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Abstract

Semidefinite programs (SDPs) are some of the most popular and broadly applicable optimiza-
tion problems to emerge in the last thirty years. A curious pathology of SDPs, illustrated by a
classical example of Khachiyan, is that their solutions may need exponential space to even write
down. Exponential size solutions are the main obstacle to solve a long standing open problem:
can we decide feasibility of SDPs in polynomial time?

The consensus seems to be that large size solutions in SDPs are rare. Here we prove that they
are actually quite common: a linear change of variables transforms every strictly feasible SDP
into a Khachiyan type SDP, in which the leading variables are large. As to “how large”, that
depends on the singularity degree of a dual problem. Further, we present some SDPs in which
large solutions appear naturally, without any change of variables. We also partially answer the
question: how do we represent such large solutions in polynomial space?
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Linear programs and polynomial size solutions The classical linear programming (LP) feasi-
bility problem asks whether a system of linear inequalities

Az >0

has a solution, where the matrix A and the vector b both have integer entries. When the answer is
“yes”, then by a classical argument a feasible rational x has size at most 2n2logn times the size of
(A,b), where n is the number of variables. When the answer is “no”, there is a certificate of infeasibility
whose size is similarly bounded. Here and in the sequel by “size” of a matrix or vector we mean the
number of bits necessary to describe it.

Semidefinite programs and exponential size solutions Semidefinite programs (SDPs) are a far
reaching generalization of linear programs, and they have attracted widespread attention in the last
few decades. An SDP feasibility problem can be formulated as

r1 A1+ + A + B = 0, (P)

where the A; and B are symmetric matrices with integer entries and S > 0 means that the symmetric
matrix S is positive semidefinite.

In a stark contrast to a linear program, the solutions of (P) may have exponential size in the size
of the input. This surprising fact is illustrated by a classical example of Khachiyan:

T > x%, To > x?,ﬂ e D1 > xzn, T > 2. (Khachiyan)
We can formulate (Khachiyan) as an SDP, if we write its quadratic constraints as

T e Ofori=1,...,m— 1. (1.1)
Ti+1 1

We see that xy > 22m*1, hence the size of z1, and of any feasible solution of (Khachiyan), is at least
m—1,

We show the feasible set of (Khachiyan) with m = 3 on the left in Figure 1. For better visibility,
we replaced the constraint x3 > 2 by 2 > x3 > 0 and made z3 increase from right to left.

Exponential size solutions in SDPs are mathematically intriguing, and greatly complicate ap-
proaches to the following fundamental open problem:

Can we decide feasibility of (P) in polynomial time?

Indeed, algorithms that ascertain feasibility of (P) in polynomial time must assume that a polynomial
size solution actually exists: see a detailed exposition in [8]. In contrast, the algorithm in [23] that
achieves the best known complexity bound for SDP feasibility uses results from the first order theory
of reals [26], and is not polynomial.

We know of few papers that deal directly with the complexity of SDP. However, several works
study the complexity of a related problem, optimizing a polynomial subject to polynomial inequality
constraints. In fixed dimension some polynomial optimization problems are polynomial time solvable



Figure 1: Feasible sets of (Khachiyan) (on the left) and of the quadratic inequalities (2.13) derived
from (Mild-SDP) (on the right)

[4, 5, 3] and polynomial size solutions exist in special cases [30]. On the other hand, several fundamental
problems in polynomial optimization are NP-hard, see for example, [5, 18, 1, 2].

Khachiyan’s example naturally leads us to the following questions:

Can we represent exponential size solutions of SDPs in polynomial space? (1.2)

Are such large solutions common? (1.3

To question (1.2) we have hope to get a “yes” answer. After all, to convince ourselves that z; :=

22" ! (with a suitable xa, ..., x,,) is feasible in (Khachiyan), we do not need to explicity write it down,
a symbolic computation suffices. Still, question (1.2) seems to be open.

The answer to (1.3), however, seems to be a definite “no”, for some of the following reasons:

e Exponential size solutions do not appear in typical SDPs in the literature.

e They can be eliminated even in (Khachiyan) by a fairly simple change. For example, let us add
a new variable z,,41, and change the last constraint to z,, > 2 + x,,,+1; afterwards z; does not
have to be large anymore.

Or, let us replace x by Gz, where G is a random, dense matrix; afterwards (Khachiyan) will be
quite messy, and will have no variables that are obviously larger than others.

Contributions It turns out that, despite these obstacles, we can still prove general results about
large solutions in SDPs. One of our tools is the technique of facial reduction [6, 20, 21, 7, 32].

We assume that (P) has a strictly feasible solution x for which >"!", z;4; + B is positive definite.
We fix a nonnegative integer parameter k, the singularity degree of a dual problem. We precisely define
k soon, but for now we only need to know that & < 1 holds when (P) is a linear program. An informal
version of our main result follows.

Informal Theorem 1 After a linear change of variables x < Mx, where M is a suitable invertible
matriz, the leading k variables in strictly feasible solutions of (P) obey a Khachiyan type hierarchy.
Namely, the inequalities

Ty > doxy?, kg > d3xs®, ..., Tp—1 > dpayt (1.4)



hold, where

2>a; > 14+ —-— i =2,...,k. 1.5

_aj— +k—]+1 fOT] ) ’ ( )

Here the d;j and o are positive constants that depend on the A;, on B, and the last m — k variables,
that we consider fized. O

Hence, if k is large and x; > 1, then x; is larger than xy.

How much larger? In the worst case, when a; = 2 for all j, like in (Khachiyan), x; is at least
constant times x%kfl. In the best case, when a; =1+ k%m for all j, by an elementary calculation

x1 is at least constant times x’,z So even in this best case the magnitude of x; is exponentially larger
than that of xj.

Our assumptions are minimal. We assumed that (P) has a strictly feasible solution, and indeed
there are semidefinite programs without strictly feasible solutions, with large singularity degree, and
without large solutions: we discuss such an SDP after Example 1. Further, we need to focus on just
a subset of variables and allow a linear change of variables !. Nevertheless, we show that in SDPs
coming from minimizing a univariate polynomial, large variables appear naturally, without any change
of variables.

We also partially answer the representation question (1.2). We show that in strictly feasible SDPs,
after the change of variables x < Mz, we can verify that a strictly feasible = exists, without even
computing the values of the “large” variables z1,...,z;. The same is true of SDPs coming from
minimizing a univariate polynomial; in the latter SDPs we do not even need a change of variables.

Related work Linear programs can be solved in polynomial time, as it was first proved by Khachiyan
[10]; see Grotschel, Lovasz, and Schrijver [8] for an exposition that handles important details like the
necessary accuracy. Other landmark polynomial time algorithms for linear programming were given
by Karmarkar [9], Renegar [25], and Kojima et al [11].

On the other hand, to solve SDPs in polynomial time, one must assume that there is a polynomial
size solution. We refer to [8] for an algorithm based on the ellipsoid method, and Nesterov and
Nemirovskii [16] for foundational interior point methods to solve SDPs with an objective function. We
also refer to Renegar [27] for a very clean exposition of interior point methods for convex optimization.

The complexity of SDP is closely related to the complexity of optimizing a polynomial subject
to polynomial inequality constraints. To explain how, first consider a system of convex quadratic
inequalities

2 Qur bz +c;<0(=1,...,m) (1.6)

where the @); are fixed symmetric psd matrices, and x € R” is the vector of variables. The question
whether we can decide feasibility of (1.6) in polynomial time is also fundamental, open, and, in a sense,
easier than the question of deciding feasibility of (P) in polynomial time. The reason is that (1.6) can
be represented as an instance of (P) by choosing suitable A; and B matrices.

On the other hand, we can formulate semidefiniteness of a symmetric matrix variable by requiring
the principal minors (which are polynomials) to be nonnegative. Among positive results in polynomial
optimization, Bienstock [4] proved that such problems can be solved in polynomial time, if the number
of constraints is fixed, the constraints and objective are quadratic, and at least one constraint is
strictly convex. The work of [4] builds on Barvinok’s fundamental result [3] that proved we can verify
in polynomial time whether a system of a fixed number of quadratic equations is feasible. It also builds

1Since a change of variables, say = < G makes a mess even out of the nicely structured (Khachiyan), we may need
to perform the inverse operation < G~ !z to undo the mess.



on early work of Vavasis [30] which proved that a system with linear constraints and one quadratic
constraint has a solution of polynomial size. In other important early work, Vavasis and Zippel [31]
proved we can solve indefinite quadratic optimization problems with a ball constraint, in polynomial
time.

On the flip side, there are many hardness results. For example, Bienstock, del Pia, and Hildebrand
[5] proved it is NP-hard to test whether a system of quadratic inequalities has a polynomial size
rational solution, even if we know that the system has a rational solution. Pardalos and Vavasis [18]
proved the fundamental problem of minimizing a (nonconvex) quadratic function subject to linear
constraints is also NP-hard. The following problems are also classical and NP-hard: testing convexity
of a polynomial, see Ahmadi et al [1] (this problem was open since 1992); and testing whether a
polynomial optimization problem attains its optimal value, see Ahmadi and Zhang [2].

One of the tools we use is an elementary facial reduction algorithm. These algorithms originated
in the paper of Borwein and Wolkowicz [6], then simpler variants were given, for example, by Waki
and Muramatsu [32] and in [20, 21]. For a recent comprehensive survey of facial reduction and its
applications, see Drusvyatskiy and Wolkowicz [7].

In other related work, O’ Donnell [17] presented an SDP that certifies nonnegativity of a polynomial
via the sum-of-squares proof system, and is essentially equivalent to (Khachiyan). Previously it was
thought that sum-of-squares proofs, a popular tool in theoretical computer science, can be found in
polynomial time. However, due to this work, it has become clear that this is not obviously the case.

The plan of the paper In Subsection 1.1 we review preliminaries. In Subsection 2.1 we formally
state Theorem 1 and illustrate it via two extreme examples. In Subsection 2.2 we prove it in a sequence
of lemmas. In particular, in Lemma 5 we give a recursive formula, akin to a continued fractions formula,
to compute the ¢; exponents in (1.4). As an alternative, in Subsection 2.3 we show how to compute the
a;j using the classical Fourier-Motzkin elimination for linear inequalities; this is an interesting contrast
with SDPs being highly nonlinear. In Section 3 we cover the case of SDPs coming from polynomial
optimization and also revisit the example from [17]. Section 4 concludes with a discusion.

Our proofs are fairly elementary. We use Proposition 1, a convex analysis argument about positive
semidefinite matrices and linear subspaces, but other than that, we only rely on basic linear algebra,
and on manipulating quadratic polynomials.

1.1 Notation and preliminaries

Matrices Given a matrix M € R™"*™ and R,S C {1,...,n} we denote the submatrix of M corre-
sponding to rows in R and columns in S by M (R, S). We write M (R) to abbreviate M (R, R).

We let 8™ be the set of n X n symmetric matrices and S¥ be the set of n x n symmetric positive
semidefinite (psd) matrices. The notation S > 0 means that the symmetric matrix S is positive
definite. The inner product of symmetric matrices S and T is defined as S @ T' := trace(ST).

Definition 1. We say that (C1,...,Cy) is a regular facial reduction sequence for St if each C; is in
S™ and of the form

4. +riq T; n—r—...—1;
T1 n—mTr —_——— —ee——
N ——
X X X
CVlz < I 0 )7 '7Ci: X I 0
0 0
X 0 0



fori =1,...,¢, where the r; are nonnegative integers, and the x symbols correspond to blocks with
arbitrary elements.

These sequences appear in facial reduction algorithms. The term “facial reduction” reflects the
following: given a psd matrix Y which has zero e product with Ci,...,Cy we see that the first r;
diagonal elements of Y are zero (by C; ¢ Y = 0), hence the first r; rows and columns are zero.
Continuing, we deduce that the first vy 4+ -+ 4+ r, rows and columns of Y are zero, so overall Y is
reduced to live in a face of S%.

Next we formalize what we mean by “replacing & by Mx for some invertible matrix M in (P).”
Definition 2. We say that we reformulate (P) if we apply to it some of the following operations (in
any order):

(1) Ezchange A; and A;, where i and j are distinct indices in {1,...,m}.
(2) Replace A; by ANA; + pA;, where A and pv are reals, and A # 0.
(3) Replace all A; by TT AT and B by TT BT, where T is a suitably chosen invertible matriz.

We also say that by reformulating (P) we obtain a reformulation.

We see that operations (1) and (2) amount to performing elementary row operations on a dual type

system, say, on
A;jeY =0fori=1,...,m.

Since operations (1) and (2) can be encoded by an invertible matrix, they amount to replacing the
variable x by Mz in (P), where M is some invertible matrix. As to operation (3), it does not influence
the magnitude of the z; and we only use it to put (P) into a more convenient looking form.

Reformulations were previously used to study various pathologies in SDPs, for example, unattained
optimal values and duality gaps [22]; and infeasibility [13]. In this work we show that they help us
understand another classical pathology, exponential size solutions.

We will rely on the following statement about the connection of S} and a linear subspace.

Proposition 1. Suppose L is a linear subspace of S™. Then exactly one of the followig two alternatives
15 true:

(1) There is a nonzero positive semidefinite matriz in L.

(2) There is a positive definite matriz in L*.

2 Main results and proofs

2.1 Reformulating (P) and statement of Theorem 1

In our first lemma we present an algorithm to reformulate (P) into a more convenient looking form.
The algorithm is a simplified version of the algorithm in [13].

2A convex subset F of S% is a face, if for any X,Y € S} if the open line segment {AX + (1 =AY : 0 < A < 1}
intersects F, then both X and Y must be in F.



Lemma 1. The problem (P) has a reformulation
o AL+ A+ A+ e, + B =0 (P

with the following properties:

e k is a nonnegative integer, and (A}, ..., A}) is a regular facial reduction sequence.

o Ifry,...,ry is the size of the identity block in A', ..., A}, respectively, then n —ry — -+ — 1 is
the maximum rank of a matriz in

{Y*>=0|A,¢Y =0fori=1,...,m}. (2.7)

Proof Let L be the linear span of Aj,..., A,, and apply Proposition 1. If item (2) holds we let
k=0, A, = A, for all i, B’ = B and stop.

If item (1) holds, we choose a nonzero psd matrix V' =3""" | \;A; in L and assume A; # 0 without
loss of generality. We then choose a T invertible matrix so that

I
T'Vvr=|"" 0 ,
0 O
where 7y is the rank of V. We let A} :=T VT, A} :=T" AT fori > 2, and B’ =T " BT.

Let r be the maximum rank of a psd matrix in L' (i.e., in (2.7)). Also, let Ly, be the linear span
of Aj,..., Al . We claim that 7 is also the maximum rank of a psd matrix in L;.,, . For that, suppose
Y = 0isin L*. Then

A;oY =TTATeT YT T =0,
so T~'YT~T isin L, and has the same rank as Y. Similarly, from any psd matrix in L,
construct a psd matrix in L+ with the same rank. This proves our claim.

w We can

We see that if Y € L., NS} then A} oY = 0 so the sum of the first r; diagonal elements of Y is

zero, hence the first 7y rows and columns of Y are zero.

We next construct an SDP .
Y wF+G =0,
i=2
where F; is obtained from A} by deleting the first 1 rows and columns for ¢ = 2,...,m and G is
obtained from B’ in the same manner. By the above argument the maximum rank of a matrix in

{Z>0:F,eZ=0(i=2,...,m)}is also r, so we can proceed in a similar manner with this smaller
SDP. When our process stops, we have the required reformulation. O

From now on we assume that

k is the smallest integer that satisfies the requirements of Lemma 1.

Using the terminology of facial reduction, k is the singularity degree of the system (2.7). This
concept was originally introduced by Sturm in [29] and used to derive error bounds, namely, bounds
on the distance of a point from the feasible set of an SDP. For a broad generalization of Sturm’s result
to conic systems over so-called amenable cones, see a recent result by Lourenco [14].



Definition 3. We say that (Tg41,...,Tm) is partially strictly feasible in (P’) if there is (x1,...,xk)
such that (z1,..., Tk, Tpt1,- .., Tm) 1S strictly feasible in it.

For the rest of the paper we fix

(Tks1,---,Tm) a partially strictly feasible solution in (P’).

From now on we will say that a number is a constant, if it depends only on the Z;, A; and B.
Theorem 1 will rely on such constants.

We now formally state our main result.

Theorem 1. There is (x1,...,xx) such that (X1,..., Tk, Try1,- .., Tm) 18 strictly feasible in (P') and
xk is arbitrarily large.

Further, if xy, is sufficiently large and (x1,..., Tk, Thi1,- .-, Tm) 18 strictly feasible in (P') then
xj > djpaii for j=1,. k-1, (2.8)
where 1
22aj+121—|—r forj=1,...)k—1. (2.9)
—J

Here the dj and o are positive constants.

O

The proof of Theorem 1 has three main parts. First, in Lemma 2 we prove the first statement, that
in strictly feasible solutions of (P’) we can have arbitrarily large 5. Lemma 3 is a technical statement
about a certain parameter, the tail-index of the A;.

In the second part, Lemma 4 deduces from (P’) a set of quadratic polynomial inequalities. These
are typically “messy”, namely they look like

(x1 + 29 + 23) (24 + 1025) > (20 — 324)%
Third, in Lemma 5 from these messy inequalities we first derive “cleaned up” versions, such as
x1T4 > constant x%,

then from these cleaned up inequalities we deduce the inequalities (2.8) and a recursive formula to
compute the a;. Next, Lemma 6 proves that the a; exponents are a monotone function of the tail-index
of the A;. Finally, Lemma 7 shows that a minimal tail-index gives the smallest possible exponent o;.
Combining all lemmas gives us Theorem 1.

Before we get to the proof, we illlustrate Theorem 1 via two extreme examples. Although Theorem
1 is about strictly feasible solutions, the examples are simple, and in all of them we just look at feasible
solutions.

Example 1. (Khachiyan SDP) Consider the SDP

i T2
T2 T3
>0, (Kh-SDP)
T4
Ty X3 1



which can be written in the form of (P') with the A, matrices given below and B’ the matriz whose
lower right corner is 1 and the remaining elements are zero:

1 0 1 0 0
0 1 0 1 0
0 , 0 ) 1 ; 0 1
0 0 0 1
0 1 0 1 0 1 0
A Ay Az Al

The subdeterminants in (Kh-SDP) with three red, three blue, and three green corners, respectively,
give the inequalities
Ty > 3wy > a3, 13 > 2 (2.10)

that appear in (Khachiyan). (For simplicity we left out the inequality x4 > 2).

We note in passing that the feasible sets of (Kh-SDP) and of the derived quadratic inequalities
(2.10) are not equal. For example x = (256, 16,4, 2) is not feasible in (Kh-SDP), but is feasible in
(2.10). However, we can easily construct an SDP that exactly represents (Khachiyan), as follows. We
define a (2m — 1) X (2m — 1) matrix whose first m — 1 order two principal minors are of the form (1.1)
and the last order one principal minor represents the constraint x,, > 2. Permuting rows and columns
puts this exact SDP into the regular form of (P’).

We next note that the singularity degree of {Y = 0: A, eY =0fori=1,...,4} is four. Indeed,
consider a regular facial reduction sequence, say Al, /12, ... whose members are in the linear span of
the Af. Suppose without loss of generality that Ay # 0. Then A, = A, since A} is the only nonzero
psd matrix in the linear span of the A;. Similarly, asume without loss of generality that the lower right
3 x 3 block of A is nonzero. Then Ay = Al and so on.

We finally discuss whether we need to assume that a strictly feasible solution exists, in order to
derive Theorem 1. On the one hand, there are semidefinite programs which have no strictly feasible
solutions, nor do they exhibit the hierarchy among the leading variables seen in (1.5). Suppose indeed
that in (Kh-SDP) we change x1 to x; + 1 and the 1 entry in the bottom right corner to 0. This
change does not affect the parameter k. Further, the new SDP is no longer strictly feasible, and
To = x3 = x4 = 0 holds in any feasible solution, but =1 can be —1 3.

On the other hand, there are SDPs with no strictly feasible solution, which, however, have large
size solutions: to produce such a problem, we simply take any SDP that has large solutions, and add
all-zero rows and columns.

Example 2. (Mild SDP) As a counterpoint to (Kh-SDP) we next consider a mild SDP (we will see
soon why we call it “mild”)

1 T2
T2 T3
T2 > 0. (Mild-SDP)
T3 X4
1

We write (Mild-SDP) in the form of (P') with the A}, matrices shown below and B’ the matriz whose

3We can similarly create such an SDP with any number of variables.



lower right corner is 1 and the remaining elements are zero:

1 0 1 0 0
0 1 0 1 0
0 11 0 ) 1 ) 0 1
0 0 1 0 1
0 0 0 1 0
A Ap Ap Al

In (Mild-SDP) the subdeterminants with three red, three blue, and three green corners, respectively,
yield the inequalities
T1x3 > T3, Toxy > x%, T3 > xi. (2.11)

Next from (2.11) we derive the inequalities
T > x;/s’ To > xg/Q, T3 > :17421 (2.12)
as follows. The last inequality x3 > 2 is copied from (2.11) to (2.12) only for completeness. Next we

plug xé/Q > x4 into the middle inequality in (2.11) to get x4 > xg/z. We finally use this last inequality

in the first one in (2.11) and deduce xy > J:;l/g.

To summarize, the exponents in the derived inequalities (2.12) are the smallest permitted by our
bounds (2.9).

To illustrate the difference between (Khachiyan) and the inequalities derived from (Mild-SDP),
we show the set defined by the inequalities

Tix3 > 25, 19 > 23, 2> 13 >0 (2.13)

on the right in Figure 1. Note that the set defined by (2.13) is a three dimensional version of the set
given in (2.11), normalized by adding upper and lower bounds on 3.

2.2 Proof of Theorem 1

In Lemmas 2—4 we will use the following notation:

rj = size of the identity block in A’ forj =1,...,k,

Il = {1,...77”1},

Iy, = {T1+1,...,T1 +T2},

. (2.14)
Iy = {r+-Frg+1,...r1 4+ +ri}
Thyr = {m+-+r+1,...,n}
Lemma 2. There is (z1,...,2) such that xy is arbitrarily large, and (X1,..., Tk, Tkt1s--.,Tm) 18
strictly feasible in (P’).
Proof Let m
Z:= Y z;Aj+B.
i=k+1

10



Since there is x1, ...,z such that Zle 2 AL+ 7 >0, and A}(Zy41) =0 for i =1,...,k we see that
Z(Ik+1) > 0.

By the definition of positive definiteness (G is positive definite if 27 Gz > 0 for all nonzero x), and by
the shape of A}, we see that the Zj;UZ}, 1 diagonal block of A} 47 is positive definite when zy, is large
enough. For any such zj, there is x;_; so the Z_; UZ, UZy 1 diagonal block of x_1A),_, +xr A}, +2Z
is positive definite. We construct zx_s,..., 21 in a similar manner. O

The proof of Lemma 2 partially answers the representation question (1.2). In particular, for
the moment let us ignore the requirement that we need to choose xj; to be large and just focus

on completing (Tp41,...,ZTm) to a strictly feasible solution. The proof that the required (z1,...,zx)
could be computed is fairly simple, and it is illustrated on Figure 2, where the red blocks stand for the
larger and larger blocks that we make positive definite. So we can convince ourselves that (z1,...,z)

exist, even without computing their actual values.

Zk+1 Iy Tk

— — —
X X X X X X X X X X X X
X X X X +a Ay, X x x x |TEmerdioa] o« +er—2Al_p

— — —

xoxo XX zr >0 X X Tp—1 >0 X Tp_2 >0
X X X . X X X

-

=0 >0 =0

Z xkAQC + Z .’tk,lA;c_l + iL’kA;C +Z
Figure 2: Verifying that xq, ...,z exist, without computing them
From now on we will assume
ri+-Frp<n, (2.15)

and we claim that we can do so without loss of generality. Indeed, suppose that the sum of the r; is n.
Then an argument like in the proof of Lemma 2 proves that Af,..., A} have a positive definite linear
combination. Hence the singularity degree of (2.7) is actually just 1, so Theorem 1 holds vacuously.

By (2.15) we see that Z11 # 0.

To motivate our next definition we compare our two extreme examples from two viewpoints. From
the first viewpoint we see that in (Kh-SDP) the z; variables in the offdiagonal positions are more
to the right than in (Mild-SDP). From the second viewpoint, in the inequalities (2.10) derived from
(Kh-SDP) the exponents are larger than in the inequalities (2.12) derived from (Mild-SDP). We
will see that these two facts are closely connected, so in the next definition we capture “how far to the
right the x; are in off-diagonal positions.”

Definition 4. The tail-index of A}, is
tip1 = max{t: AL (Z;,T;) #0} forj=1,.... k- 1. (2.16)
In words, t;41 is the index of the rightmost nonzero block of columns “directly above” the identity
block in A;- 11- We illustrate the tail-index on Figure 3. Here and in later figures the e blocks are

nonzero, and we separate the columns indexed by Zjx41 from the other columns by double vertical
lines.

11



I,  Tjn Ttj11 Tt
= N
X X X X X X
X X X .
X X 1
Ay = x X
X .
X
<[ 1 1T 1

Figure 3: The tail-index of A},

Continuing our examples, we see that to = t3 =t4 = 5 in (Kh-SDP), whereasty =3, t3 =4, t4, =5
in (Mild-SDP).

Lemma 3.
fij+1 >j+1f07‘j:1,...,]€—1.

Proof We will use the following notation: for r,s € {1,...,k + 1} such that r < s we let
Lrs =2, U---UZ. (2.17)

Let j € {1,...,k—1} be arbitrary. To help with the proof, we picture A;- and A, in equation (2.18).
As always, the empty blocks are zero, and the x blocks are arbitrary. The blocks marked by ® are
A; +1(Ij,I(j+2):(k+1)) and its symmetric counterpart. We will prove that these blocks are nonzero.

Tig-1) Z;  Ti+1 LZGve):ern) Tig-1 Z; Ti+r Zgva):ern)
N AN AN /N ~ = AN —
X X X X X X X X
X I X X X
A;- = , A;-_H = (2.18)
X X X I
X X ®

For that, suppose the ® blocks are zero and let A := AA; + A}, for some large A > 0. Then by the
definition of positive definiteness (G is positive definite if 27 Gz > 0 for all nonzero x) we find

AL(Zjj41)) = 0.

Let @ be a matrix of suitable scaled eigenvectors of A’(Z;.(; 1)), define

Ti-1) LG+ L+2):(k+1)
N AN —

I
T = Q 7
I
and let
A =TT AT fori=1,...,5,j+2,...,k

Then an elementary calculation shows that (Af,..., A}, A% ,,..., A}) is a length k — 1 regular facial
reduction sequence that satisfies the requirements of Lemma 1. However, we assumed that the shortest
such sequence has length k. This contradiction completes the proof. O

In Lemma 4 we construct a sequence of polynomial inequalities that must be satisfied by any
(z1,...,2k) that complete (Zx11,...,Zm) to a strictly feasible solution. We need some more notation.
Given a strictly feasible solution

(T1y ey They Tty - - -y Tom)

12



we will write J; for an affine combination of the “x” and “z” terms with indices larger than j, in other
words,
05 = Yjr1Ti41 + + Tk + Vet 1Tht1 + 0+ YT + Yma1 (2.19)

where the ~; are constants.

We will actually slightly abuse this notation. We will write §; more than once, but we may mean a
different affine combination each time. For example, if k = m = 4, then we may write do = 2x3+3x4+5

on one line, and d5 = 3 —2x4 — 3 on another. Given that Zy,1,..., T, are fixed, d; will always denote
a constant.
Lemma 4. Suppose that (z1,...,%k, Tgt1,---,Tm) is strictly feasible in (P'). Then

pj(x1,...,xx) > 0 forj=1,...,k—1, (2.20)

for some p; polynomials defined as follows:

o ift; 1 <k, then we choose p; as
pi(@, . an) = (25 4+ 6) (@, +0n00) = (Bjraxjen +0j41)° (2.21)
where 341 15 a nonzero constant. In this case we call p; a type 1 polynomial.

o ift;i1 =k+1, then we choose p; as
i@y, xk) = (25 +6;) = (Bjr1zj41 + 8541)%, (2.22)
where Bj41 15 a nonzero constant. In this case we call p; a type 2 polynomial.

O

Before we prove it, we discuss Lemma 4. First we note that by Lemma 3 we have t;, = k+ 1 so
pr—1 is always type 2.

In Khachiyan’s example (Khachiyan) all inequalities come from type 2 polynomials, namely from
xj — a5,y for j =1,...,k — 1. In contrast, among the inequalities (2.11) derived from (Mild-SDP)
the first two come from type 1 polynomials and the last one from a type 2 polynomial.

Proof of Lemma 4 Fix j € {1,...,k—1}. Let {; € Z; and ¢ € Z;,, such that (A} )¢, 0, # 0.

As stated, suppose that (z1,..., Tk, Txs1,---,Tm) is strictly feasible in (P’). For brevity, define

k m
Si= > @A+ Y A+ B (2.23)
i=1 i=k+1

We distinguish two cases.
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Case 1: Suppose tj;1 < k. Below we show the matrices that will be important in defining p; :

Z; Ttjt1 Trt1 Z; Ttj4a Trt1
~— —~— —~~ PN
X X X X X X X X X X X X
X I X X °
X X X
X ) x . )
X X
<[ 1T 1T <[ 1T 1T
A AT
R Ny =2 (2:24)
X X X X X
X X X X X
X X X X X
X X X I
X X X
< [ << 1T 1
At

As usual, the empty blocks are zero, the x blocks may have arbitrary elements, and the e block is
nonzero. (More precisely, A, ,(Z;41) = I, but we do not indicate this in equation (2.24), since the
other entries suffice to derive the p; polynomial. )

Define (1 := (A} )¢, 0,- Let S” be the submatrix of S that contains rows and columns indexed
by ¢; and {5, then
g _ zj +9; Bi+1@j+1 + 0541
Biv1zjp1 + 6541 Ty, + 0,

We define p;(x1,...,xx) as the determinant of S’, then p; is a type 1 polynomial in the form (2.21).

Since S’ > 0, we see that p;(x1,...,2,) > 0 and the proof in this case is complete.

Case 2: Suppose tj41 = k+ 1. Now p; will mainly depend on two matrices that we show below:

Z; Ltj 1 Z; Lt
—~~ = ~~ ~—
X X X X X X X
1 X X X .
’ X X (2.25)
< 1T < el 1
A a7

Again, the e blocks are nonzero. We again let S’ be the submatrix of S that contains rows and columns
indexed by ¢; and /5.

Define A := (A1 1)e,,0,5 = S}, 4,- Observe that u depends only on Zyy1,. .., Ty, the A} and B,

in other words it is a constant. Then S’ looks like

S, _ Ij —+ 5j )\LL‘jJrl =+ §j+1
ALjy1+ 041 I

14



Define 1
pi(z1,.. ., x) = —det §'.
I
Since S’ > 0 we have u > 0. So p;(z1,...,25) > 0 and p;(x1,...,2x) is a type 2 polynomial in the
form required in (2.22) with ;41 = A/,/&t (note that according to our definition of §;, if we divide it
by a constant, the result is still §;). The proof in this case is now complete.

O
Lemma 5. Suppose that (z1,...,%k,Trt1,---,Tm) 18 strictly feasible in (P') and xy is sufficiently
large. Then
wj > djpai i for j=1,... k-1, (2.26)
where the dj;1 are positive constants and the aj11 can be computed by the recursion
2 1 if tit1 <k
-t i+1 S
Qj+1 = Qg2 Xty ! (2.27)
2 if tia=k+1
forj=1,.. k-1
O

Before proving it, we discuss Lemma 5. We have t;, = k+ 1 (by Lemma 3) hence Lemma 5 implies
ap = 2. Hence, by induction the recursion (2.27) implies that a; € (1,2] holds for all j. Thus, if x}, is
large enough, then z; >0 for j =1,... k.

It is also interesting to note that formula (2.27) is reminiscent of a continued fractions formula.

To illustrate Lemma 5 we show how from (Mild-SDP) we can deduce the inequalities (2.12) much
more quickly than we did before. Precisely, we compute the exponents by the recursion (2.27) as

oy = 2 (since t4 = 5)
ag = 2—1/ag = 3/2 (since t3 = 4) (2.28)
ay = 2—-1/ag = 4/3  (since tz = 3).

The proof of Lemma 5 has two ingredients. First, from the messy looking type 1 inequalities (2.21)
we deduce cleaned up versions
Z;x; ., = constant ax?H,

and we similarly clean up the type 2 inequalities (2.22). Then from the cleaned up inequalities we
derive the required inequalities (2.26) and the recursion (2.27).

Since the proof of Lemma 5 is somewhat technical, we illustrate the cleaning up step with an
example.

Example 3. (Perturbed Khachiyan) Consider the SDP

Tr] — 21‘2 X9 — I3

To + I3 I3

= 0. (2.29)
x3

X9 — I3 I3 1

15



Figure 4: Feasible sets of (Khachiyan) (on left) and of inequalities derived from the perturbed
Khachiyan SDP (2.29) (on the right)

From its principal minors we deduce the inequalities
@ —2my > (22— 13)° (2.30)
otz > xi (2.31)
These two inequalities are a “perturbed” version of the inequalities in (Khachiyan), since we obtain

them by replacing x1 by x1 — 2x9 and x5 by xo + x3.

Suppose (x1, T, x3) is feasible in (2.29). Then the inequalities T1 > x3 and xo > x3 no longer hold.
However, assuming xs > 10, we claim that the following inequalities do:

1

T > 51;3 (2.32)
1

Ty > 5:0% (2.33)

Indeed, (2.33) follows from (2.31) and xg > 10 directly. Using (2.33) we see that xs3 is lower order
than xo. A straightforward calculation shows

z2. (2.34)

N =

(22 — m3)° >

Hence from (2.30) we get

0 S T —21‘2 - (1‘2 —l‘3)2

< ay — (w2 — 23)° (2.35)

1
<z - §$§,
where the last inequality follows from using (2.34). Thus (2.32) follows, and the proof is complete.

We show the feasible set of (Khachiyan) (when m = 3) and the feasible set described by the
inequalities (2.30) on Figure 4. From (Khachiyan) we removed the inequality x3 > 2 and we normalized
both sets by suitable bounds on x3. Note that x3 increases from right to left for better visibility.

Proof of Lemma 5 We use an argument analogous to the one in Example 3. We use induction and
show how to suppress the “0” terms in the type 1 and type 2 polynomials at the cost of making xy
large and choosing suitable d; constants.
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Suppose that (z1,..., Tk, Tg+1,-..,Tm) is strictly feasible in (P’). Then by Lemma 4 the inequal-
ities pj(21,...,2,) > 0hold for j =1,...,k — 1.

When j =k — 1 we have py_1(21,...,2%) = (Zp—1 + 1) — (Brwk + 6x)? > 0. Using the definition
of d;_1 we get
(Th—1 + YTk + 0k) — (Brak + 0k)* > 0,

where 7y, is a constant (possibly zero) and S # 0. Then for a suitable positive dj we have x;_1 > dkxi
if x, is sufficiently large.

For the inductive step we will adapt the O,© and o notation from theoretical computer science.

Given functions f, g : RF — R, we say that

(1) f=0(g) (in words, f is big-Oh of g) if there are positive constants C; and C3 such that for all
(z1,...,xx) such that (x1,..., 2k, Txy1,- .., Tm) is strictly feasible in (P’) and x5, > C; we have

flxy, ... xg) < Coglxn, ..., xzk).
(2) f=0(g) (in words, f is big-Theta of g) if f = O(g) and g = O(f).

(3) f = o(g) (in words, f is little-oh of g) if for all € > 0 there is § > 0 such that if (z1,..., 2k, Tp+1,- -« , Tm)
is strictly feasible in (P’) and x > § then

flze, .. xp) < eglay,...,zx).

The usual calculus of O, © and o carries over verbatim. For example

f=olg) = f=0(9)

f=0(g) and h=0(9) = f+h=0(g). (2.36)

Suppose next that j +1 < k — 1 and we have proved the following: there are positive constants

dji1,...,dp and oo, ..., oy derived from the recursion (2.27) such that the inequalities
w1 > djerly
j+3
T 2 daTiis (2.37)
Tp—1 > dpapt
hold for all xy,...,x; such that (x1,...,2k, Txt1,- .., Tm) is strictly feasible in (P’) and zy, is large

enough.
We will construct positive constants d;y1, and «j+q according to the recursion (2.27) such that
xj > djaly (2.38)

holds for all xy, ...,z such that (x1,..., 2k, Trr1,...,Tm) is strictly feasible in (P’) and xy, is large
enough.

We first observe that the recursion (2.27) implies o 1o, ..., o € (1,2], so by the inequalities (2.37)
we have
xs = o(xy) when s > ¢ > j. (2.39)

Assume that (z1,...,25, Tri1, ..., Tm) is strictly feasible in (P’). We distinguish two cases.
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Case 1: First suppose that ;411 < k, in other words, the quadratic polynomial p; is type 1 (see
Lemma 4).

Then the inequality p;(z1,...,2,) > 0 implies

< (x4 8;) (@40 +6t500) — (Bjs12j41 + 6j41)°

(a? YT+ G) (@ 0e,0) — (Bjramjen + 8541)°

= (zj + 12541 + 0(241)) (@, + 0(2,4,)) — (Bjt1zjpr + o(z;41))?
< (2 + O(211))O(w1,.,) — Ow;11)

(2.40)

where ;41 is a constant (which may be zero). The first equality follows from the definition of §; (see
2.19). The second equality follows since by (2.39) and by t;4+1 > j + 1 we have

65411 = 0(@141)s eyl = 0l ). (2.41)
The last inequality follows from £;41 # 0 and the calculus rules (2.36). We now continue (2.40):
0< (xj + G(xj+1))®(‘rtj+1) - @(xj+1)2
=2;0(1,,,) + O(wj17e,.,) — O(xj41)°

< xj®($t1+l) + 0(‘7;?+1> - ®($j+1)2
< :L'j@(l't].+l) - e(xj+1)2’

(2.42)

where the second inequality follows, since ;1 > j + 1 hence by (2.39) we have x,,, = o(zj41). The
last inequality follows from the calculus rules (2.36).

Next from the inequalities (2.37), using ¢;11 > j + 1 we learn that

xt7+1 = O($]+1)

where a = ajo0j43... a4, ,. Hence 2y, , = O(x]lf{)
We plug this last estimate into the last inequality in (2.42) and deduce
1
0 < 2;0(z}5) — O(a2,y).

Dividing by x;f{ and a constant, we see that a1 := 2—1/a satisfies the recursion (2.27), as required.

Case 2 Suppose that t;11 = k4 1, in other words, the quadratic polynomial p; is type 2. Then
Pz, we) = (25 +05) — (Bjra@jen + 0541)°
= (25 + 1241 +0j41) — Bir@jn +9j41)?

for some B;41 # 0 and 7,41 constants, where 7,41 may be zero. By (2.39) we have ;11 = o(xj41),
hence

> 9( j+1>
So we can set oj11 = 2, thereby completing the proof. O

As a prelude to Lemma 6, in Figure 5 we show three SDPs (for brevity we left out the = symbols).
The first is (Mild-SDP). The second and third arise from it by shifting x5 in the offdiagonal position
to the right. Underneath we show the vector of the o = (g, 3, 4) exponents in the inequalities
derived by the recursion (2.27).

We see that ao increases from left to right and Lemma 6 presents a general result of this kind.
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T2 T3 T2 T3 To T3
To — —
T3 Ty To I3 T4 T3 T4
1 1 T 1
a=(4/3, 3/2, 2) a=(5/3,3/2, 2) a=(2, 3/2, 2)

Figure 5: Shifting 2 to the right increases aso

Lemma 6. The o exponents in (2.9) are strictly increasing functions of the tj11 tail-indices defined
in Definition 4.

Precisely, suppose we derived the inequalities
Ty > dg+1x?ﬁl fort=1,...,k—1 (2.43)
from (P’) using the recursion (2.27).

Suppose also that j € {1,...,k — 1}, tj+1 < k, and we change A’ so that t;ji1 increases by 1.
After the change we derive inequalities

x> fraxgyyt for0=1,...k—1, (2.44)
using the recursion (2.27). Here foy1 is a positive constant for all (.
Then
= Qi1 if >3

We41 >appr ifl=j (2.45)
2 Qpiq ng < _]

Proof Recall from the proof of Lemma 4 that A; 41 affects only polynomial p;. Also recall from the
proof of Lemma 5 that p; does not affect inequalities (2.43) for £ > j. So we conclude that wey1 = apq1
for all £ > j.

We next prove wji1 > ;1. For brevity, let s = ¢;;1 and recall that

1
Qi1 = 2,
where a = a0 - -+ - a.
We distinguish two cases. If s < k, then formula (2.27) implies wjt1 = 2 — 1/(a - @s41), hence
Wjt1 > a1, as wanted. If s = k, then by the same formula 2 = w1 and 2 > a1 50 wjp1 > o4
again follows.

The remaining inequalities in (2.43) follow by induction using the recursion formula (2.27).

O

Lemma 7. Suppose thatt; 1 = j+2 forj=1,...,k—1, in other words, t;11 is the smallest possible.
Then in the inequalities (2.37) we have

1
aj+1:1+k forg=1,...k—1. (2.46)

—J
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Proof We use induction. First suppose j = k — 1. Since pj_1 is of type 2, we see aj11 = o = 2, as
wanted. Next assume that 1 < j <k —1 and

@z =1y
By the recursion (2.27) we get
1 1
—9_ - 14—
Aj+1 o + k— ] )
completing the proof. O

Proof of Theorem 1 The result follows from Lemmas 2 through 7. Precisely, by Lemma 2 variable
xy, can be arbitrarily large in a strictly feasible solution of (P’). By Lemma 4 we derive the polynomial
inequalities (2.20). From these in Lemma 5 we derive the clean inequalities (2.26) via the recursion
(2.27).

From the recursion (2.27) it directly follows that all oj;1 are at most 2. The lower bound on the
o1 is proved as follows: by Lemma 6 the ;11 are monotone functions of the tail-indices ¢;4,. On
the other hand ¢;4; > j + 2 for all j by Lemma 3 and when ¢;; = 7 4+ 2 for all j, then by Lemma 7
we have a;j11 = 14 1/(k — 7). The proof is now complete. O

2.3 Computing the exponents by Fourier-Motzkin elimination

The recursion (2.27) gives a convenient way to compute the «; exponents. Equivalently, we can com-
pute the a; via the well known Fourier-Motzkin elimination algorithm, designed for linear inequalities;
this is an interesting contrast, since SDPs are highly nonlinear.

We do this as follows. If polynomial p; is of type 1, then we suppress the lower order terms to get
T;x¢,,, > constant x?H, (2.47)

see the last inequality in (2.42). If polynomial p; is of type 2, then we similarly suppress the lower
order terms to deduce
x; > constant x?ﬂ. (2.48)

After this, since z1,...,zy are all positive, we rewrite the inequalities in terms of y; := logx; for all
J, then eliminate variables. For example, from the inequalites (2.11) we deduce

y1+ys = 2y
Yo+ ys > 2y3 (2.49)
Y3 > 2y

We add % times the last inequality in (2.49) to the middle one to get

3
Y2 2 Y3 (2.50)

We then add 2 times (2.50) to the first inequality in (2.49) to get

4
Y1 2 3Y2 (2.51)

Finally, (2.50), (2.51) and the last inequality in (2.49) translate back to the inequalities (2.12).
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3 When we do not even need a change of variables

As we previously discussed, the linear change of variables x < Mz is necessary to obtain a Khachiyan
type hierarchy among the variables. Nevertheless, in this section we show a natural SDP in which
large variables occur even without a change of variables; more precisely, the SDP is in the form of
(P'). For completeness, we also revisit the example from [17], and show that the SDP therein is also
in the regular form of (P’).

Given a univariate polynomial of even degree f(x) = Zfﬁo a;z" we consider the problem of mini-
mizing f over R. We write this problem as

sup A

st. f—X > 0. (8:52)

We will show that in the natural SDP formulation of (3.52) exponentially large variables appear
naturally, although here by “exponentially large” we only mean in magnitude, not in size.

It is known that f — X is nonnegative iff it is a sum of squares (SOS), that is, f = 22:1 g? for a
positive integer ¢ and polynomials g;.

Define the vector of monomials
z=(1,z,2%, ... ,x")T.

Then f — X is SOS if and only if (see [12, 15, 19, 28]) f — XA = 22" @ Q for some @ = 0. Matching
monomials in f — A and 2z e ) we translate (3.52) into the SDP

max —AgeQ
s.t. A;eQ = a;fori=1,...,2n (3.53)
Q € Sy

Here for all i« € {0,1,...,2n} the (k,£) element of the matrix A; is 1 if k + ¢ = ¢ + 2 for some
k.0 € {1,...,n+ 1} and all other entries of A; are zero.

The dual problem of (3.53) is

2n

min Dot il (3.54)
s.t. 21221 yzAz + AO t 0, .

whose constraints can be written as

1w Y2 - Yn

Y1 Y2 cee YUn+4a

Y2 ceo Ynt2 | = 0.
Yn  Yn+1 Yn4+2 ... Yon

Permuting rows and columns, this is equivalent to

Yan  Y2n—1 Y2n-2 ...  Yn

Yon—1 Yon—2 cee Yn—1

Yon—2 cee Yn—2 ~ 0. (355)
Yn Yn—1 Yn—2 .o 1
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Let us rename the variables so the even numbered ones come first, and the rest come afterwards, as

1 = Yz2n, T2 = Ynp—2, .- ITn = Y25

Tn+1 = Y2n—-1, Tpy2 = Yo2n-3, ... T2n = Y1.

Then the constraints (3.55) become
2n

> wiAj+ B = 0. (3.56)

i=1

Here the A} for i = 1,...,n and B’ are defined as follows. In A} the (k,¢) and (¢, k) entry is 1, if
k + ¢ = 2i and all other entries are zero. and the rest are zero. In B’ the lower right corner is 1 and
the other elements are zero.

For example, when n = 3 the constraints (3.56) look like
1 0 1 0

6
T + T2 + x3 "FZ-%A;“FB/EO-

=4

Thus (A}, A%, ..., A) is a regular facial reduction sequence and (3.56) is in the form of (P’). The
tail-indices (cf. Definition 4) are t;41 = j+2 for j =1,...,n — 1, hence we can derive the following
inequalities, just like we did in Lemma 4:

2 . 2
TiTjyp > w5 forj=1,...,n—2; and x,,1 > z7,.

Note that now the “0” terms that appear in Lemma 4 are all zero, so we do not have to worry about
“making zj, large.” Hence by Lemma 7 we deduce that

xj zx?jﬂlforj: 1,...,n—1
hold, where aj41 =1+ 1/(n — j) for all j.
We translate these inequalities back to the original y; variables, and obtain the following result:

Theorem 2. Suppose that y € R?" is feasible in (3.54). Then

1+1 —7 .
Y2(n—j+1) ZyQ(thJ(;L ])for] =1,...,n—1.

Combining these inequalities we obtain

Theorem 2 complements a result of Lasserre [12, Theorem 3.2], which states the following: if Z mini-
mizes the polynomial f(z) then

(y17y27"'7y2n) = (fi,fz,...7f2n)

is optimal in (3.54). On the one hand, Theorem 2 states bounds on all feasible solutions, on the other
hand, it does not specify an optimal solution.

For completeness, we next revisit an example of O’ Donnell in [17], and show how the SDP that
arises in there is in the regular form of (P’).
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Example 4. We are given the polynomial with 2n variables

p('r7y):p(xlw"axnayl)"'ayn):x1+"'+xn_2y1

and the set K defined as

2r1y1 = y1, 2roy2 = Y2 ... 2TpYn = Un
2 = x4, 2 = 29 ... 2 = 2,
2 2 _ 2
Yi = Y2, Ys = Yz ... Yy, = 0.

Note that in the description of K the very last constraint y2 = 0 breaks the pattern seen in the previous
n — 1 columns. We ask the following question:

o Isp(x,y) >0 for all (x,y) € K?

The answer is clearly yes, since for all (xz,y) € K we have x1,...,2, € {0,1} and y1 =--- =y, = 0.
On the other hand, the sum of squares procedure verifies the “yes” answer as follows. Let
2= (1,21, .., Ty Yl Yn) |
be a vector of monomials, and find A\, u,v € R™ and Q = 0 such that

plx,y) =2"Qz + M2y — )+ (@ — 1) +vi(yd — yo)

+  Ao(2m2y2 — y2) + po(23 — 22) + va(y3 — y3)
. 2 ? (3.57)

+ >\n(2$nyn - yn) + ,un(xrzl - xn) + Vn(yy% - 0)

Matching coefficients on the left and right hand side, [17] shows that any Q feasible in (3.57) must be
of the form

Uy 0 - 0 0 | —uy ... 0 0 010
0 ug 0 0

0 —Up—1 0 010

0 0 Up—1 O 0 0 —u, 0 |0

0 0 0 Up | 0 0 0 =210
Q= —u 0 0 0| 1 0 0 010 (3.58)

0 —Up—1 0 0 0 1 0 010

0 0 —u, 0 0 0 1 010

0 0 0 -2 0 0 0 110

0 0 0 0 0 0 0 010

for suitable uy, ..., u,. Looking at 2 x 2 subdeterminants of @ we see that the u; satisfy

4 < Upy 2 <tUp_q, ..., ul <ug, (3.59)

which is the same as (Khachiyan), except we replaced the constant 2 by 4.
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Let us define Eyy to be the unit matriz in S***1 in which the (k, ) and (¢, k) entries are 1 and the
rest zero. Define
All = E117A; = E“ — Eifl’n+i71 fori = 2, ooy n.

Then any @ feasible in (3.57) is written as
Q=u A} +ug Ay + -+ - +u, AL, + B =0, (3.60)

for a suitable B' (precisely, B' = —2E,, 2, + ZZ%H E;;).

We see that (A}, ..., AL) is a regular facial reduction sequence, thus the system (3.60) is in the
reqular form of (P').

We remark that (3.60) arises by concatenating 2 x 2 psd blocks of the form (1.1), then permuting
rows and columns. In other words, (3.60) is the exact representation of (Khachiyan) (apart from the
constant 2 being replaced by 4), that we discussed after Example 1.

Among followup papers of O’ Donnell [17] we should mention the work of Raghavendra and Weitz
[24] which gave SDPs which also have a sum-of-squares origin, and exponentially large solutions. It
would be interesting to see whether those SDPs are also in the normal form of (P’).

4 Conclusion

We showed that large size solutions do not just appear as pathological examples in semidefinite pro-
grams, but are quite common: after a linear change of variables, they appear in every strictly feasible
SDP. As to “how large” they get, that depends on the singularity degree of a dual problem and the
so-called tail-indices of the constraint matrices. Further, large solutions naturally appear in SDPs that
come from minimizing a univariate polynomial, without any change of variables.

We also studied how to represent large solutions of SDPs in polynomial space. Our main tool was
the regularized semidefinite program (P’). If (P) and (P’) are strictly feasible, then in the latter we
can verify that a strictly feasible solution exists, without computing the actual values of the “large”
variables x1, ...,z : see Figure 2. Further, SDPs that arise from polynomial optimization (Section 3)
and the SDP that represents (Khachiyan) are naturally in the form of (P’). Hence in these SDPs we
can also certify large solutions without computing their actual values.

Several questions remain open. For example, what can we say about large solutions in semidefinite
programs that are not strictly feasible? The discussion after Example 1 shows that we do not have a
complete answer.

Also, recall that we transform (P) into (P’) by a linear change of variables (equivalent to operations
(1) and (2) in Definition 2) and a similarity transformation (operation (3) in Definition 2). The latter
has no effect on how large the variables are. We are thus led to the following question: are all SDPs
with exponentially large solutions in the form of (P’) (perhaps after a similarity transformation)? In
other words, can we always certify large size solutions in SDPs using a regular facial reduction sequence?
Answering this question would help us answer the greater question: can we decide feasibility of SDPs
in polynomial time?
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