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1 Introduction

The question we shall address in this article is this:

Problem 1. Given two convex octahedra in Euclidean 3-space, is it possible to decide whether
they are affinely equivalent to each other using their natural developments only?

From our point of view, Problem 1 is similar to the problem of recognizing congruent
convex polyhedra whose solution is given by the famous Cauchy rigidity theorem: If natural
developments of two convex closed polyhedra in Euclidean 3-space are isometric then these
polyhedra are congruent to each other. Initially, this theorem was proved by A.L. Cauchy
in 1813 in [5]. An extensive literature is devoted to the Cauchy rigidity theorem and its
generalizations, from which we mention the monograph [1], review article [6], scientific article
[9], and popular science book [7], where the reader can find further references.

An analog of Problem 1 for general polyhedra in Euclidean 3-space is considered in [2],
where necessary conditions for the affine equivalence of polyhedra are found. In this article,
we present a similar approach as applied to octahedra. This allows us to obtain both necessary
and sufficient conditions.
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The main result of this article is Theorem 1 from Section 4.

We choose octahedra as the object of our study for two reasons. First, because they are
the simplest polyhedra in terms of combinatorial structure with no trivalent vertices (the
latter simplify the problem of recognition of affinely equivalent polyhedra by their natural
developments, see [2]). Second, because historically octahedra played an intriguing role in
the proof of the Cauchy rigidity theorem (see [8, p. 446]) while our study is motivated by
that theorem.

2 Terminology and preliminaries

Octahedron: We say that a polyhedral surface in R? is an octahedron if it is combinatorially
equivalent to the regular convex octahedron in R? and any two adjacent faces do not lie in
the same plane.

A straight line segment xy is called a diagonal of an octahedron P if z and y are vertices
of P and xy is not an edge of P.

An octahedron P is called conver if, for every its face F', the three vertices of P which
are not incident to F', are contained in a single open halfspace determined by aff F', the affine
hull of F.

We leave the proofs of the following statements to the reader: every convex octahedron
P is the boundary of a bounded convex set B with nonempty interior, i.e., of a convex body;
moreover, B contains every diagonal of P.

Natural development: The concept of a natural development of an octahedron is
intuitively obvious to anyone who has ever glued an octahedron from a set of its faces which
are cut out from cardboard. Avoiding unnecessary details, we give the following more or less
formal definition.

A set consisting of 8 triangles in the plane is called the natural development R of an
octahedron P if it is equipped with “gluing rules” and the following conditions are fulfilled:

e R is in one-to-one correspondence with the set of the faces of P;

» each triangle of R is congruent to the corresponding face of P;

« vertices of different triangles of R are identified with each other (or “are glued together”)

if and only if they correspond to the same vertex of P;
o sides of different triangles of R are identified with each other (or “are glued together”)
if and only if they correspond to the same edge of P.

Cayley—Menger determinant: Let M be an abstract set and p: M x M — [0, 4+00) C
R be a map such that p(z,y) = p(y,x) for all x,y € M and p(z,y) = 0 if and only if z = y.
Then the pair (M, p) is called a semimetric space, see [3, Definition 5.1, p. 7|, and, for every
{zo,x1,...,2x} C M, the expression

0 1 1 1

dof 1 0 p*(zo,21) ... p*(x0,Th)

em(zg, 1, ..., x) = |1 p*(z1, 70) 0 o PPy, )
1 p*(wg,z0) pap, 1) ... 0

is called the Cayley-Menger determinant of xo, x1, ..., g, see [3, § 40, p. 97].
If M = {xg,21,...,2,} C R™ and a metric p in M is induced by the Euclidean metric
of R™ then vol(xg,z1,...,z,), the n-dimensional volume of the simplex with the vertices
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Figure 1: Special enumeration of the vertices of an octahedron P

Xo, T1, - .., Tn, is related to the Cayley—Menger determinant of xq, x1,...,x, by the following
formula, see [3, § 40, p. 98]:

(-1

1 )] =
[VO (fL’O,fL‘l, y L )] an‘

em(zg, T, .. Tp)- (1)
We say that a semimetric space (M, p) embeds isometrically in R™ if there is f : M — R™
such that |f(z) — f(y)| = p(x,y) for every x,y € M, where |f(z) — f(y)| stands for the
Euclidean distance between f(z), f(y) € R".
Necessary and sufficient conditions for a semimetric space (M, p) to embed isometrically
in R™ are given by the following

Theorem 1 (K. Menger, 1928). For every semimetric space M, the following statements (i)
and (ii) are equivalent to each other:

(i) M embeds isometrically in R™, but not in R"™!;

(i) there are n + 1 points xg,x1,...,x, in M such that

<_1)k+1 Cm($0,$1,...,xk) >0 (2)

forallk=1,2,...,n and

em(zg, X1, ..., Tpyz) =0, (3)
em(zg, X1, -+, Tpyy) =0, (4)
cm(xg, 1y oy Ty, y) =0 (5)

for every pair of points x,y of M.

The classic reference for Theorem 1 is [3, Theorem 42.2, p. 104]. A modern exposition of
Theorem 1 for the case of metric spaces may be found in [4].

3 Necessary conditions

Throughout this section, we denote by P and P’ two fixed octahedra in R3.

By x;, i =0,...,5, denote the vertices of P. Throughout this article, we fix their special
enumeration, an example of which is shown in Fig. 1. Such a special enumeration is obtained
in the following way. Chose an edge e of P arbitrarily and denote by xg and x; the vertices of
P incident to e. For ¢ = 2,3, by x; denote a vertex of P incident to a face of P containing e.
By x4 (resp., x5) denote a vertex of P such that the straight line segment zyz4 (resp., zozs)
is a diagonal of P.
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By (x;,z;) denote the edge of P incident to the vertices z;,z; if such an edge exists.
Similarly, by (;,z;,x) denote the face of P incident to the vertices z;, x;, x;, if such a face
exists.

Consider the set V = {zg,...,75} endowed with a metric induced from R3. For the
convenience of further presentation, we denote the Euclidean distance |z;—z;| between z;, x; €
V by d;; if x; and z; are joined by an edge of P, and by d;; otherwise. In other words, we
denote |x; — x| by d;; if this distance is given to us directly in the natural development of
P, and denote it by d;; otherwise. We choose different notations d;; and d;; because, when
solving Problem 1 in Section 4, we consider J;; as unknown quantities, the values of which
have to be found in the course of the solution.

Throughout Section 3, we denote by z;, t = 0, ..., 5, the vertices of P’ and assume that P’
is affinely equivalent to P in the sense that there exists an affine transformation A : R® — R3
such that A(P) = P’ and A(x;) = «} for all i = 0,...,5, i.e., that A does not change the
numbering of the vertices. The Euclidean distance between the vertices x} and z) of P’ is
denoted by d;; if z; and z; are connected by an edge of P" and by 4;; otherwise.

The first group of necessary conditions

Directly by its construction, the set V' = {zo, ..., 25} endowed with the metric induced from
R3 is a metric space which embeds isometrically in R?, but not in R2. Hence, by Theorem 1,
the inequalities (2) and equalities (3)—(5) hold. Let us write them down in detail.

The inequalities (2) take the form

(—1)%* cm(zg, 1) > 0,
(=1)* em(zg, 21, 22) >0,

(—1)4 cm(xg, 1, T2, x3) > 0,

ie.,
0 1 1 1
2 1 0 d(2)1 d(2)2
dOl >Oa 1 d(2)1 0 d%Q <O7 (6)
1 dg, di, O
o 1 1 1 1
L0 dg dy ds
1 d§1 0 42, dz3 > 0. (7)
1 d02 d12 0 523
L dgy diy b3 0

The inequalities (6) mean that zy # 1 and the area of the face (g, 21, 22) is not equal to
zero. The inequality (7) means that the volume of the tetrahedron (zg, 1, zs, z3) with the
vertices z;, ¢ = 0,...,3 is nonzero. According to our definition of an octahedron, (6)—(7) are
automatically satisfied.

Note that if we write (7) using only numerical data that is available to us from the natural
development of P (i.e., using d;; only) then (7) imposes a restriction on the possible values
of the length do3 of the diagonal zox3 of P.



V. Alexandrov: How to Decide Whether Two Convex Octahedra ... 33

The equality (3), when written for P, becomes cm(xg, 21, 9, x3,24) = 0, i.e.,

01 1 1 1 1
1
1
L odgy diy 0 05 diy
1
1

The equality (4) takes the form cm(xg, 21, 9, 23, 25) = 0, i.e.,

d By B0 &

— == = = O
ISH
o
=
)}
ISH
= DN
no
ISH
[N
w
ISH
— DN
(@2

0 1 1 1 1 1 1

10 dgy dy, dys diy 0fs

1 dy 0 di, dis o7, dis

1 d(2)2 d%Q 0 553 d%4 d%5 =0. (10)
1 dyy dis 63 0 di, di

1

1

The relations (7)-(10) form the first group of necessary conditions for the affine equiva-
lence of the octahedra P and P’. They must be satisfied by the quantities dgs, 014, and do3,
which are the lengths of the diagonals of P and which cannot be found directly from the
natural development of P.

The second group of necessary conditions

This group of conditions expresses the fact that P is convex.

Let us start with a detailed explanation of the construction of one of the conditions of the
second group of necessary conditions. To do this, consider two tetrahedra T3 = (zq, x1, T2, 23)
and Ty = (zg, 1, T9, T4) in R3. They share the common face (xg, 1, x2). In principle, T3 and
T, can be located relative to each other in two ways: either so that they are contained in
different closed halfspaces determined by the plane containing the face (xg, 21, xs), or so that
they are contained in one of these halfspaces. Obviously, |x3 — z4| (and hence the numerical
value of d3,) in the latter case is strictly less than in the first one.

In (8), substitute ¢ instead of d3, (the other d;;’s and dy4 are assumed to be fixed numbers
borrowed from P). As a result, we get

0 1 1 1 1 1
L0 diy dyy dyy diy
L ody 0 di, dis o}
1L dgy diy 0t dj
1 d3y d3; t 0 di
L dg 0%y d3y diy 0
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Let us rewrite (11) in the form At*+ Bt+C = 0, where A, B and C' are algebraic polynomials
in 614 and all variables d;; involved in (11). It is easy to see that

0o 1 1 1
1 0 d diy

A=— L@, 0 62| —cm(xg, T1, T4).
Hence, taking into account the formula (1), we get A = 222![vol(zg, x1,24)]> > 0. Here

vol(xg, 1, 4) denotes the area of the triangle with the vertices xg, z1, x4, and the inequality
holds true because vol(z, x1,24) # 0. The latter follows form the definition of an octahedron
given in Section 2.

Above, we mentioned a geometric argument based on the relative position of T3, Ty. It
implies that the quadratic equation At>+ Bt+C = 0 has two different positive real roots. Let
us denote them by ¢y, t. For definiteness, assume 0 < ¢; < t5. Then t; = d3,, B> —4AC > 0,
B = —A(t; +ty) < —2At;, and C = Atyt, > At?. For positive t1,t,, each of the last two
inequalities is equivalent to t; < t5 and, thus, they are equivalent to each other. Hence, below
we can use only one of them, e.g., C > At? (or, what is the same, C' > Adj,).

Since C' = At* + Bt + C for t = 0 and At* + Bt + C is given by the formula (11), we can
rewrite the inequality C' > Ad3, as

1 1 1 1 1
0 a3 d, &% d2, 0 1 1 1

0
1
1 dy 0 diy dis o3 o (10 dgy
1
1
1

> —d (12)

doz dig 0 0 ds, 1 dgy 034 O
oy 0%y d3y diy O

The inequality (12) expresses the fact that the points x3, x4 are contained in one of the two
closed halfspaces determined by the plane containing the face (zg,x1,z2) of P. If we write
(12) using only distances given to us in the natural development of P (i.e., using d;;’s only)
then (12) imposes restrictions on the possible values of the length of the diagonal ziz4 (i.e.,
on (514).

The inequality (12) belongs to the second group of necessary conditions for the affine
equivalence of the octahedra P and P’. The other inequalities of that group are derived
similarly to (12) according to the following instructions:

o select one of the eight faces of P and denote it by (x;,,z;,, z;,) (it will play the same

role as the face (g, z1,22) played in the above derivation of (12));

o select two of the three faces of P incident to (z;,, z;,, ;,) and denote them by (x;,, z;,, T4, )
and (x;,, z;,,z;,) (they will play the same role as the faces (xg, z1,x3) and (zg, o, x4)
played in the above derivation of (12));

 apply the arguments described above for tetrahedra T3 = (zg, 1,22, 23) and Ty =
(x0, T1,Ta, x4) to tetrahedra (x;, x;,, Tiy, Tiy) and (T, Ty, Tiy, Ty ) -

As a result, we get an inequality which is similar to (12). It expresses the fact that the
points z;, and x;, are contained in one of the two closed halfspaces determined by the plane
containing the face (x;,,z;,, z;,) of P. It is easy to understand that there will be 8 x 3 = 24
of such inequalities. Together they guarantee the convexity of P. We call them the second
group of necessary conditions for the affine equivalence of P and P’.
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The third group of necessary conditions

This group of necessary conditions is constructed from P’ in the same way as the first group
was constructed from P. In other words, the third group of necessary conditions consists of
four relations, each of which is obtained from (7)—(10) by replacing every d;; by d;; and every

The fourth group of necessary conditions

This group is constructed from P’ in the same way as the second group was constructed
from P. It consists of 24 inequalities. All together they guarantee that P’ is convex.

The fifth group of necessary conditions

The relations of this group directly expresses the fact that P and P’ are affine equivalent.
They are constructed as follows.

Select any of the 12 edges of P. Denote it by (x;,, xi,). By (@i, xi,, Tiy) and (x;,, iy, Tiy)
denote the two faces of P incident to the edge (z;,,z;). According to our definition of
an octahedron, the tetrahedron (z;,,x;,, *i,, T;;) has nonzero 3-volume, vol(x;,, z;,, T, Tis),

which is related to 3-volume of the tetrahedron (z; ,; ,zj,, z;,), vol(z] ,z} , x ,x; ), by the
well-known formula vol(zj ,xj , 2 ,z;,) = |det A|vol(zs,,x;,, iy, 7). Squaring the latter

formula and using (1), we get

cm(xgo, T, Ty, 1:;3) = (det A)* cm (24, Ti, , T4y, Tiy)

or, which is the same,

0 1 1 1 1 0 1 1 1 1
2 2 2 2 2 2
1 0 dfioil d;oiz d;o’ig ]' 0 dioil dioig di0i3
2 2 2
1 dgoil O dglig dglig = 1 dzzoil O dlzﬂz dzzlig ) (13)
2 2 2
1 d;oig dgl’ig 0 5;21'3 1 d?oig d’?ﬂ:z 0 61'22i3
2 2 2
1 d{ioi3 dglig 5;22'3 0 1 dlzoie, d’Lz1i3 5222i3 O

where a = (det A)? > 0. All 12 equations forming the fifth group of necessary conditions may
be obtained from (13) with a suitable choice of z;,, k =0, 1,2, 3.

4 The main result

In Section 4, we treat the relations which make up the five groups of necessary conditions for P
and P’ to be affinely equivalent to each other as algebraic equations and inequalities in seven
unknowns dgs, 014, 023, 05, 014, O4g, and a, i.e., with respect to those variables whose values
cannot be directly found from the natural developments R and R’ of P and P’. As we know
from Section 3, the coefficients of those algebraic equations and inequalities are expressed in
terms of the variables whose values can be directly found from the natural developments R
and R’ of P and P, i.e., through {d;;}, the set of the lengths of the edges (z;,z;) of R, and
{d;}, the set of the lengths of the edges (z},z}) of R'.

1) ]
The main result of this article is given by the following theorem:
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Theorem 2. Let P and P’ be two convex octahedra in R3, and let R and R’ be their natural
developments; then the following statements are equivalent:

(a) P and P’ are affinely equivalent to each other;

(b) there are seven positive real numbers dgs, 014, 023, 05, 014, Obs, and o such that all
five groups of necessary conditions given in Section 3 are satisfied.

Proof. The implication (a) = (b) has been demonstrated in Section 3. One should take the
lengths of the corresponding diagonals of P as dgs5, 14, 023, the lengths of the corresponding
diagonals of P’ as (5, d14, 055, and the square of the determinant of the affine transformation
A such that P' = A(P) as a.

It remains to prove that (b) implies (a). By Z;,7 = 0,...,5, denote the vertices of R which
are enumerated in accordance with the special enumeration of the vertices of P introduced
in Section 3 and depicted in Fig. 1.

Let us define a semimetric p on the set V = {Z, ..., Z5} by putting

(3 ;) def {dij, it z;,7; are connected by an edge in R;
vyry) T

dij, otherwise.

Here d;; is the length of the edge (7;, ;) in R, and d;; is one of the positive real numbers do;,
14, 023 whose existence is asserted in (b).

It follows from (b) that the relations (7)—(10) are fulfilled. Thus, according to Theorem 1,
(f/, p) embeds isometrically in R3. By f : V — R? denote one of such embeddings.

Let A be one of the eight triangles constituting the natural development R. Suppose Z;,
Zj, and 7, are the vertices of A. Since the second group of necessary conditions described in
Section 3 (and, in particular, the inequality (11)) is assumed to be fulfilled, the set

5

(U @)\ (@)U @)} 0 F@)).

is contained in one of the two closed halfspaces determined by the plane containing the
triangle (f(Z;), f(Z;), f(Zx)). Hence, (f(Z;), f(Z;), f(Tk)) is a face of the convex hull of the
points f(Z;), ¢ =0,...,5. This implies that the convex hull of the points f(Z;), i =0,...,5,
is a convex octahedron whose vertices are provided with the standard numbering as in Fig. 1.
Let us denote this octahedron by X.

By z},i=0,...,5, denote the vertices of R’ which are enumerated in such a way that z;
and T, correspond to each other according to the combinatorial equivalence of R and R'. As
before, we define a semimetric ' on the set V' = {F,..., L} by putting

5 (7, ) def {dgj, if 7,7 are connected by an edge in R’;

P T, T .
! d;;, otherwise.

Here d;; is the length of the edge (Z}, 7)) in R’, and §;; is one of the positive real numbers dg;,
14, 0b3 whose existence is asserted in (b).
According to Theorem 1 and the third group of necessary conditions, (XN/
isometrically in R®. By f': V/ — R? denote one of such embeddings.
The fourth group of necessary conditions implies that if 7, 7, and Zj, are the vertices of
any of the eight triangles constituting the natural development R’ then (f'(7}), f'(2%), f'(Z},))

is a face of the convex hull of the points f'(Z}), 7 = 0,...,5. Thus, the convex hull of the points

!/

,p') embeds
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f(&),i=0,...,5, is a convex octahedron whose vertices are provided with the standard
numbering as in Fig. 1. Let us denote this octahedron by X".

Note that both the points f(Z;), ¢ = 0,...,3 and the points f(z}), i = 0,...,3, are
the vertices of nondegenerate tetrahedra. Therefore, there is a unique affine transformation
A :R® — R3 such that f/(z}) = A(f(%;)) foralli =0, ...,3. According to (b), the fifth group
of necessary conditions is satisfied with some o > 0. Hence, (det A)* = «

Let us prove two more properties of A, namely, f'(7}) = A(f(Z;)), j = 4,5.

Let k =2 or 3, and j = 4 or 5. By definition, put

A= (A(f(Z0)), A(f (1)), A(f (Zk)), A(f(Z5))),
Ay = (@), [1(@), (@), f(75)),
Or = (A(f(Z0)), A(f (1)), A(f(Zk))) = {f'(%0), ['(31), [ ().

Obviously, the tetrahedra Ay ; and A} ; share the common face d;. Moreover, 3-volumes of
Ay j and A} ; are equal to each other:

vol(Ay,;) = vol(A(f(Zo)), A(f
)

, 1), A(f (@), A(f(7;)))
|detA|vol( (Zo), )

(7 ),
f(@), f (@), (25))
avol(f(Zo), f(Z1), f(Zx), f(Z;))
—VOl( "(20), [/(@), [1(@), [1(T))

= vol(A} )

Therefore, the heights of Ay ; and A} ; which are treated as pyramids with the common base
0r, are equal to each other. Denote this common height as Ay ;.

Recall that the affine hull of d; is denoted by aff 0. For k = 2,3 and j = 4,5, by 7,
denote the plane which is parallel to aff §, and lies at distance hy ; from aff ¢ in the closed
halfspace which is bounded by aff 6, and contains both Ay ; and Aﬁw-. It follows from above
that both points A(f(7;)), f'(7}) lie on 73 ;.

Let ¢ = 0 or 1. By o; denote the affine hull of the three points A(f(z;)) = f'(7)),
A(f(Z2)) = f'(7), and A(f(Z3)) = f'(Z%). Arguing as above, we see that the distance from
either of the points A(f(Z;14)) and f'(¥,,) to o; is the same and these points lie in the same
closed halfspace bounded by ;. Hence, A(f(Zi44)) and f'(Z7, ) lie on a plane parallel to o;.
Denote this plane by 7;.

Observe that both points A(f(Z4)) and f'(Z);) lie on each of the planes 7y 4, 734 and
7o, and hence are contained in their intersection. However, the planes 74, 734 and 7y are
parallel to the planes aff d5, aff 05 and oy respectively, while aff d, Naff 63N oy = {A(f(Z0))} =
{f'(z})}. Hence, the intersection 754 N 734 N 7y consists of exactly one point, and this point
is A(f(52) = (7).

Similarly, we check that 75 N 735 N1 = {A(f(T5))} = {f'(T5)} which yields A(f(Z5)) =
1(3).

Thus, assuming (b) to be satisfied, we were able to isometrically embed the natural
developments R and R’ as convex affinely equivalent octahedra X and X’ (since there is an
affine transformation A : R* — R? such that f'(7}) = A(f(%;)) for all i = 0,...,5). On
the other hand, R is the natural development of both P and X. Thus, the Cauchy rigidity
theorem implies that P and X are congruent. Similarly, P’ and X' are congruent to each
other. Hence, P and P’ are affinely equivalent, and (b) implies (a). O
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Concluding remarks

e In Problem 1, it would be more natural to ask about the projective (rather than affine)
equivalence of convex octahedra. The point is that both the property “to be convex”
and the property “to be a polyhedron” are projective invariant. Unfortunately, some
arguments presented in this article are not applicable to the study of the projective
equivalence of octahedra. In fact, the equations from the fifth group of necessary con-
ditions obtained in Section 3 are not valid for projective transformations. Here we need
qualitatively new ideas.

o The Cauchy rigidity theorem is the standard of elegance. Against this background, our
Theorem 2 looks especially clumsy. It is desirable to find a solution to Problem 1 as
elegant as the Cauchy rigidity theorem.

Acknowledgment

The study was carried out within the framework of the state contract of the Sobolev Institute
of Mathematics (project FWNF-2022-0006).

References

[1]

2]

A. D. ALEXANDROV: Convex Polyhedra. Springer-Verlag, Berlin, 2005. ISBN 3-540-
23158-7.

V. ALEXANDROV: Recognition of affine-equivalent polyhedra by their natural develop-
ments, 2021. arXiv: 2106.13659.

L. M. BLUMENTHAL: Theory and Applications of Distance Geometry. Chelsea Publishing
Company, New York, 2 ed., 1970.

J. C. BOwERS and PH. L. BOWERS: A Menger Redux: Embedding Metric Spaces
Isometrically in Euclidean Space. Amer. Math. Monthly 124(7), 621-636, 2017. doi:
10.4169/amer .math.monthly.124.7.621.

A. L. CaucHY: Sur les Polygones et Polyédres. Second Mémoire. J. Ecole Polytéchnique
9, 87-98, 1813.

R. CoNNELLY: Rigidity. In P. M. GRUBER and J. M. WILLS, eds., Handbook of Convex
Geometry, vol. A, 223-271. Elsevier B. V., North-Holland, Amsterdam, 1993. ISBN 0-
444-89597-3.

D. FucHs and S. TABACHNIKOV: Mathematical Omnibus. Thirty Lectures on Classic
Mathematics. American Mathematical Society, Providence, 2007. ISBN 978-0-8218-4316-
1.

I. KH. SABITOV: Algebraic Methods for Solution of Polyhedra. Russian Math. Surveys
66(3), 445-505, 2011. doi: 10.1070/rm2011v066n03abeh004748.

L. RoDRIGUEZ and H. ROSENBERG: Rigidity of certain polyhedra in R3. Comment.
Math. Helv. 75(3), 478-503, 2000. doi: 10.1007/s000140050137.

Received March 11, 2022; final form March 11, 2022.


https://arxiv.org/abs/2106.13659
https://dx.doi.org/10.4169/amer.math.monthly.124.7.621
https://dx.doi.org/10.4169/amer.math.monthly.124.7.621
https://dx.doi.org/10.1070/rm2011v066n03abeh004748
https://dx.doi.org/10.1007/s000140050137

	Introduction
	Terminology and preliminaries
	Necessary conditions
	The main result
	Concluding remarks

