes of the tetrahedrons
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4. Now we want to find the collection of tetrahedrons which have a sum of volume equal to V.
In order to do this, we re-arrange out sets V and A to V and A, in ascending order with
respect to the mode of the faces of the tetrahedrons. We do this because it will be a lot faster
to identify whether a tetrahedron is not part of the overall n-point configurations, and we
will disregard it. We then go through the following steps:

(a) Take in order the tetrahedron §; € A and it’s corresponding volume v; € V, and then
it’s 3-tuple " triangle face” with the smallest mode, tgl).

(b) Find the next tetrahedron in the ordered set A which has tgi) as a face, and combine the
two potential tetrahedrons, to get a hexahedron and its volume.

(c) Considering the 6 3-tuple faces of the hexahedron we repeat step (b) and this is done
until we exceed the total volume an n-tuple or we have an n-tuple with a total volume
less than V.

(d) In this case, we take out the last tetrahedron which was added and add the next possible
candidate and check the conditions from step (c) and repeat until all possible candidate
tetrahedrons have been checked. If we are not successful, we then go 72 steps back” and
take the next possible candidate for the our 2" most recent selection of a tetrahedron.

(e) We then repeat steps (b)-(d) considering the appropriate shape we have after each iter-
ation.

(f) If we are not successful and have back-traced back to d;, we consider the next appropriate
tetrahedron from A and repeat steps (b)-(e).

(g) Given the conditions on our set dist(P), this algorithm will terminate once it success-
fully finds the tuple set of the exterior faces of the overall convex shape formed by the
configuration P, and the set of tetrahedrons A t;;,; which form it.

5. At this point, we know the triangles on the exterior of the overall convex shape we are looking
for, as well as the which distances from our initial set dist(P) correspond to which point. From
here it is therefore only a matter of selecting an arbitrary tetrahedron from A ;4 and placing
it in R3, and based on this initialization we construct 3 points P, consider the tetrahedrons in
A tina adjacent to the one we initially constructed and then construct 4 more points, repeat
this process until we have exhausted all elements of Ay;,q. This will therefore give us an
orthogonal transformation of P.

The construction of P is unique upto a rigid motion, by the setup of the problem.

Open Question : Given dist(P) for P C RP, how do we reconstruct P upto a rigid motion?
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6 Examples And Constructions When P ~ ()

6.1 Adjacency Matrix

Considering our previous problems from a graph point of view, will make computations a lot
easier. Given the point configurations P and @), one can easily compute the Adjacency Matrices for
Undirected Graphs Gp and G respectively. Some of the main properties of these graphs is that
they are symmetric n X n matrices, with zeros throughout their diagonals.

6.2 Congruent Configurations

In the case of congruent configurations, it need hold true:
e Gp ~ Gg = 3 a permutation Py, s.t. Gg = P.7'GpP,
e Gp~Gg = XN(Gp) =Xi(Gg) , for all eigenvalues

Corollary 6.1. If A € R™"™ has an n distinct eigen-values A\1(A) > X2(A) > ... > A\, (4), and
B € R™" such that \j(A) = \i(B) Vi € {1,...,n}, then A ~ B.

Considering the eigen-decompositions A = QaAQa~', B = QpAQp~! and the permutation Py,
we get
A=P.BP,~!
QuAQa™ = Pr(QpAQs™") P~
= (PﬂQB)A(PﬂQB)_l
= Qa = P:Qp

so the permutation P is at the same time the change of basis of the eigen-space of A to that of B.

6.3 Find Permutation When Gp ~ Gg

Here we’ll consider the case where no bad points exist in our configurations P and @, and that
the distance distributions consist of distinct elements. In addition, there exists a transformation
T € O(D) and a translation ¢ € RP such that Q = T'(P + 1), for some reordering of the points in
@, as the points are not initially labeled. The goal is to align the points in P with those in @, and
the first thing we need to do is to find the permutation matriz between the points in P and Q.
Considering the adjacency matrices Gp and Gg, we simply run the following algorithm:
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Gp « sort(Gp); % sort columns of the input
Gg + sort(GQ); % sort columns of the input
P, = zeros(n,n);
fori=1:ndo
Up < iz, column of Gp;
for j=1:ndo

UQ < Jn column of Gp;

if vp = v then

‘ Pﬂ'(’LLJ) =1

end

end

end

Each row in the matrices P and @ are the coordinates of the points in the corresponding config-
urations with the initial orderings (if none is given, they could be assigned randomly). We have
therefore taken care of the unlabelled problem, and the matrices P and Q := PrQ now only differ
by a rigid motion.

6.4 Kabsch’s Algorithm - Find Rotation And Translation [4],[5]

There’s a well known algorithm for finding the optimal rotation which minimizes the root mean
squared deviation between two paired sets of points. In our case there exists an exact rotation, so
by simply running this algorithm we get the exact rotation. This algorithm is broken up into the
following three steps:

e Shift by Center of Mass
A 1 & . , 1 e g
) —— - (7) () — = () ~
CMpU —n;Pﬂ CMQU _n;Qi jed{l,..,d}
P=(P-1CMp) Q=(Q—-1CMg) for1€R"and P,Q c R™

e Find the Optimal Rotation o
Here we use the singular value decomposition of the covariance matric H = PTQ).

10 - 00
01 - 00
H=UxVT  k=sign(det(VUT))-1 D= :
00 - 10
00 - 0 k

R=VDU"
The D matrix is used to take care of any reflections which might have taken place.
e Find the Translation ¢
t=(-Rx CMp" +CMa")"'  tTeR?
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6.5 Example Results And Visualization

Below is an example where construct a random 60-point configuration P. Using P we then construct
@, such that P ~ Q. We then use the method described in section 6.3 to label the points, and that
in section 6.4 to confirm that the configurations align. Indeed, we got that (P — P-'QP;) = 0.

Visualization of Adjacency matrix for P Visualization of Adjacency matrix for @
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Figure 4: Visualization of Adjacency Matrices for n=60 before relabelling takes place
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nz =60

Figure 5: Visualization of constructed P, used for relabelling, using the algorithm in section 6.3

6.6 Alternative Way For Constructing Rotation After Relabelling And Shifting
After shifting our two configurations as shown in section 6.4, we constructed the matrices P and Q

with entries the coordinates of all points of P and @ with center of mass being the origin. Assuming
that n > D, we can randomly select D rows of P and the corresponding rows in () (we have already
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60 random pt-configurations "P" "Q" Plot after shifting and rotating
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Figure 6: Plot with P and @ before and after alignment

relabelled them), and construct a change of basis. In order to do this we need to first confirm that
the vectors are linearly independent which is pretty simple using software, as you simply need to
make sure that the D x D matrices consisting of these vectors in their columns have a nonzero
determinant, or are full-rank. So if we have selected D linearly independent vector from P, which
we denote as Bp = {pi,...,pb}, and their corresponding vectors in Q, Bo = {qi,....gD}, these
form a basis for R?, and the rotation we are looking for is the change of basis between Bp and
Bg. So we essentially do the following to construct the rotation R:

Po=® ... pp) eR”*P Qp=(q ... gp) e RP*P
RPp =Qp = R=0QpPp~!
6.7 SVD Approach After Relabelling
An alternative way of computing the permutation R is using the SV D and the fact that the
singular values of a matrix are unique. We are considering the case where n > D and U €
RP*XD 5 € RPXn 1 € R™ ™, s0 we can truncate the right singular vectors matriz V, as the first

D right-singular vectors for P = (p_i . p}'L) € RP*" and Q = (q‘i . q}}) € RP*™ match up.
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Notationally we use Ap = A(1: D,1 : D) to denote the truncation of matrix A, by taking the
submatrix consisting of the columns and rows 1 through D of A.

For P = UpXpVp! and Q = UgXoV?, we know that X p = X and that IR € O(D) s.t. RP = Q.
It then follows that for:

Vp, :=Vp(1:D,1: D) Vo, ==Vo(1:D,1:D) Yp:=%p(l:D,1:D)=%q(1:D,1:D)
RP=Q =  RUpEZpVR)=UgSoVo! =  (RUP)ZpVe,' =UgSpVo,'

If the singular values of P and Q are all distinct, then the SV D of the two matrices are unique.
If they are not distinct, then JUp,Ugy and M a permutation matrix s.t. MUp, = Ug,, which
implies that Vp, = V. So for simplicity let’s consider this singular value decomposition, where
M = Ipxp. It then follows that for all point configurations which are congruent upto a rigid
motion, there exist a singular value decomposition and R € O(D), s.t.:

RUp=Ugy Vi, =Vo, =  R=UgUp"

6.8 On Matching Point Configurations

Lemma 6.1. [6] Let P, Q € RP*" as defined above. Then PTP = QT Q if and only if 3A € O(D)
such that AP = Q.

The above Lemma implies that a necessary and sufficient condition for two configurations to be
equivalent, is that their Gramian-matrices are equal, after translating them such that their center
of mass is at the origin.

6.9 Kabsch’s Algorithm On e-diffeomorphisms

Kabsch’s algorithm also finds the rotation in order to align point configuration P with a point
configuration @, where Vi € {1,...,n} 3’ € {1,...,n} such that ||p; — ¢¢|| < §, for p; € P, and
gy € @, with a given error. Note that for ¢ < 1 and the property required for e-diffeomorphisms

(1-¢) < % < (1 +¢), we get that “pZ —pj| — lair — qj/H < . Below we justify that the
il —4;

condition on the points |[p; — gy || < §, satisfy the stated equivalent condition for e-diffeomorphisms:

llps — qirl = |pj — ayl| = |ei — 5] < 5 335i5'€<_§§>
J J Jl = 2 1= 272
pi—arl<ei  Ipj—apl<e; = |l pil = lar — gyl <ei+ el

\lpi = pj| = lair — qir] < |lpi — pj| + lgi — ]|

= |Ipi = pjl = lar —apl] < |lpi =il +lar —qpl| < |ei+e5] <e

<e

= “Pi_pj| — | — gy
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Since we have ezact bounds on the difference |p; —¢qy|, we can easily implement simulation to confirm
that Kabsch’s algorithm works on random n-point configurations P with points in ) which satisfy
the above condition. The alignment will obviously not be ezxact.

/]p,/ +ete;

a;

Figure 7: Depiction of inequality le — ;| — lair — qj|

< ‘6i+€j|

60 random pt-configurations "P" "Q", w/ eps = 0.1 Plot after shifting and rotating

+ P configuration

+ P configuration O Q configuration

O Q configuration

Figure 8: Plot with P and @ before and after alignment, for e-diffeomorphisms

6.10 Difference In Rotations On e-diffeomorphisms Using Kabsch’s Algorithm

A simulation over multiple random P and corresponding () configurations and their alignment
was implemented, which resulted in the error-plots provided on the next page. These were over
e € {0.01,0.02,0.04,.06,0.08,0.1} and n € {10,12,12,...,150}. The error was calculated in means
of sum of squared differences for each coordinate over 30 averaged simulations, and then averaged
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the coordinates. What the plots reveal is simply that for greater € we have a greater averaged error
for the same number of points, while there is no obvious trend. This is also justified by figure 10,
where a Least-Squared Fit was used, and it’s obvious that as n increases, the error also tends to
increase.

An alternative, more detailed approach to such configurations, is described in [6].
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Figure 9: Error plot over 30 random samples, with values of € in the legend
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Figure 10: Linear Fit on error, using Least-Squares Fit
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