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1. Brief summary

This supplementary material contains several proofs related to the claims and content in the main document. We also
included some technical results in Section 4 which are necessary for the actual implementation of the approach. Finally, we
show in Section 9 additional experimental results obtained on real data that were omitted in the main document due to space
limitations.



2. Compact formulation of the covariance matrix of normals M (R)

The covariance matrix of all the epipolar normals

N

M(R) =) (fix Rf))(fi x Rf)T, (1)

=1

where n; = f, x Rf,, is clearly a quadratic expression on the rotation R. Thus, each element m;; of this matrix M (R)
can be written as a quadratic function of the elements 7 in the rotation matrix R:

mi; = e] M(R)e; )
= ée? (fe x RFL)(Fr x RFY) ey 3
2 ;T il REGDTRT (£ e, @
= kilmei [l RE(FL) TR [£4]) e5) )
= Z t(FL(F) TR [F)) L eje] [£i], R) ©)
< éu(f;(f;)TRT(fk x ej)(fi x ) R) ™
: éﬂfz(fw ® (F, x €)(Fx x &) TIr ®
= @(f; @ (Fr x €)(Fr ® (Fr % emT) r. ©)

A brief summary of the steps performed here follows:

1.

2
3
4
5.
6
7
8

Write the (4, j)-th element in terms of the complete matrix, multiplied by canonical vectors.

. Substitute the definition of the covariance matrix (1).
. Rewrite the cross product as f,, x Rf}, = [f,], RS}, in terms of the corresponding skew-matrix.

. The trace of a scalar quantity is the identity function.

Use the cyclic properties of the trace to rotate the terms.

. Rewrite the cross-products back to its explicit form.
. Apply vectorization, according to (123), to extract r = vec(R) from the expression.

. The sum of quadratic functions is a single quadratic function.

Thus, in view of the result above, given a list of feature correspondences {(fy, f%.)} ., each element in the covariance
matrix M (R) can be seen then as a a quadratic function m;;(R) = r ' C;;r, where

Cij=> (£f1,0(frxe))fi @ (f xe)) . (10)

k=1

This expression is beneficial, as it means that all the data in the problem can be condensed into a fixed number of matrices of
small dimension, in linear time w.r.t. the number N of feature correspondences. The complexity of any subsequent operations
should then be independent of V.



3. Data matrix for the quadratic objective in terms of vec(X)

In the main document we claim that the joint optimization objective

n

f(Rt)=t"TM(R)t= Y t;(r' Cym)t;, (11)
i,j=1
may be written as
f(R,t) = Z (tir) ' Ci(tjr) =z Cx, stx=vec(X), X =rt', (12)
i,j=1

where all the data in the problem has been collected into a single matrix C. A proof follows:

f(Rt) =t T M(R)t (13)
i Z ti’l"TCijth (14)

i,j=1
2 Z e (tr")Cij(rt)e; (15)

i,j=1

ij=1
5T Z e;RC;; | x (a7

ij=1
c

The performed steps in the proof are:

1. This is the joint objective, corresponding to the Rayleigh quotient of matrix M (R).
2. Simply write the sum form of the quadratic form, substituting m;;(R) = TTCijT as argued in Section 2.
3. Write elements ¢;, = egt and regroup.

4. Identify X = rt ', introduce trace and apply cyclic property. Also we make use of the definition e; = eie;r.

5. Vectorize the trace of a product using (123).
The data matrix C' in the last expression gathers the 9 x 9 data matrices C;; standing for every component 1,5 into a
single 27 x 27 matrix
Cii Ciz Cis
C=|Cy Cqop Co3| € Sym27. (18)
Cs1 Cs Css

4. Details on the standard QCQP formulation
As stated in the main document, any Quadratically Constrained Quadratic Programming (QCQP) problem instance (with

equality constraints only), and in particular any QCQP characterization of our relative pose problem, may be written in the
following generic form:

min =27Q,2, z=[1,27]", (19)
z
st.2'Qz=0, i=1,...,m, (20)
where z is a vector stacking all unknowns involved in the problem, Qo is the homogeneized data matrix and Qm i=1,...,m,

are the homogeneized constraint matrices. Homogeneization here refers to the common trick of putting together all the terms
in a quadratic function by homogeneizing the variable vector z with an additional unit element', so that at the end we can

!Common conventions are either to append [ 1] or prepend [3] the unit element. For convenience in the expressions we are prepending here.



regard it as if it was a plain quadratic form 45, (2):

vasearscaionfy ][] -es e

Since z stacks all the unknowns in the quadratic formulation, R € SO(3), t € SQ, and X = rt', with the chosen
representations this vector will have #(z) = #(R) + #(¢) + #(X) = 9 + 3 + 27 = 39 elements, and thus #(2) = 40
elements. The corresponding 40 x 40 homogeneized matrices in the QCQP formulation may be regarded as divided into

blocks. We will refer to the (a, b)-block of a matrix Q. noted as Q p OF Q[a b, as the submatrix formed by the elements
indexed by a and b (not necessarily contiguous):

Qab = Q[a, b] = [Qij]iea,jeb : (22)

If we consider e.g. the variable ordering z = [1, x',th, rT} (the concrete chosen order is irrelevant, and it just results
in permutations on the Ql matrices), a particular matrix Q can be seen then as

1 T t T
¢c b, b b
by Qmm th er — Q
by Qta: Qtt Qtr o

b'r’ Qrw Qrt er

(23)

S .y o~

Next, we will obtain the concrete expression for the matrices Ql in the QCQP problem corresponding to the optimization
objective and the specific constraints considered in our problem, which in the most general, redundantly constrained case,
come from the extended sets {é R, (ft, C x } characterized in the main document.

For the subsequent steps, it will be particularly convenient to introduce the homogeneized auxiliary variable

< T[T 1 t'] . 1 -1
X =7t [r rtT}:[r X]’r:{vec(R)}’t:[t}’ (24)

and choose the variable ordering z induced by the vectorization of X, so that
z= Vec(f() =t®7". (25)

We will also make extensive use of some basic vector algebra, canonical vectors and vectorization that are documented in
Appendices A and B.

4.1. Objective matrix: Q,

This is straightforward, as the objective mj Czx = ETQOZ clearly corresponds to a matrix Qo which is zero everywhere
except for the (x, z)-block, whose value is Qy[z, z] = C.

4.2. Constraint matrices for all sphere constraints: C,

Consider to begin with the simple quadratic constraint characterizing the sphere constraint

T, 3 5T -1 OT .
tTt=1=qpl) =1 [0 1, |t=0 (26)
—_———
P

where P is the 4 x 4 matrix corresponding to this constraint when seen as a quadratic form of ¢.

The lifting trick proposed in the main document is to multiply the original constraint ¢ 13(17;) = 0 by either linear factors r;
fori =1,...,9or quadratic factors r; irj fori,5 =1,...,9 to obtain new valid redundant constraints. By using the convenient
homogenelzed counterparts 7, £ and X proposed in (24) all of these constraints may be conveniently characterized as the set

-7 -qp(t) =0, Vi, j=1,...,10. @D



Note there are 10 indexes, as the homogeneous component of 7 is also featured in the products above. Indeed, wheni = j =1
we get the original quadratic constraint g (%) = 0, if i = 1, j # 1 we get the cublc lifts 7; - ¢p(t) = 0, and finally 7 # 1,

j # 1 leads to the quartic lifts. Next we characterize the constraint matrlces Qij for all these possible variations of the
sphere constraint (27), under the QCQP formulation (20) and with the natural ordering Z = vec(X) (25):

P 7y qp(t) = (7t PR (28)
= (7t ) P(tF)) (29)
—e] (it )P e, (30)
—e] XPX e, 31)
= tr(PX ' eje] X) (32)
= vec(X) " (P ® ej;) vec(X) (33)
= 2 (P ® 6j1) =0. (34)
———
“Q,

Note that since we are dealing with quadratic functions, there are infinitely many representations for the quadratic form.
In particular, we choose the usual symmetric one, and the extended set of all constraint matrices stemming from the sphere
constraint for the QCQP problem is given by the 40 x 40 matrices

s? - —1 0T eij—f'eji . . .
i = — | :]_,...,].7 :7...,1. 35
Qi {0 IJ@( 5 Vi 0,j =1 0 (35)
4x4 10x10

Due to the symmetry above, this results overall in ( ) = 55 independent constraints. Otherwise stated, the family of lifted
sphere constraints may be written in terms of the canonical vectors for the space Sym, (see App. A):

¢ -1 07 + +
Qi; = 0 I, ® (10€ij);  VY(ip€ij) € B(Symy). (36)

4.3. Constraint matrices for all rotation constraints: Cr
The set of redundant constraints chosen to represent SO(3) in this work is the same as for [1],
R'R=1I;, RR' =15,
Cr = (Rel) X (Rej) = (Rek), 37
V(Za j? k) = {(17 27 3)3 (27 37 1)’ (37 17 2)}7
which features only quadratic constraints. Thus, every rotation constraint can be written as
qP()_r P, =0, keCg. (38)
The particular expression for each 10 x 10 constraint matrix Py, is featured in the supplementary material for [1], and we

revisit them next for completeness.

Orthonormality of rotation columns The common matrix constraint enforcing orthonormal columns,
R'R=I;—R'R—1I;=0;,
may be seen as 9 scalar constraints indexed by (7, j) € {1,2,3} x {1,2,3}:

ap: (F) = e; T(R"R — I3)e; (39)
_ =T |05 o' ]._
=7 [ 0 e @I r=0. 40)

=c
Py,



Here, §;; stands for the Kronecker delta whose value is 1 only if ¢ = 7, and 0 otherwise.
Part of these constraints are actually equivalent, and after symmetrization of the corresponding quadratic forms we see the
set of matrix constraints can be characterized as

~c — s o’
PC o= | %
* 0 (%ei) @I’

V(%ei;) € B(Symy), @1
which corresponds to (g) = 6 linearly independent matrices.

Orthonormality of rotation rows Akin to the rotation matrix columns, the rotation matrix rows must be orthonormal,
RR" =1, RR" —I;=05,

which again amounts to 9 scalar constraints

apr (7) = e/ (RR" — I3)e; (42)
=T _513 o' 5o
=7 [ 0 I3®e”]r_0, (43)
7,

of which, after symmetrization, only (g) = 6 linearly independent ones remain:

P = [‘%‘ o'

tTeo..
i T 0 Is® (-geij):| ’ V( 361]) € B(Sym3)' (44)

Right-hand rule on rotation columns The well-known right-hand rule, which features the chirality constraint on the
rotation columns?
(Re;) x (Rej) = Rey, (i,5,k) €{(1,2,3),(2,3,1),(3,1,2)}, (45)

provides 3 scalar constraints for each ijk triplet. This amounts to 3 -3 = 9 scalar scalar constraints, each of which is writable
as an homogeneized quadratic form

Gpe (F) = e, (—(Re:) x (Re;) + Rey,) (46)

_ a1 [0 (er®en)T| . _
=7 [0 e ® [ea]x] =0, 47)

P?jka
or, after symmetrization, the constraint matrices
~d 0 Ler®ea)T }

P, = 2 , 48
[;m Dea) (Gey) ©leal, %)
v, 7, k) € {(1,2,3),(2,3,1),(3,1,2)}, a =1,2,3. 49)

Note that with the defined canonical basis elements for Skews, 5e;; = 1 (5e;; — 5e;;), we have the equivalence

Right-hand rule on rotation rows For rotation matrix rows, the right hand rule states

(RTe;) x (Rej)=R'er, (i,5,k) € {(1,2,3),(2,3,1),(3,1,2)}, (50)

21t may be also applied to rotation rows, but the corresponding constraints are linearly related to those provided by column relations only [1].



and similarly we get the quadratic constraints

aps, (F)=e) (~(RTe) x (RTe;) + Rer) (51)

_ 7[00 (ea®@er)T] . _
=7 {0 lea], ® eij} r =0, (52)

P?jka
or, after symmetrization, the constraint matrices
- d 0 Llea®er)" }

P... = 2 e = , 53
[;<ea Der) lealy ® (3ei) &)
v(i,5,k) € {(1,2,3),(2,3,1),(3,1,2)}, « =1,2,3. (54)

Comparing this expression to that obtained for cross-product of rotation columns it may be shown both sets of constraints are
exactly the same, so we only keep e.g. those from rotation columns.

Lifted constraints Here, we proceed similarly to the sphere constraint case: For each constraint in (38), we may build
lifted versions by multiplying either by ¢; or ¢;1;. Again, all the possible cases are characterized by

ti'tj~q}5k<’l~"):07 Vi,j=1,...,4; k € Cg. (55)

The corresponding constraint matrices so(3)Qijk in our standard QCQP framework (20), with the natural ordering z =

vec(X) (25), would read

ti -t qp, (F) = (Lit;)7 | Py (56)
= (7 1) Py (1) (57)
= ] (t7T)Py(it e, (58)
—e/ X Py Xe, (59)
— tr(e], X PyX) (60)
= vec(X) T (e;; ® Py) vec(X) (61)
=27 (ej; ® Py) 2 =0. (62)
so(;)Q”

Again, after symmetrization, this results in the 40 x 40 constraint matrices

D = (eJ;reJ ® Pn, Vi=1, .. 4j—=i.. . .4keCn, (63)
10x10
4x4

resulting in (;1) = 10 independent constraints for each k& € Cr. Otherwise stated, the family of lifted rotation constraints
may be written in terms of the canonical vectors for the space Sym, (see App. A):

SO(3) ~ -
( )Qijk = (feij) ® Py, V(hei;) € B(Sym,). (64)

There are 20 independent constraints in the rotation constraint set proposed in [!], so this lifting leads to an overall of
10 x 20 = 200 independent constraints.



4.4. Constraint matrices for all constraints on auxiliary variable: Cx

Finally, in the main document it has been proposed that besides the quadratic definition constraint X = rt ', we also may

feature the constraint rank(X') = 1 through the condition that every 2 x 2 minor in X has zero determinant:

X”XZ/]/ — Xij’Xi’j = 0,

‘X” XZ,J,
sti=1,...,9 i =4,...,9;
j=1,....3 4 =34...,3

(65)

(66)
(67)

In fact, we may characterize the definition and rank(X') = 1 constraints jointly through the constraint rank(X ) = 1. This

way, all the constraints in the set Cx may be written as
‘ X ij/

Xllj Xi/j/

st.i=1,...,10; /' =1,...,10;

j: ]‘7"'74; j/:j?"')4?

=Xy Xyj — Xiyp Xoj =0,

and the constraint X = ¢ corresponds to the particular 3 - 9 = 27 cases with i = j = 1.

Building upon this convenient general formulation we obtain the corresponding constraint matrices
general QCQP framework:

o j{fﬂ = XKy - XX
— (e] Xej)(e] Xey) — (e] Xey)(e) Xey)
= (e;XTei)(ei/Xej/) — (e;XTei)(e;Xej)
=tr e;-rj,XTe“/X —e;;y X eyX)
= tr((e]; — ;) X e X)
= tr((ej; — ejTj/)TXTe”/X)
=z' ((ej;r — e;'—j/) ®ei)z=0
XG0

(68)

(69)
(70)

X ~
Q;jri for our

(71)

(72)
(73)
(74)
(75)

(76)
(77)

. . . Lo X — . ..
Scaling the constraint matrix above we may write  Q;7iir ~ (1€;;7) ® (jp€iir) (see App. A for notation), and this in turn

may be equivalently symmetrized into

Qjjriir = sym(,ejjr @ 1p€iir)

J— - .. .. - T T
=5 (2€557 © 0€iir + 1€ @ 10€3i1)

=3 (1) ® 10€iir — 1€550 @ 19€iy)
— % (2eji ® (10€i — 10€57))
=€ ® 5(1061‘1" — 10€i)

= (4e5) @ (jo€iir)-

The matrix above is clearly symmetric:

X 2T - T - T - - X =~
it = 1€ ® 10€i = (— 4€551) @ (— 10€ir) = Qjjriir-

(78)

(79)
(80)
(81)

(82)
(83)

(84)



Once again, the whole family of lifted constraints may be written in terms of the canonical vectors of a suitable space, in
this case the Cartesian product Skew, x Skew1g (see App. A for details):

X = _ _ _
Qjjriv = (4ejy7) @ (1p€ir),  V(4ej51) € B(Skews), (jpeiir) € B(Skewso). (85)

From this characterization in terms of the canonical vectors for Skew, and Skew1g, it becomes fairly clear that the number
of linearly independent constraints that get generated by these expressions is dim(Skew,) - dim(Skewyo) = 6 - 45 = 270.

4.5. Summary

_Collecting all results in the sections above, we conclude that the extended set of quadratic constraints corresponding to
{Cr, C¢,Cx } results in the following specific sets of quadratic matrices for the QCQP problem (20) in its standard form:

;L st -1 0" _ 4 ‘ .

Ct=> Qi = 0 I ® 0€ij, t=1,...,10; j =14,...,10, (86)
Cr=""YQu="te; ©Py, i=1,... 4 j=i... 4 PyeCn, 87)

Cx = ij/“, = e @ iy i=1,...,10; ' =4,...,10; (88)

5. Symmetries in the algebraic error

Consider the squared algebraic error used in our main document. In the objective to optimize (11), each pair (f;, ;)
produces a squared algebraic error term given by

ef =t (nin/ )t = (t'n;)* = (t- (f; x (Rf))". (89)
This, in turn, is just the triple product of three vectors

e =det([t | f; | RfI])> (90)

The error term e? = €2 (R, t) presents two symmetries w.r.t. the parameters ¢ and R:

e (R, —t) = €] (R, t), 91)
e2(PiR,t) = ¢2(R, ). 92)
The first symmetry (91) is straightforward as
e; (R, —t) = det([~t | f; | Rf;])® 93)
= (-1)%}(R.t) = ¢} (R.1). (94)

For the second symmetry (92), substituting the reflection matrix P, = 2t — I3 we get

¢} (PyR,t) =det([t| f; | PeRf])? (95)
=det([t| f; | (2ttT — I3)fi])? (96)

= (det([t | £; | 2t Fi)t]) +det([t | £; | — RFi])) 97)

= (0 - det([t | i | R.fi})) =e¢;(R.t), (98)

where the left determinant in (97) cancels because it has parallel columns.
These symmetries are illustrated in Fig. 1. In conclusion, the algebraic error is invariant to swaps of the translation
direction, as well as reflections of the vector Rf w.r.t. the axis of direction ¢.



\

Figure 1. The unsquared algebraic error is the absolute value of the triple product of ¢, f, and Rf?, or equivalently, the unsigned volume
of a parallelepiped formed with the three vectors. The vectors ¢ and Rf’ in this figure lie in the paper plane. The symmetries are: (1)
In the horizontal axis, swapping the translation sign. (2) In the vertical axis, reflecting R, w.r.t. . Both of these modifications keep the
parallelepiped’s volume the same.

6. Equivalence to algebraic objective of 8-point algorithm

The classical 8-point algorithm [2] models the epipolar constraint f ZTE fi =0, where E = [t],, Ris the essential matrix,
and proposes to minimize the sum of squared algebraic residues

N N

F(B) =) (fiEf)* =) €. 99)

i=1 i=1

We may well rewrite each squared algebraic error above as

€ = (J‘?Efé)2 (100)
— (Fl (. B (o
= (£l 1. D) (102)
= (< mr)) (103
= (det([f; |t | RF]))". (104)

Using the properties of the determinant, we may simply swap the columns to certify this expression is exactly the same
squared algebraic error we optimize in the formulation presented in our main document.

7. Convex set of optimal SDP solutions

Itis argued in the main document that in a well-defined instance of the relative pose problem there exist 4 possible solutions
{Zx}%_,, which in the tight case drive to 4 independent rank-1 solutions {Z}, = 2}(2}) " }#_, in the SDP relaxed problem.
Let us consider the convex hull of these rank-1 solutions:

4 4
Z' =Y aZ;, stap>0, > a=1 (105)
k=1 k=1

The following theorem will be necessary for the subsequent results.



Theorem 1. The convex combination (105) is equivalent to an orthogonal eigenvalue decomposition

4 4
Z arzi(z5)" = Z)\kuku; (106)
k=1 k=1

where A\, = 8ay, and uy, = 2}/ \/8 stand for the eigenvalues and (orthogonal) eigenvectors of Z *, respectively. Since Z"is
at most rank-4, we consider only the 4 leading eigenvalues, as the rest will be zero by definition.

Proof. The convex combination already has the same structure as the eigendecomposition Besides, the different solutions 2},
to from the relative pose problem turn out to be orthogonal, so that Z7 = 0if ¢ # j (the proof can be found in Appendix
C). So we identify each solution 2} with an eigenvector uy, and it only remains to rescale the solutions and barycentric
coefficients to fulfill the unitary constraint ||ug||2 = 1:

4 4 =% =%
% z z
> azi(3)T = Y @l IR () () (107)
k=1 k=1 k2 k2
From here, identifying terms and using that ||2}||3 = 8 holds as shown in (130) the results of the theorem follow. O

Now we are in a position to prove the core claim of this section.

Theorem 2 (Convex set of optimal SDP solutions). Given the finite set of SDP solutions {Z 2}2:1 with rank(Z 2) =1, all
points contained in the convex hull of this set, defined by

T 4
=N aZy, stap>=0,> ap=1, (108)

are also optimal SDP solutions.

Proof. By linearity of the SDP objective we have

MthMQrabeaMbeﬁ“abﬁ, (109)
0 okZ:lkk kz::lk f(ik kz::lk:

so the points in the convex set reach the same optimal objective. Given the close relationship between the barycentric
~ %
coordinates ay and the eigenvalues \j of a solution Z , shown in Theorem 1, it is straightforward that the non-negativity of
. . . . . . . o 3
ay, is required to fulfill the Positive Semidefinite (PSD) constraint on Z . O]

8. Practical recovery of original solution from SDP solution

This section provides further insight onto the practical recovery procedure referred in the main document. The question
that arises in practice is, given a particular optimal solution A S to the SDP problem returned by a particular SDP solver, how
do we recover the optimal solutions (R}, t}) to the original problem?

An appealing approach, considering the result presented in Theorem 1, is to perform an eigenvalue decomposition of the
IPM solution ZS =301 /\kukuk , and identify the sought solutions Z}, through proper scaling of the eigenvectors wy:
2% < 2v/2uy. As appealing as this might appear, we will see next this approach breaks when we encounter eigenvalue
multiplicity though.

First, let us provide some insight on the behavior of the solution provided by off-the-shelf Primal-Dual Interior Point
Method (IPM) solvers, such as SeDuMi [6] or SDPT3 [7]. By the inherent way IPM solvers work, leveraging log-barrier
terms associated with the constraint cone, they return a solution which lies strictly inside the convex set of solutions Z*. So,
assuming the relaxation is tight and the problem is well- deﬁned (no degeneracies or multlple physwally feasible solutions),
a chosen IPM is expected to return a rank-4 solution zZ, - never one of the rank-1 solutions Z, i (vertices of the convex set)
we are actually interested in. In fact, the iterative solution of the IPM tends to the barycenter of the convex set of solutions,
leading to the solution Z 3 = 21:1 iZ Z with a, = i, which has the single eigenvalue \; = 2 with multiplicity 4.



In the extreme case of eigenvalue multiplicity 4, we know the solutions {Z}}}_, form a basis [22] for the non-null
eigenspace of zZ S, but there are infinitely many possible bases U for this eigenspace that the eigenvalue decomposition might
return, related to our basis of interest by an unknown orthogonal transformation O € O(4):

~ %

Zy=-[z][z"] =20UT =2(U0)UO)T (110)

1
4
Thus, finding the desired solutions [Z*} given any eigenspace basis U may not be straightforward.

In practice, though the limit situation with multiplicity 4 would happen only after infinite iterations. Instead, we observed
that the solution Z/, o returned by the IPM features two eigenvalues \;, Ao with multiplicity 2, which approach each other as
further iterations proceed, but numerically their associated eigenvectors remain well-differentiated. Despite this observation
being fully empirical so far, this property held for every evaluated case and we are confident this may be a consequence of
the underlying problem structure and the inner workings of the IPM solver.

This means that the convex (or eigenvalue) decomposition of the returned solution Z S may be regarded as

ZS =0 [2*]1 [2*]1T t+az [2*]2 [2*]; (111)
=\U U] + \UU, (112)
= M(U101)(U101)" + A2(U202)(U-05) 7, (113)

where all matrices have width 2, in particular, O1, O2 € O(2). Even more relevant to us, from empirical observation, the
pairs of solutions grouped under a common eigenvalue \j correspond to those with a common rotation value and swapped
translation signs.

Let us consider then, without loss of generality, that the pair of eigenvectors in U; correspond to the pair of solutions
(R*,+t*) — 27 and (R*, —t*) — Z3. We know by the arguments above that there exists an orthogonal transformation O,
so that

U, x [2], 0. (114)

. . . . T
Now let us consider a column u in U; (an eigenvector) and the corresponding column o = [01, 02] in the orthogonal
transformation O . In view of the expression (114), the blocks 7 and ¢ in the eigenvector w fulfill the condition

Upr = 0177 + 021™ = (01 + 02)77, (115)
Uy = 01(+t*) + 02(—t*) = (01 — Og)t*. (116)

Since ||o||2 = 1, it is clear that the two blocks can never be simultaneously zero, that is, it cannot happen that (01 4+ 02) = 0
and (01 — 02) = 0 at the same time. As a result, we are always able to recover the optimal values 7* and ¢* from one
eigenvector (or both eigenvectors) in U1, by simply scaling properly the corresponding r- or t-block in any eigenvector, as
long as this block is not zero.

The exact same procedure may be applied on the other pair of eigenvectors contained in U, to obtain the remaining
two solutions (P R*, +t*) — 23 and (P R*, —t*) — 2, or we might simply build these solutions from the already
recovered solution by reflecting the rotation solution with Py«

9. Experimental results on real data

In this section we provide some additional results obtained from the evaluation of the proposed method (and reference
ones) on relative pose problem instances that originate from real images in the TUM benchmark datasets [5]. Details on how
we generated the instances are provided in the main document.

Note the datasets in [5] feature a varied set of camera pair configurations, varying between o(100) and 0(2000) pairs
depending on the dataset, and spanning from generic 3D hand-held trajectories (such as the desk and room sequences) to
specific near-degenerate configurations with almost-zero translation or almost-zero rotation, recorded with the main purpose
of debugging algorithms (that is the case of the xyz or rpy sequences). Despite this wide generality in the geometric
configurations of the problem, as well as some challenging factors such as the presence of real noise stemming from the
actual feature detection step, small FOV, or non-perfect calibration, the resulting optimality gaps depicted in Fig. 2 certify
that the proposed approach through the SDP relaxation is able to retrieve (and certify) the optimal solution to the formulated



problem in all cases. This is a remarkable result, that supports the promising claim that the proposed SDP relaxation remains
tight in relative pose problems encountered in practice.

The results observed on the real data reinforces the already mentioned aspect that even though the optimality gap corre-
sponding to other suboptimal methods, such as 8pt or 8pt+eig, may be deceptively small in many occasions (see Fig.
2), the corresponding error committed in the estimated orientation is much higher, as observed in Fig. 3. As we argued in
the main document, this fact may be justified both by the nature of the optimization objective, since even erroneous residues
tend not to have a very high value, and also by the existence of numerous suboptimal local minima whose objective value is
deceptively close to the optimal one, yet the local solution may be far from the optimum.
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Figure 2. Optimality gap w.r.t. certified optimal objective f* for all tested relative pose instances. The instances consist of overlapping
image pairs extracted from each considered TUM dataset [5]. Our method recovered and certified the optimal solution in all cases featuring
an optimality gap that is numerically zero (o(107'°).

A. Vector spaces, canonical vectors and basis

Consider a usual vector space R". The canonical vector ,,e; for this space is the n x 1 vector that has a 1-element at
position 4 and is zero everywhere else. The set of all canonical vectors {,,e;}7; forms the canonical basis B(R™) of R™. We
will often drop the dimension value if this can be inferred from the context, writing only e;.

Similarly, for the space R™*™ of m x n matrices, the canonical matrix ,,,e;; = ,,€; nejT stands for a matrix that has

a l-element at position (4, j) and is zero everywhere else. Once again, the set of all canonical matrices {,,,,,€;}i=1,....m
j=1,....,n
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Figure 3. Rotation error w.r.t. the certified optimal rotation R* for all tested relative pose instances. The instances consist of overlapping
image pairs extracted from each considered TUM dataset [5]. Whereas the alternative (non-optimal) methods 8pt and 8pt+eig may
quite often return a good solution, it is also true that under the challenging conditions (noisy, small FOV, non-perfect calibration) of the
image pairs considered in these datasets these methods may also often fail to return the optimal solution, or even return a completely wrong
solution.

constitutes the canonical basis B(R™*™) for the whole matrix space R™*"™. We will often write just , e;; if the matrix is
square (m = n), or again simply drop the dimension index, e;;.

Other convenient spaces that will appear in the course of this supplementary material are the sets of n x n symmetric and
skew-symmetric matrices, denoted Sym,, and Skew,,, respectively. Akin to the previous cases, we may define the canonical
elements of each space as

1
neij = (e + eji); (117)
_ 1
neij = 5(€ij — €ji). (118)
It is straightforward to observe that }e;; = Te;; and ,e;; = — ,e;;. Thus, a canonical basis B(Sym,,) for Sym,, is given

by the ( ) indexes 1 < i < m, i < j < n, whereas the canonical basis B(Skew,,) for Skew,, conforms the ("gl) indexes

1 <i<n,i < j < n.lItis awell-known result that the vector space of square matrices is the direct sum of the corresponding
symmetric and skew-symmetric matrices: R"*™ = Sym,, @ Skew,,. In particular, given any square matrix A € R™*" we



may decompose it as

1 1
A=(A+AT)+(A-AT) (119)
sym(A) skew(A)

where sym(-) and skew(-) return the symmetric and skew-symmetric component of a matrix, respectively.

B. Vectorization

Along this work, we make heavy use of vectorization tricks that allows us to write the problem of interest in a more
convenient form. Some important relations follow [4]:

tr(ATB) = vec(A) " vec(B) (120)

vec(AXB) = (B' ® A)vec(X) (121)
vec(ab')=b®a (122)

tr(AT X "BY) = vec(X)T (A ® B) vec(Y) (123)

C. Optimal QCQP solutions in the relative pose problem are orthogonal

In order to prove this claim, we are going to choose the following ordering of the QCQP variables:
z=vec(ft )= t® 7, (124)

where homogeneized variables are appended the unit element as usual:
i m - [Vecl(R)] . (125)

With this ordering, it is almost straightforward to show that orthogonality holds between the 4 symmetric solutions of the
problem:

z-z = (ko) () (126)
= (t; &) (7} - 77) (127)
=1+t -t)(A+r;-75) (128)
=1+t -t +tr((R)R)) (129)
In view of the result above, let us consider the potential scenarios:
e The solutions i and j are symmetric w.r.t. translation. In this case ¢} - t7 = —1, so the first factor cancels.
o The solutions ¢ and j are symmetric w.r.t. rotation. In this case (Rf)TR;‘- = P, and tr(P¢) = > A(Pt) = —1, so

the second factor cancels.

So, in conclusion, as long as i # j there exists at least one of these two symmetries and the corresponding dot product
between z; and 27 cancels.
As a corollary of the relation above, each solution has a fixed squared norm

12503 = 25 - 25 = 1+ 85 ) (1 + o(Ry) T Ry) =24 =8. (130)
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