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Abstract

Error-correcting codes (ECCs) are ubiquitous in computer science. A common prop-
erty of ECCs is local recovery, which demands that given a corrupted codeword, a
single lost code symbol can be recovered by reading only a small part of the code-
word. An intriguing problem is to find the most “efficient” ECCs (e.g., codes with
short length, codes over a small alphabet) with certain types of local recovery. Both
constructions and lower bounds have been proven in the literature. However, the
problem is still largely open. In this thesis, we prove three lower bound results on
different types of ECCs with local recovery:

Firstly, we propose an approximate version of locally decodable codes (LDCs) and
prove lower bounds that are similar to the known ones for traditional LDCs. The
concerned approximate LDCs are over real numbers and they support recoveries by
querying constant number of codeword symbols. The 2-query case (the bulk of our
work) is partially related to the lower bound of constant query LDCs, which is a
major open problem.

Secondly, we generalize the Sylvester-Gallai (SG) theorem to a subspace version.
Generally speaking, the setting of the SG theorem is equivalent to 2-query locally
correctable codes (LCCs), and our generalization corresponds to the block version of
2-query LCCs.

Thirdly, we consider a realistic storage model that is a unification of several fami-
lies of codes studied in the literature. We prove negative results for codes that attain
the maximal recovering capability under this model. Our lower bound rules out the
possibility of constructions of efficient codes for most parameter settings. We will
also explore some results in the construction direction in the appendix.
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Chapter 1

Introduction

Error-correcting codes (ECCs) are very widely used in all kinds of applications and
theoretical studies. They encode a message into a codeword in such a way that
certain errors in the codeword can be corrected. Most known families of ECCs are
linear, which means that the codeword is obtained by a linear transformation on the
message. In a linear ECC, all data symbols are elements of some field F, which we
call the alphabet, and the message and the codeword are therefore vectors consisting
of elements of F. Let m and ¢ denote the message vector and the codeword vector
respectively (for consistency we will only use column vectors throughout this thesis).
Then there is
¢ =m' G,

where G is the matrix that defines the code and is known as the generator matriz. In
other words, every symbol of the codeword is a linear combination of the symbols of
the message. Note that the range of ¢ is some vector space (the span of the rows of
(). One also uses the parity check matriz H to define the space of all codewords:

{e:H-c=0},

where the rows of H are coefficients of the linear constraints (known as parity check
equations) on codeword coordinates. Typically, the length of the codeword is greater
than that of the message, which means there is redundant information so that errors in
the codeword can possibly be corrected. See for example [MS77] for a comprehensive
introduction on linear ECCs. One simple example of a linear ECC is as following:
Let the alphabet be Fy. For a message m, we calculate the sum of all entries (bits)
of m (which is known as a parity), and let the codeword ¢ be the concatenation of
m and this parity. In this code, if one symbol (bit) of the codeword is lost, it can be
easily recovered from the remaining part. However, this code cannot handle errors
on two or more symbols.

Given a corrupted codeword, in order to recover one (recoverable) symbol in the
original message or the original codeword, we might need to query many symbols in
the corrupted codeword, which could be inefficient. We follow the convention in the
literature to use the word “local” to describe the recovery if the number of queries
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needed is always small. In this thesis, we are interested in two classes of linear ECCs
in which certain errors can be corrected locally, namely locally decodable/correctable
codes and maximally recoverable codes, and we will give impossibility results on the
constructions of some types of these codes.

1.1 Locally decodable and correctable codes

Locally decodable codes (LDCs) are ECCs that every individual symbol of the original
message can be retrieved with high probability by querying a small number of random
codeword coordinates, where the codeword may contain up to a constant fraction of
erroneous symbols at unknown locations. The notion of LDCs was formally defined
in [KT00] (and implicitly in prior works such as [Lip90, BF90, BFLS91, GLR"91,
FF93, BK95]). Many well-known ECCs are LDCs (with different parameters), e.g.,
Hadamard codes, Reed-Solomon codes. Obvious applications of LDCs include effi-
cient reliable data transmissions and storage systems. LDCs are also used in areas
of theoretical computer science, e.g., average-case complexity [Lev87]. And one other
problem closely related to LDCs is private information retrieval (PIR) schemes, which
are data retrieval protocols that hide the user’s request from each individual database
server [CGKS98]. Linear LDCs over infinite fields (R or C) are studied as well as those
over finite fields. They found applications in compressed sensing [Don06, CRT06], and
are considered in relevant topics that are for arbitrary fields, e.g., [DS07] considered
LDCs over any field in the context of polynomial identity testing for arithmetic cir-
cuits.

Let d denote the length of the message (which is also the dimension of the space
of all codewords), n denote the length of the codeword, and g denote the maximum
number of queries allowed to retrieve each symbol. A major question in the area of
LDCs is to find out the minimum value of the code length n needed (as a function
of d) for given values of ¢ (other parameters such as the fraction of errors in the
codeword are usually constants). We briefly summarize the known results as follows:

1. For ¢ = d?, where € > 0, there are LDCs known as multiplicity codes with n
close to d [KSY14].

2. For ¢ = (logd)*, where ¢t > 1, traditional Reed-Muller codes yield g-query LDCs
with lengths n & ¢!T1/¢=1),

3. For the case that ¢ > 3 is a constant independent of d, the length n had
been conjectured to be at least exponential of d until a series of surprising
works [Yek08, Rag07, KY09, Efr12, IS10, CFL*13, DGY11, BET10] constructed
matching-vector codes with sub-exponential (still super-polynomial) lengths n ~
exp exp((log d)Y/ logq). The best known lower bound, however, is only n =
ﬁ(d”l/(f‘]/ﬂ_l)) [KdW04, Woo07] and n = Q(d?) for the special case of 3-query
linear LDCs [Woo12].

4. For ¢ = 2, it is known that the length n = exp(Q(d)) [GKST06, KdW04, DS07],
and Hadamard codes are 2-query LDCs that attain this lower bound.
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5. For ¢ = 1, it was shown in [KT00] that no 1-query LDCs exist over finite
fields, and it is also easy to see that 1-query linear LDCs do not exist over
characteristic-zero.

See also the survey [Yek12] for the mentioned LDCs. For the regime of constant num-
ber of queries, we see that the minimum value of the code length n is well understood
only for the cases ¢ = 1 and 2. For ¢ > 3, there is a huge gap between the lower
bounds (at most quadratic) and the best constructions (super-polynomial). It is a
difficult and intriguing open problem to make any progress on closing this gap. For
the lower bound side, several different techniques yield n = Q(d?) but there is no way
to go beyond this.

Locally correctable codes (LCCs) are similar to LDCs except that we want to
retrieve a symbol of the codeword instead of the message. Precisely, LCCs are ECCs
that every individual symbol of the original codeword can be retrieved with high
probability by querying a small number of random codeword coordinates, where the
codeword may contain up to a constant fraction of erroneous symbols at unknown
locations. For any LCC, we can obtain an LDC from it by fixing d coordinates
of the codeword to be the same as the message. This can be easily done through
a linear transformation that changes a submatrix of the generator G to the d x d
identify, and such an operation does not break the properties of LCCs since it does
not change the space of codewords. Thus, LCCs are considered as a stronger version of
LDCs, and lower bounds on LCCs might be an easier problem to start with if lower
bounds on LDCs are difficult. Many known LDCs are also LCCs, e.g., Hadamard
codes over Fy, Reed-Muller codes and multiplicity codes over finite fields. Besides
the aforementioned applications of LDCs, LCCs (and LDCs) are also closely related
to rigid matrices which in turn imply results on circuit complexity [Dvill] and some
combinatorial geometry problems that will be discussed later.

The known results for the minimum lengths of LCCs are similar to those of LDCs.
In particular, for constants ¢ > 3, there seems to be a lot of room to improve the
lower bounds on n. For characteristic-zero fields R and C, some noticeable differences
between LCCs and LDCs are as follows: (1) 2-query LCCs do not exist over R or
C [BDWY11] whereas Hadamard codes are 2-query LDCs over any field; (2) No
construction of LCCs is known over R or C. (For finite fields, the known constructions
are also weaker. LDCs with sub-exponential lengths, i.e., matching vector codes, do
not seem to generalize to LCCs); (3) For 3-query linear LCCs over R, a lower bound of
the form n = Q(d**¢) for some € > 0 was proved in [DSW14a], whereas the quadratic
barrier of LDC lower bounds is still not broken (over any field).

For linear LDCs and LCCs with constant number of queries, we now state an
equivalent and convenient version of their definitions that will be used in all our discus-
sions. Let vy, v,,. .., v, be the columns of the generator matrix G and {ej, es, ..., e4}
be the standard basis of the message space. From the results of [KT00], the code de-
fined by G is a ¢g-query linear LDC if and only if for every i € [d], there are Q(n)



disjoint g-element subsets {j1,J2,...,Jq} C [n] such that
€e; € span{vjl, Vjgy- - ,’qu}.

Correspondingly, the code is a g-query linear LCC if and only if for every v;, where
J € [n], there are Q(n) disjoint g-element subsets {j1, jo, ..., jqs} C [n] such that

V; S Span{vjl, Vijgy - ,’qu}.

We see that LDCs and LCCs can be equivalently considered as arrangements of
vectors vy, v, ..., v, with many linearly dependent tuples.

Given a g-query LDC (or LCC) as defined above, the decoding procedure is as
following: To retrieve the ith symbol of the message (or the jth symbol of the code-
word), one simply pick a random g¢-element subset {ji,j2,...,J,} € [n] such that
Vj,,Vj,,...,V;, span e; (or v;), and then a linear combination of the codeword co-
ordinates at ji, jo, ..., j; Will yield the required symbol, provided that there are no
errors on these coordinates, which happens with high probability if the fraction of
errors in the codeword is below some small constant.

1.1.1 Approximate locally decodable codes

We consider linear LDCs over real numbers. Given the above convenient form,
one natural generalization is an “approximate” version of LDCs, where the vec-

tors vj,,vj,,...,v;, span e; only “approximately”. Precisely, we define approzimate
LDCs as ECCs that for every i € [d], there are Q(n) disjoint g-element subsets
{j1.72, -+, Jq} € [n] each with a nonzero vector

u € span{v;,, vj,,...,v; }

such that that angle between w and e; is smaller than some fixed 6,,,, > 0. We see
that approximate LDCs are a relaxed version of LDCs.

Contribution 1: In Chapter 2 (based on [BDHS14]), we prove lower bounds on
the lengths of approximate LDCs. Specifically, for any 2-query approximate LDCs,
there is n = eXp(Q(\/a)), and this can be improved to n = exp(Q(d)) for the “almost
exact” case (i.e., the angle bound 6,,,, is smaller than some absolute constant); for
any g-query approximate LDC, where ¢ > 3 is a constant, there is n = Q(dlﬂ/(q*l)).

Although our lower bounds are a bit weaker than the known ones for LDCs, we
are not aware of any constructions of approximate LDCs that are shorter than LDCs.
It remains an open problem to either improve these lower bounds to match those
for LDCs, or give constructions with shorter lengths that take advantage of being
approximate.

Our motivation for studying this problem comes from several directions:

Firstly, one could hope to use approximate LDCs in practice. As long as the mes-
sage vector is bounded and 6, is sufficiently small, we can retrieve an approximation

4



of every individual symbol of the message by making ¢ queries to the codeword. Ap-
proximate LDCs might be more efficient than LDCs in some applications if there
existed a construction with sufficient good parameters.

Secondly, approximate LDCs are related to the problem of LDC/LCC lower
bounds. As we have mentioned, the first super-quadratic lower bound for LDCs/LCCs
with three or more queries was given in [DSW14a], on 3-query LCCs over real num-
bers. Some cases of 3-query LCCs can actually be reduced to 2-query approximate
LDCs (although a different simpler proof was used in [DSW14a]). This raises the pos-
sibility that, in the future, perhaps approximate LDCs will find more applications.

Thirdly, there are connections to topics in combinatorial geometry. Recall that
LDCs and LCCs are arrangements of vectors with lots of linear dependencies. Ap-
proximate LDCs can be naturally considered as a relaxed version of this geometry
problem. A related work is [ADSW14], where the Sylvester-Gallai theorem (which is
also on arrangements with many dependent tuples and will be discussed later) and
LCCs are generalized to a (different) approximate version.

1.1.2 Sylvester-(Gallai for subspaces

The Sylvester-Gallai theorem and a series of its generalizations (in for example [Kel86,
BDWY13, DSW14b]) consider arrangements of vectors vy, vs, ..., v, (over R or C)
which are in different directions, and satisfy that for every v,, there are {2(n) choices
of another vector v;, such that there is a third vector v;, € span{w; ,v;,}. This
is similar to the setting of 2-query linear LCCs, where for every vector v; there are
Q(n) disjoint pairs {ji1, 72} C [n] with v; € span{v,,,v,,} (an important difference is
that vectors in the same direction are allowed in LCCs). The Sylvester-Gallai theorem
gives an upper bound on the dimension of the arrangement (which is a constant when
n grows). Correspondingly, a lower bound on the length n of an LCC (expressed using
d) can also be considered as an upper bound on the dimension d (expressed using
n). Thus, the Sylvester-Gallai theorem and lower bounds for 2-query linear LCCs
are closely related notions. Their equivalence (with loss in parameters and special
handling of some cases) has been observed in [BDWY11, DSW14b].

Contribution 2: In Chapter 3 (based on [DH16]), we prove a generalization of the
above Sylvester-Gallai theorem where the vectors vy, vs, ..., v, are replaced with k-
dimensional vector subspaces Vi, Vs, ..., V, (over C) for any positive integer k. Under
the assumption V; NV = {0} for all j # j' (otherwise a counter-example exists), we
show that V1, V4, ..., V,, are contained in a space of dimension at most poly(k), which
is independent of n.

The setting of our generalized Sylvester-Gallai corresponds to 2-query block LCCs,
where the coordinates of the codeword are partitioned into blocks of the same size, and
every block of codeword symbols can be retrieved by querying two random blocks of
codeword symbols. Let k be the block size, n be the number of blocks in the codeword
(then the length of the codeword is kn), and Vi, V4, ...,V be the subspaces spanned
by every k consecutive columns of the generator G. The code defined by G is a 2-
query block linear LCC if and only if for every j € [n], there are Q(n) disjoint pairs
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{j1,J2} C [n] such that
Vi € Vi + Vi,

where V;, +V,, denotes the set {v+v': v € V},,v' € V), }, i.e., the space spanned by
all vectors in Vj, UVj,. If V; NV, = {0} is satisfied for all j # j" and every V; has
dimension exactly k, one can see that 2-query block linear LCCs are just a special
case of our Sylvester-Gallai theorem for subspaces.

Our motivation for studying block LCCs comes from block LDCs, where the coor-
dinates of the codeword are partitioned into blocks of the same size like in the above
block LCCs, and every individual symbol of the message can be retrieved by querying
a small number of random blocks of codeword symbols. Block LDCs are used in afore-
mentioned private information retrieval (PIR) schemes. Suppose we have a g-query
block LDC that all blocks are queried with equal probability, in the procedure of re-
trieving any message symbol. Then the following database retrieval protocol between
one user and ¢ servers is a PIR scheme: Let the message of the block LDC be the
entire database, and let every server store a copy of the corresponding codeword. To
retrieve a symbol of the database, the user simply asks the ¢ servers respectively for
the ¢ random blocks needed to query. In this protocol, every individual server sees a
uniform distribution of a random block query, and learns no information about the
database symbol that the user is interested in. On the other hand, if we have a one-
round g¢-server database retrieval protocol that in order to retrieve a database symbol,
the user sends to every server a random string with a distribution independent of the
symbol being retrieved, and each server responds with a string of & symbols, then we
can obtain a block LDC by defining the codeword as the concatenation of all possible
responses of the ¢ servers. Therefore block LDCs and PIR schemes are equivalent.
See also for example [KT00, GKSTO06] for their connections. Block LCCs are the
corresponding LCC version of block LDCs.

1.2 Maximally recoverable codes

In a real distributed storage system, the setting is often different from that of the
LDCs/LCCs discussed in the previous section:

1. In LDCs/LCCs corruptions are at unknown locations, whereas in a storage
system we usually know which hard disks or sectors are bad. Thus it suffices to
handle erasures at known locations. Moreover, the corrupted locations may be
correlated (e.g., in one failed hard disk all sectors are bad) rather than being
completely arbitrary.

2. We would like a deterministic recovering algorithm that always gives the correct
result instead of a randomized one. And knowing the erroneous locations makes
this possible.

3. The topology of the code is often predetermined. A topology includes the number
of code symbols, the number of parities, and the sets of symbols that each parity
depends on. One can think of a topology as a specification of the nonzero
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locations of the parity check matrix. A predetermined topology simplifies the
design and can handle errors at correlated locations better.

For example, in a storage system one may use several hard disks to store the
original data, and then add a redundant hard disk in which every byte is a
linear combination of the corresponding bytes of the previous hard disks. In
this case, the topology is fixed and we can only change the coefficients of the
linear combination.

4. The resources are limited. In the LDCs/LCCs problem a lower bound or con-
struction over any field will be interesting, whereas in a storage system we would
only prefer small finite fields for computational efficiency. See also [PGM13] for
the importance of using a small finite field as the alphabet.

If the topology is fixed, the length of the code will be fixed. Thus, our goal is to
minimize the alphabet size instead of the code length (under certain reliability
requirements).

For a fixed topology, there can be many codes instantiating this topology (i.e.,
specifications of the nonzero entries of the parity check matrix) with different levels
of reliabilities. We say that a set of code coordinates F is a recoverable pattern for
a given topology T, if there exists a code instantiating 7' such that the symbols in
E can be recovered if they are all erased. And a mazimally recoverable (MR) code
instantiating 7" is a code that can recover all recoverable patterns for 7. MR code
exists for any topology if the underlying field is sufficiently large [GHJY14]. One
can consider MR codes as ECCs with the maximal recovering capability for a given
topology. The notion of MR codes were first considered in [HCL07, CHLO7| for the
restricted setting that there are only “parities of data symbols” and no “parities of
parities”. MR codes for more general cases and various topologies have since been
studied in [BHH13, Blal3, GHJY14, CSYS15, BPSY16].

In this thesis, we are interested in the following topology denoted by T}, «x(a, b, h):
The code symbols are arranged as an m X n matrix, where there are a parity check
equations per column, b parity check equations per row, and A additional parity
check equations that can depend on all code symbols. Generally speaking, one can
equivalently consider a code instantiating T,,xx(a, b, h) as having (m —a)(n —b) — h
data symbols with A parities, which form an (m—a) X (n—b) matrix, plus a additional
local parities in every column and b additional [ocal parities in every row. (One can
see that there are a x b local parities that are for both columns and rows.)

Like LDCs/LCCs, this model of codes also supports a type of “local” recovery.
If there are at most a erasures in a column or at most b erasures in a row (which
is often the case in practice), the lost data can be recovered using the local parities.
(The other h parities provide additional “non-local” reliabilities for more complicated
erasure patterns.) In fact, the case a = 1, b = 0 is a common model of codes studied
in the context of locally recoverable codes (LRCs), which are defined as ECCs that
every symbol can be recovered locally if it is erased [GHSY12].

The topology T,xn(a, b, h) can be considered as a unification of several common
topologies in the literature:



1. The topology T,,xn(1,0, k) has received a considerable amount of attention es-
pecially in the recent work on LRCs [BHH13, GHSY12, GHJY14, BK15, LL15,
BPSY16]. One can see that in this topology, the original data and h parities are
partitioned into n groups (columns), and a local parity is added to each group.

Another topology studied in the context of LRCs (e.g., [GHSY12]) is to par-
tition just the original data into n groups where each is added a local parity,
and after that add another h parities that depend on both the data and the

local parities. MR codes instantiating this topology are equivalent to those
instantiating T, %, (1,0, h) [GHJY14].

It is also worth mentioning that instead of maximal reliability, another related
(but weaker) reliability requirement for LRCs in the literature is to maximize
the hamming distance between codewords under certain locality conditions
[GHSY12, PKLK12, PD14, TB14, CM15].

2. Mazimum distance separable (MDS) codes, which are defined as ECCs maximiz-
ing the hamming distances between codewords for given values of message length
and codeword length, can be viewed as MR codes instantiating the topology
T1xn(0,0,h), where n is the codeword length and n — h is the message length.
MDS codes are very widely used in all kinds of applications. One common
family of MDS codes are Reed-Solomon codes.

3. The topology Ty,xn(a,b,0) can be considered as a tensor product of two codes.
Tensor product codes are common in storage systems (see for example [RR72]).
A code instantiating T3.14(1,4,0) is used by Facebook’s f4 storage system
[MLR"14]. The code is the tensor product of a Reed-Solomon code within
data centers with a parity check code across data centers.

4. An MR code instantiating a topology closely related to T5x7(0,1,2) is used by
Microsoft’s Azure storage [HSX12].

Contribution 3: In Chapter 4 (based on parts of [GHK™17]), we prove a super-
polynomial (consider a, b, h as constants and m,n as growing variables) lower bound
on the field size of MR codes instantiating T, x,(a, b, h) for all a,b,h > 1.

Prior to our result, the only known lower bound is linear (mn) for h > 2 [Ball2,
GHJY14]. Our result shows that MR codes with polynomial field size might exist
only when one of a, b, h is zero. After accounting for symmetries, there are two cases:

1. Tensor product of codes T,xn(a,b,0). MR codes instantiating this topology
are poorly understood. We know neither explicit constructions nor non-trivial
lower bounds. In fact, even the recoverable patterns are not well understood.
In [GHK™'17], a characterization of the recoverable patterns for T,,x,(a,b,0)
was conjectured, and was proved for the case a = 1. MR codes instantiating
Tonxn(a,b,0) might exist over small fields.

2. Generalized LRCs T,,xn(a,0,h). In LRCs, one typically considers the case
a = 1. The generalization to arbitrary a was also studied in the literature
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[PKLK12, BHH13, BPSY16]. The only known field size lower bound for MR
codes instantiating the topology T},xn(a, 0, h) is the aforementioned Q(mn) for
h > 2, and the best construction for the case a = 1 and general h has field
size roughly O(min{2"n"~!, (mn)"*"/2}) (see [GHJY14] and Theorem A.5).
It remains an intriguing open problem to close the gap.

Finally, we consider the construction direction for the topology T, xn(1,0,h). As
we have mentioned, this topology is a common type of codes considered in the liter-
ature, especially topics on LRCs.

Contribution 4: In Appendix A (based on parts of [GHK'17] and [HY16]), we
give two new explicit families of MR codes (which are alternative to some previously
known constructions) for the cases h = 2 and general h respectively.



Chapter 2

Lower Bounds for Approximate
LDCs

In this chapter, we study lower bounds on the encoding length of an approximate ver-
sion of LDCs. Most of this chapter will be devoted to the 2-query case. In Section 2.1,
we define the model of codes formally and state our results. Then in Section 2.2, we
reduce 2-query approximate LDCs to a convenient notion about graphs. Based on
this, in Section 2.3 we prove a general lower bound for 2-query approximate LDCs
and a stronger (tight) one for 2-query “almost exact” LDCs. Finally, in Section 2.4
we consider g-query approximate LDCs for ¢ > 2 and prove a simple lower bound
similar to the known ones for “exact” LDCs. The results in this chapter are also
included in [BDHS14].

2.1 Generalization of LDCs and results

We begin by introducing some notations. Throughout this chapter, we consider linear
codes that encodes a message m € R? into a codeword ¢ € R", where d,n € Z* are the
dimension (or message length) and the code length respectively. Let {ej, eq,... €4}
denote the standard basis of R?. For a nonzero vector u € R? and an index i € [d],
we define
|(u, ;)|

lull2

weight, (u) =

Clearly, weight,(u) < 1 and the equality holds if and only if w = e;. For an integer
q > 2, we define a g-matching as a family of disjoint g-element subsets of [n]. We
will use q-tuples, or pairs for ¢ = 2, to refer to the subsets contained in a ¢g-matching.

Recall that every linear code that encodes a message m € R? into a codeword
c=(c1,¢,...,¢,) € R™ can be defined as

¢ = (m,v;) Vjeln],

where v, vs, ..., v, € R? are the columns of the generator matrix. For any constant
q > 2, it is well known that the code is a g-query LDC if and only if for every i € [d],

10



there exists a g-matching M; of size 2(n) such that
e; € spanf{v; ,v,,...,v;,} (2.1)

for every g-tuple {j1,72,...,j, € M; [KT00]. Thus, we may equate the notion of
g-query LDCs and pairs (V, M), where V is a list of vectors vy, vs,...,v, € R? and
M is a list of g-matchings My, Ms, ..., My, such that the above requirements are
satisfied. Based on this observation, we define approzximate LDCs as a generalization
of LDCs, where the “span” in Equation (2.1) is replaced with an “approximate span”:

Definition 2.1 (approximate LDC). For ¢ > 2 and «, ¢ € (0, 1], we define a ¢g-query
(e, 0)-approxzimate LDC as a pair (V, M), where V = (vy,vs,...,v,) is a list of
vectors in RY and M = (M, My, ..., M) is a list of g-matchings, such that the
follows are satisfied:

1. For every i € [d] and every g¢-tuple {j1,J2,...,7q} € M;, there exists a vector
u € span{v;,, v;,, ..., v;, | with weight;(u) > a;

2. |My| + | M| + -+ - + | Mgy| > ddn.

We note that the first item in the above definition is a generalization of Equa-
tion (2.1), and the original “exact” LDCs correspond to the case o = 1. The second
item |M;| + |Ms| + -+ + |My| > ddn is also more general than the requirement for
“exact” LDCs that demands |M;| = Q(n) for all i € [d], and this makes our (negative)
results stronger.

For “exact” LDCs, there have been exponential lower bounds n = exp(Q(d)) for
the 2-query case [GKST06, KdW04, DS07]. In this chapter, we will study lower
bounds for 2-query approximate LDCs. An observation in Section 2.2 will show that
it suffices to consider simple 2-query approximate LDCs defined as following;:

Definition 2.2 (simplicity). Let (V, M) be a 2-query (¢, d)-approximate LDC. We
say that (V, M) is simple if for every i € [d] and every pair {ji, jo} € M;, there is

weight, (v, —v;,) > a.

Equivalently, we can define a simple 2-query approximate LDC as an arrangement
of points vy, v, ..., v, such that for every ¢ € [d], there are én (on average) disjoint
pairs {j1, j2} that the line passing through v,,, v, is in a direction that has projection
as least a onto e;. An example of such an arrangement is the vertices of the Boolean
hypercube {0, 1} (i.e., the arrangement corresponding to the Hadamard code), which
satisfies Definition 2.2 for « = 1,6 = 1/2 if we choose M; to be the family of all the
n/2 vertex pairs that differ only at the ith coordinate.

Intuitively, we may consider the arrangement as a graph, where the vertices are
the points vy, vs,...,v,, and the edges are the pairs in My, Ms, ..., My. Also in
Section 2.2, by generalizing a simple lemma used in [GKSTO06], we will show that if
there exists a small cut in every induced subgraph, then the number of edges (at least
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ddn) can be bounded from above using the number of vertices (which is n). From this
we can derive a lower bound on n expressed using d. Thus the problem is transformed
to showing the existence of small cuts in the arrangement of points.

Based on the above reduction and using a probabilistic argument, we are able
prove our first result as stated below:

Theorem 2.3. For any 2-query («, d)-approzimate LDC' of dimension d and length
n, we have

n = exp(Q(aé\/ﬁ)),
where Q(+) hides an absolute constant independent of v, 6 or d.

We note that this bound gets worse as a approaches 1/ V/d, at which point we
cannot expect any non-trivial lower bounds, since every single vector v; can have
weight,;(v;) > 1/V/d for all i € [d] and so, an arbitrary list of 2-matchings satisfies
Definition 2.1. However, we conjecture that Theorem 2.3 is not tight, and probably
a lower bound of the form n = exp(Q(aQ(Sd)) should hold, where on the exponent we
have d instead of v/d just as in the aforementioned lower bounds or 2-query “exact”
LDCs. Currently, we are only able to prove this when « is close to 1. The idea is to
round the points in the arrangement to the vertices of a grid, where a cut orthogonal
to a standard direction will be small. The rounding is found using a beautiful result
on space tiling in [KORW12|. Our second result is as following:

Theorem 2.4. Let o denote the constant /1 —1/(47%) = 0.98725---. For any
constant o > g and any 2-query («, 0)-approzimate LDC of dimension d and length
n, we have

n = exp(Q(0d)),

where Q(-) hides a constant that is directly proportional to (o0 — ).

The above two theorems will be proved in Section 2.3. Theorem 2.4 is tight because
of the Hadamard code, where o = 1, § = 1/2 and n = 2¢. It is worth mentioning
that we are not aware of any approximate LDCs with shorter lengths than “exact”
LDCs, and it is an open problem to give such constructions.

For g-query “exact” LDCs, where ¢ > 2, the best known lower bounds on the
code length are only super-linear or quadratic of the code dimension [KT00, KdW04,
Woo07, Wool2], and it is a very difficult open problem to prove better results. For
g-query approximate LDCs, where ¢ is a general integer, we will show in Section 2.4
a super-linear lower bound as stated below. The proof is a simple modification of the
existing techniques in [KTO00] that have given a similar super-linear lower bound for
“exact” LDCs.

Theorem 2.5. Let ¢ > 2 be a constant. For any q-query («, d)-approzimate LDC' of
dimension d and length n, we have
a+1

n = Q851 (ad)7 1),

where Q(+) hides a constant that only depends on q.
12



2.2 Reduction to arrangements of points

We first prove the following lemma, which shows that any 2-query approximate LDC
can be transformed into a simple one (Definition 2.2) with similar parameters:

Lemma 2.6. If there exists a 2-query (a, 0)-approxzimate LDC' of dimension d and
length n, then for any o € (0,«) such that

1
y=0———>0
(oﬂ—o/Q)d> ’

there exists a simple 2-query (o/,d")-approzimate LDC of dimension d and length 2n.

Proof. Let (V, M) be a 2-query («, d§)-approximate LDC, where V = (vq,va,...,v,)
and M = (M, My, ..., My). We will construct a code with the desired properties
based on (V, M).

For every j € [n] such that v; # 0, we replace v; with the unit vector v} =
v;/||vjll2. Let V' = (v}, v, ..., v)) denote the resulting list of vectors.

Then for all j € [n], i € [d] such that v # 0 and weight,(v}) > Va? —o/?, we
remove any pair in M; that contains j (there is at most one such pair since the pairs
in M; are disjoint). Let M’ = (M], M}, ..., M}), M! C M;, denote the resulting list
of 2-matchings. We see that (V', M’) is a 2-query («, d’)-approximate LDC from the
following claim:

Claim 2.7. |M!| + |Mj| + --- + |M}| > édn — n/(a? — o/*) = §dn.

Proof. For every j € [n] such that v} # 0, there are at most 1/(a” — o'?) values of
i € [d] with weight,(v);) > va? —a’?, and so there were at most 1/(a® — o'?) pairs
containing j removed from My, M, ..., My. The claim follows immediately. [

Next, we fix an i € [d] and a pair {ji, j2} € M, and study the vectors v/, , v},
Claim 2.8. The vectors v}, and v}, are linearly independent, i.e., v’ # v, v} #

J
p ‘ .
—vj, and neither of them is 0.

Proof. We assume the opposite and derive a contradiction. By Definition 2.1, there
exists u € span{v) , v, } with weight,(u) > o > 0. Hence at least one of v} and
v’;, is nonzero. Suppose v} # 0. Then w is a multiple of v, and it follows that

weight,; (v}, ) > a > va? — o/*. This contradicts the definition of M] as {j1, j»} should
have been removed. [

By Claim 2.8, there is a unique plane passing through the origin (i.e., a two-
dimensional vector space) that contains v}, and v),. We set up Cartesian axes on
this plane. Let the y-axis be in the direction of the projection of e; onto this plane,
and let the x-axis be in either of the two possible directions. We use 7 € [0,7/2] to
denote that angle between e; and the plane spanned by v} , v, (see Figure 2.1a).
Since {j1,j2} € M! C M;, there is

COST > Q. (2.2)
13
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Figure 2.1: (a) The angle between e; and the plane spanned by v’ , v’,; (b) The
angles from the z-axis to v}, and v’ ; (c) The range of 6;, 0, and the middle point w.

Let 61,0, € [0,27) be the angles from the z-axis to v;, and vj, respectively
(see Figure 2.1b). Then v;, and v;, are the points (cosf;,sinf;) and (cos b, sin 65)
on the plane. By the construction of M/, we have weight;(v)) < vVa? —a’* and

weight, (v),) < Va? — o/, or equivalently,

|sinf] - cosT < Va2 —a? and |sinfy|-cosT < Va2 — o'

Define 6, = arcsin(\/ a? — a'*/ cos 7'). By Inequality (2.2), there is cos 7 > Va2 — /%
Hence 6y is well defined. We see that #; and 6, fall into the following two regions
(gray areas in Figure 2.1c):
A= (27T—60,27T]U[0,90) and B:(ﬂ'—eo,ﬂ"i‘eo).

Claim 2.9. If 0, and 0y are in the same region (A or B), there is weight, (v}, —v’; ) >
o', If 01 and O, are in different regions, there is weight, (v}, + v’ ) > o.
Proof. We first consider the case that #; and 6, are in the same region. Let w =
(cosB3,sin f3) denote the middle point of the arc between v} and v}, on the unit
circle (see Figure 2.1c). Then 63 is also in one of the two regions A and B (the one
that 0, and 6, fall in), which implies

a2 — 01/2

|cosOs| > cosby =4/1— Teosr)E

Noting that v, — v’ is parallel to the tangent line to the unit circle at w,

2 _ 12
L) =lcosbs|-cosT > [1— T s>l

weight, (v}, — v (cosr)?
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In the last step we used cosT > « (Inequality (2.2)).
For the case that ¢; and 6 are in different regions, one can change v, to —v’; and
01 to 2r—0; in the proof of the previous case and show weight, (v}, —(—v} )) > o/. ®

Now we construct a code that satisfies the requirements of Lemma 2.6. We define
V' = (v, vy,...,vY,), where vj = v and v}, = —v} for all j € [n]. Then by
Claim 2.9, for every i € [d] and every pair {ji,j2} € M/, at least one of the following
two cases holds:

"

I
jotn — Uj

1. weight, (v}, — v} ) > o and weight,(v ) =

!

o / "
2. weight, (v, — v} .,

) > o and weight, (v, — v} ) > .

For the first case, we add the pair {j; + n,js + n} to M;. For the second case,
we replace the pair {ji, 72} with two pairs {j; + n, jo} and {ji,jo + n}. Let M" =
(M, My, ..., M) denote the resulting list of 2-matchings. Clearly, the code (V", M")

has dimension d and length 2n. By Claim 2.7, there is
| MY| + [My| + -+ (M| = 2(|M| + [Ma] + -+ + [ Mg]) = 28"dn = §'d(2n).
We see that (V', M”) is a simple 2-query (o, ¢’)-approximate LDC. ]

By setting o/ = /2 in Lemma 2.6, we have the following convenient corollary:

Corollary 2.10. Suppose d > 8/(3a20). If there exists a 2-query («, §)-approzimate
LDC of dimension d and length n, then there exists a simple 2-query (a/2,6/2)-
approzimate LDC' of dimension d and length 2n.

From now on we restrict our attention to simple 2-query («, ¢)-approximate LDCs.
For such a code (V, M), we consider the undirected graph where vy, v, ..., v, are the
vertices and the pairs in My, M,, ..., My are the edges. Note that we allow parallel
edges as one pair {ji,j2} can appear in multiple 2-matchings. We introduce some
notations. For every i € [d] and every pair {j1,j2} € M;, let

({jl»jQ}; l)

denote the edge corresponding to this pair. With abuse of notation, let M also denote
the set of all edges of the graph:

M= { ({r,72}:1) : ¥i € [d] {js o} € M;}.

And we will use the pair (V, M) to refer to the graph as well as the code. For a
general graph G = (V, E) and 51,5 C V, we use Edge(Si,S2) to denote the set
of edges between the vertices in S; and the vertices in Sy. We define Edge(.S) as a
shorthand for Edge(S, S).

Next, we give the following simple lemma that relates the number of edges in a
graph with the sizes of cuts. A variant of this lemma (where the graph is a hypercube)
was proved in [Bol86, Section 16] and [GKST06]. Our lemma can be proved using
the same proof as in [GKSTO06]. For completeness, we include the proof here.
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Lemma 2.11. Let G = (V, E) be an undirected graph that parallel edges are permitted
and ¢ be a positive real number. Suppose that for every S C 'V with |S| > 2, there
exist disjoint nonempty subsets Sy,So C S with S1 U Sy = S such that

| Edge(S1, S)| < ¢-min{|Sy],]5|}.

Then c
Bl < £ V]log, |V (23)

Proof. We show by an induction on |S| that for every nonempty S C V| there is
c
| Bdge(S)]| < © - [S]logy |S]. 2.4)

Then the lemme is proved by setting S = V' in this inequality.

For |S| = 1, Inequality (2.4) is trivial. Assume that we have proved Inequal-
ity (2.4) for all nonempty S C V of size |S| < k, and now we consider the case that
|S| = k, where k > 2. Let S1,S2 C S be disjoint nonempty sets with S; U Sy = S
such that

| Edge(Sl, SQ)| S C- min{|51|, |SQ|}

Then using the induction hypothesis,
| Edge(5)| = [Edge(51, 52)| + [ Edge(51)] + | Edge(S2)]
. c c
< c-min{[Sy[, ]S} + 5 [91llogy [Si] + 5 - |Sa[logy |9 -

In order to prove Inequality (2.4), it suffices to show
. C C C
c-min{|S],|Sa|} + 5 " 151]1082 [S1] + 5 - |S2[log, [Saf < 5 - [S[logy [S]. (2:5)

Without loss of generality, we assume |S;| < |S2|. Let = |51]/|S], where z € (0, 1/2].
Then |S;| = z|S| and |S3| = (1 — 2)|S]. Inequality (2.5) is equivalent to

1 1 1
$+§ 'xlOgQ(I|S|) +§ (1 —x)logg((l —x)|S|) < 5-10g2|8|
< 2z +zxlogyr+ (1 —x)log,(1—x)<0.

Let f(z) denote the left side of the above inequality. One can verify lin% f(z) =0
T—r

and f(1/2) =0. By f"(z) = (1/z+1/(1 —z))/In2 > 0 for z € (0,1/2], we see that

f(z) is a convex function. Therefore f(z) <0 for all z € (0,1/2]. O

Recall that in the graph G = (V, M), the number of edges is at least ddn and the
number of vertices is n. Plugging these into Inequality (2.3), we have the following
corollary:

Corollary 2.12. Let (V, M) be a simple 2-query («, d)-approximate LDC of dimen-
sion d and length n. Consider the graph G = (V, M). Suppose that for every S CV
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with |S| > 2, there exist disjoint nonempty subsets S1, Sy C S with S; U Sy = S such
that
| Edge(S1, S2)| < ¢-min{|Sy],]5|}.

Then

2.3 Lower bounds for 2-query approximate LDCs

With the reduction provided in the previous section, we now proceed to prove lower
bounds for 2-query approximate LDCs.

2.3.1 Proof of Theorem 2.3

By Corollary 2.10 and Corollary 2.12, Theorem 2.3 follows immediately from the
following lemma:

Lemma 2.13. Let (V, M) be a simple 2-query («, §)-approzimate LDC' of dimension
d and length n. Consider the graph G = (V, M). For every S C V with |S| > 2,
there exist disjoint nonempty subsets Si, Sy C .S with S1 U .Sy = .5 such that

2Vd
]Edge(Sl, SQ)| S T : m1n{|51], ‘Sg|} (26)

Proof. 1If there are no edges in the subgraph induced by S, an arbitrary choice of
S1 and Sy satisfies Inequality (2.6). We assume that there is at least one edge in
Edge(5).

Let L € R™ and by, by,...,by € R be such that all points vq, v, ..., v, are con-
tained inside the hypercube

[bl,b1+L] X [bg,b2+L] X e X [bd,bd+L].

We pick an integer r € [d] and a real number ¢ € [0, L] uniformly at random, and
define

Si = {vj € S : the rth coordinate of v; < b, + t},

Sy = {'Uj € S : the rth coordinate of v; > b, + t}.

Next, we analyze the random sets S; and S;. We first consider a fixed edge
({41, 72};i0) € Edge(S). Suppose that the vector vj, — vy, is (uq, us, . .., uq), where
u; € R. Then there is

Juig| = allvg, —wpllz = ay| Y uf > Vi > luil. (2.7)




By the construction of S} and Sy, for every i € [d] we have

(2.8)

SH
~

Pr [7’ =i and ({J1,J2};40) € Edge(S:, 52)] =

Using Inequality (2.7) and Equation (2.8),

d
oy T
Pr[({Jth};Zo) S Edge(ShSZ)] = Z(a |Z£|> < L 7|Uio|

i=1
Vd . .
= Pr [7“ =i and ({]17]2};20) € Edge(51, S2) |-

Consider this inequality for all edges ({ji,j2};%0) € Edge(S). Define Edge, (S, S2) C
Edge(S1, S») as the subset of the edges of the form ({ji, ja};7), where {j1,jo} € M,.
Then

1 Vd

> B[ Edge(S1, %)I] < B[| Bdge(s:, )] < 25 B[ Edge, (51, 52)] .
In the first inequality, we used our assumption Edge(S) # @), which implies that the
expected value of | Edge(Sy, S2)| is strictly positive. By the linearity of expectation,
we have

\/_

d 1
E|~=| Edge,(S1, 52)| — 5| Bdge(S1, )| > 0.

Therefore there exist an integer r € [d] and a real number ¢ € [0, L] such that

Vd

«

1
’ Edger(Sl, SQ)’ — 5’ Edge(Sl, 52)‘ > 0.

From this inequality we see that | Edge, (S1, S2)| is strictly positive. Hence S; and
Sy are nonempty. Since the pairs in M, are disjoint, we have |Edge,(S1,S2)] <
min{ |5, |S2|}. It follows that

2Vd
\Edge(51,52)| S Tm1n{|51|, |SQ|} ]

2.3.2 Proof of Theorem 2.4

By Corollary 2.10, it suffices to consider simple 2-query approximate LDCs. We
observe that, if the vector v;, — v;, was in the standard direction e; or —e; for all
i € [d] and {j1, 72} € M;, then for every S C V with |S| > 2, a hyperplane orthogonal
to an arbitrary standard direction would “cut” S into two parts S; and S, such that

Edge(S1, Ss) < min{|51|, ]5’2\},

with which one could derive an exponential lower bound by Corollary 2.12. (In this
case, the code would be an “exact” LDC for which an exponential lower bound is
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known. However, we will need the cut in our actual proof.) Based on this, a simple
idea is to round wvq,vs,...,v, to the vertices of a grid (with an appropriate grid
distance) so that the vectors v;, — v, will become “upright”. See Figure 2.2 for an
illustration.

Figure 2.2: The center of every dashed circle is a grid point. We wish to round all
points to their corresponding circle centers.

One easy way to do the rounding is to tile the space RY with hypercubes, and
move every v; to the center of the hypercube that contains it. However, this does not
work because the distances between the vertices of a hypercube can differ greatly (as
large as a multiplicative factor \/E), and it is impossible to find an appropriate grid
distance that all (or many) points are rounded to their ideal positions.

It would be helpful if there was a way to tile the space R? with “balls”, so that
during the rounding the points were moved by similar distances regardless of their
directions. In [KORW12|, the authors gave a randomized algorithm outputting a
“spherical cube” such that by moving it along every integral vector s € Z¢, one can
exactly tile (completely cover without overlap) the space R%. With a simple scaling,
this result also works for all positive grid distances other than 1. Let

gg:{gz:zEZd}

denote the vertices of the grid with grid distance g, where g > 0. We restate the
result of [KORW12] in terms of rounding:

Theorem 2.14 ([KORW12]). For every g > 0, there exists a randomized algorithm
that produces a mapping R: R? — G, with following properties:

1. R(x+8) = R(x)+ s for allz € R? and s € G,;
2. Pr[R(x) # R(y)] < (2n/g) - [l — y|2 for all x,y € R

In the following proof of Theorem 2.4, we will use the grid points R(v,) without
actually moving the points v; to R(v;). In fact, we will need multiple grids simulta-
neously with various grid distances, and different grids are used for different subsets
SCV.
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Proof of Theorem 2.4. Suppose that (V, M) is a simple 2-query («,d)-approximate
LDC of dimension d and length n. By Corollary 2.10, it suffices to prove

n= exp(Q(aé\/&)).

For an edge ({jl,jg}; z) € M and a subset of real numbers I C R, we say that
the edge is contained in I if
lvj, —vjll2 € 1.

We define constants ¢ = \/a—ag € (0,1) and ¢t = [(a — ag)™"%] € ZT. Partition

positive real numbers into disjoint intervals:

R = [(1 vl (14 s)‘“).

LeZ

Let I; (=0,1,...,t — 1) denote the union of the intervals with £ = j (mod ?), i.e.,

Ij _ U [(1 + E)kt—i—j7 (1 + E)kt-&-j-i-l).
kEZ

Then we have R™ = IoU I, U---UI,_;. Without loss of generality, we assume that I,
is the one among Iy, I1, ..., I;_; that contains the most number of edges. (Otherwise,
scale the arrangement by (1 + ¢)7 for some j € [t — 1].) Let M’ = (M, M3, ..., M)),
M C M;, denote the list of 2-matchings obtained by removing all edges not contained
in I,. We see that (V, M) is a simple 2-query («, §/t)-approximate LDC. Next, we
will restrict our attention to the code (V, M').

For an edge ({jl,jg}; 7,) € M’, since the edge is contained in Iy, there must exist
k € Z such that

s, = villa € [(1+ ), (1+2)1),

We call the integer k the level of ({ji,j2};%), and denote it by level({ji, j2};1).
Let ki, and k., denote the minimum and maximum levels of the edges in M’.
For every integer k € [kumin, kmax), We define

I+ + (1 +e)M (24+e)(1+e)

9k = 200 - 200 ’

and let Ry: RY — G, be the random mapping satisfying the properties of Theo-
rem 2.14 for the grid G,,. Note that for different values of k, the corresponding
mappings Ry are generated independently.

We say that an edge ({jl,jg};i) € M’ is good if the following properties are
satisfied:

1. For every k > level({j1, jo}; 1), there is Ry(v;,) = Ri(v},), i.e., vj, and vj, are
mapped to the same grid point by Rj.
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2. Let kg = level({jl,jg}; z) Then either Ry, (v;,) = Rk, (vj,)+ gk, €i or Ry, (v;,) =
Ry, (vj,) — gr,ei holds, i.e., v, and v;, are mapped to adjacent grid points along
the direction e; by Ry, .

Claim 2.15. Every edge ({jl,jg}; z) € M’ is good with probability at least 21(a—ay).
Proof. We use ko to denote level({ji, ja};4). There is

ijQ—vleQG[Qa 2a(1—|—€)>_[a_ o o ae)c[a £ 5)
ko 24+¢ 2+4e /J 2+’ 24/ 7 '

We consider the two requirements of an good edge one by one, and calculate the
probabilities that each of them is violated:

1. For every k > kg, we have

2T
Pr|Ru(v;) # Relvi)| < 7o = sl

<Ar- A oy

The probability that the first requirement is violated is at most

1 1 47
47 - — =47 — < —.
o, e = e <

2. Without loss of generality, we assume (v;, —v;,, ;) > 0. (Otherwise interchange

J1 and jo.) Then (v;, —v,,,e;) > al|v;, —v,, ||2. The probability that the second
requirement is violated is at most

Pr|Ry(vy,) # Bi(vs,) + guei| = Pr| Ri(vy,) # Ru(vs, + gres)

) ijz — U — greill2

2T
S _
gk
2 2 2
= 2l = vl 62— 200 (05, — 05
2
S -
gk

los, = 03,13+ 62 — 201 - allvg, —v5, ]

2
:271_ (HUJQ _,Ujl”2 —Oé) +1_a2
9k
2
§2m/1—a2—|—€z.
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Recall that ag = /1 —1/(47?), e = Ja —ap and t = [(a — ap) 1] > 73, Using

the union bound, the probability that ({ J1, 92} z) is a good edge is at least

4 2 2 2
1——7T—2m/1—042—|—€—21—47T52—27r\/1—(0404—62) + &
et 4 4

2
21—47T52—27r\/1—a(2)—204062+€z

:1—\/1—47r\/47r2—1-52+7r252—47r52

2.2

> orvVAn? —1-¢% — W; — 47e?
> 21e? = 21(a — ag). u

By a standard expected value argument, there exist mappings Ry: R? — G, for
every integer k € [kmin, kmax] sSuch that at least 21(a — «y) fraction of the edges are
good. We fix such mappings. Let M"” = (M{, M},..., M), M C M/, be the list
of 2-matchings obtained by removing all edges that are not good. Then (V, M”) is a
simple 2-query (a, 0’)-approximate LDC, where

21(a — ap)
[(o = )~

In the last step, we used (o —ap)™® > (1 —ap)™*% > 600. Now we consider the code

(v,M").

Claim 2.16. Consider the graph G = (V, M"). For every S CV with |S| > 2, there
exist disjoint nonempty S1, Sy C .S with S1 U Sy = S such that

8 > (0/t) - 21(a — ag) = -5 >20(a — ag)*? - 6.

| Edge(Sl, SQ)| S min{|Sl|, |SQ|} (29)

Proof. 1f there are no edges in the subgraph induced by S, an arbitrary choice of Sy
and S, satisfies Inequality (2.9). We only consider the case that Edge(S) is nonempty.
Suppose that ({jf,j;};i*) € Edge(S) is the edge with the maximum level and let
ko = level({ji,j3};7*). We will find S; and S, using the mapping Ry,. Without loss
of generality, assume Ry, (vjs) = Ry, (vjx) + gro€s. (If this does not hold, there must
be Ry, (vj;) = Ry, (vj:) — gro€i- and we interchange jj, j;.) Partition S into S; and
Sy according to the i*th coordinates of Ry, (v;):

Si = {v; € S (Ruy(v)), €) < (Ruy(v37), ) |,
Sy = {v; € 5+ (Biy(v;), e10) > (Riy (vs5), ) .
Clearly, S;, Sy are nonempty and S; U Sy = S. It remains to prove Inequality (2.9).

We consider an edge ({j1,j2};7) € Edge(S). By the definition of good edges and
ko > level({jl,jg}; i), we see that there are two cases:
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1. If ko > level({j1,jo}; ), there is Ry (v;,) = Ry, (v;,) and vj,, v, must be in
the same one of Sy, S,. Hence ({jl,jg}; z) ¢ Edge(Sy, S2).

2. If ko = level ({Ji1, j2}; %), Rk, (vj,) and Ry, (v;,) differ only at the ith coordinate.
In this case, ({j1,j2};4) € Edge(S1,S2) only if i = i*.

We have that for all edges ({j1,72};i) € Edge(S1,S2) there is i = i*. Since the pairs
{j1,J2} in M;« are disjoint, Inequality (2.9) follows immediately. [

Using Claim 2.16 and Corollary 2.12, we have

n Z 45ld Z 420(&7&0)2'55d'

Therefore Theorem 2.4 is proved. O

2.4 A lower bound for general approximate LDCs

In this section we prove Theorem 2.5. Our idea is based on a result of [KT00] that
gives a super-linear lower bound for ¢g-query “exact” LDCs. We briefly sketch the
proof in [KT00] (with our notations and assuming 0 is a constant) as the following
three steps:

q—1

1. Sample a random list of indices S = (j1, J2, ..., Jji) € [n]*, where t = @(n q );

2. Show that with high probability such an S contains g-tuples from Q(d) different
g-matchings M;;

3. Since each of the above Q(d) g-tuples is a set of codeword coordinates that
determines a different entry of the original message, there must be t = )(d) by

an information theoretic argument, which yields a lower bound n = Q(dq%l)

For approximate LDCs, noting that a g-tuple of codeword coordinates does not deter-
mine an entry of the original message, we will replace the third step with a spectral
argument that shows the rank of the vectors v;,,v;,,...,v;, is Q(d) (which also im-
plies t = Q(d)).

We need the following variant of a well-known lemma (see for example [Alo09,
BDWY13, DSW14b]) that gives a lower bound on the rank of diagonal dominating
matrices:

Lemma 2.17. Let D be any square matrix with positive real numbers on the diagonal.

We have
tr(D)?

IDIE

rank(D) >

where || - | denotes the Frobenius norm.
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Proof. Let r denote rank(D). We take a singular value decomposition of D:
D = PYQ",

where ¥ is the diagonal matrix consists of singular values of D, and P, Q* are unitary
matrices. Say the positive singular values of D are o1, 09,...,0,. The lemma follows
immediately from

T 2 T
tr(D)? = tr(PZQ*)2 = tr(E(Q*P))2 < <Z Ui) < TZU? = 1| Dl H
i=1 i=1

We will also use [KT00, Lemma 5], which is restated below:

Lemma 2.18 ([KT00]). Let ¢ > 2 be a constant and M be a g-matching consists of

1 g—1

yn disjoint q-tuples of [n|, where v < 1/q. There exists an integer t = @(”y_EnT)
such that if we sample a list S = (j1,j2, ..., J:) € [n]" uniformly at random,

3
Pr|S contains a g-tuple in M] > T

We now give the complete proof of Theorem 2.5:

Proof of Theorem 2.5. We first show that there are at least ¢dd/2 values of i € [d]
such that |M;| > dn/2. Assume the opposite. Then, since |M;| < n/q for every
i € [d], there is

q6%dn

S < |Ma| + 1Mo -+ [Mo] < B8 2 (g B8) 22 g, 2000
2 g 2 ) 1

We arrived at a contradiction. Therefore we can find at least ¢dd/2 g-matchings
among My, Ms, ..., My such that each of them has size at least on/2.

Set v = 0/2 in Lemma 2.18. Using a standard expected value argument, we
can see that there exists a list S = (j1,J2,...,7:) € [n]" containing g-tuples from
at least (3/4) - (q0d/2) = Q(dd) different g-matchings, where ¢t = @((Tén%l). Let
M;,, My, ..., M;, be these g-matchings, where d’ = Q(dd) and iy, iy, ..., ig € [d].

Next, we show ¢ > o?d’, which will immediately imply Theorem 2.5:

q—1

t=0(5 T ) > a’d = 0(a*d) — n=Q(5i1(a’d)iT).

For every i € {iy,is,...,i4}, we can find a g-tuple {jgi),jéi), o ,j(gi)} C S that is in
M;. By Definition 2.1, there is a vector

u; € Span{v.m,'v.(i), o ,'v.m} - span{'vj}
1 J2 Jq jes

with weight,(u;) > . Without loss of generality, we assume that u; is a unit vector
and the ith coordinate of w; is at least a. (Otherwise the ith coordinate must be at
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most —«, and we replace u; with —u;.) We define u} € R? as the subvector of u;
consists of the coordinates with indices i1, s, ...,ip. Let D € R¥*? he the matrix
consists of columns u; ,u;,, ... ,u;d,. Clearly, every entry on the diagonal of D is at
least «, and every column of D has norm [|u}||s < 1. Using Lemma 2.17,

t> rjael}gk{vj} > rank{uil,uh, o ,uid,} > rank{u;l,u;27 o ,ugd,}
dl 2
= rank(D) > (ad’) = o’d.
Thus the proof is finished. m
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Chapter 3

Sylvester-Gallai for Arrangements
of Subspaces

In this chapter, we prove the subspace version of the Sylvester-Gallai theorem. We
first state our result in Section 3.1. Then we reduce our version of the Sylvester-
Gallai theorem to a more convenient notion called («, d)-system in Section 3.2. Next,
in Section 3.3 we prove the subspace version of a theorem of Barthe [Bar98|, which
is a key technique used in our proof. Finally, we prove our main theorem for («, d)-
systems in Section 3.4, which implies the subspace version of the Sylvester-Gallai
theorem. The results in this chapter are also included in [DH16].

3.1 (Generalization of the Sylvester-(allai
theorem

The Sylvester-Gallai theorem states that for n points vy, v, ..., v, € R, if for every
pair of points v;,,v;, there is a third point v;, on the line passing through v;,, v,,,
then all points must lie on a single line. This was first posed by Sylvester [Syl93],
and was solved by Melchior [Mel40]. It was also conjectured independently by Erdos
[Erd43] and proved shortly after by Gallai. We refer the reader to the survey [BM90]
for more information about the history and various generalizations of this theorem.
The complex version of this theorem was proved by Kelly [Kel86] (see also [EPS06,
DSW14b] for alternative proofs) and states that if vy, vs,...,v, € C* and for every
pair v;, , v;, there is a third v;, on the same complex line, then all points are contained
in some complex plane (there are planar examples and so this theorem is tight).

In [DSW14b] (based on earlier work in [BDWY13]), the following quantitative
variant of the Sylvester-Gallai theorem was proved:

Theorem 3.1 ([DSW14b)). Given n points vi,vs,...,v, € C'. Suppose that for
every point v;, (iy € [n]) there are at least §(n — 1) other points v;, (ia € [n]\ {i1})
such that there is a third point v, (is € [n]\ {i1,i2}) on the the line passing through
Vi, Vi,. Then vy,vs,...,v, are contained in an affine subspace of dimension at most

12/6.
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The dependence on ¢ in the above theorem is asymptotically tight as one can
place the n points on 1/6 lines so that the dimension of the arrangement is €(1/6).

From here on, we will work with homogeneous subspaces (passing through zero)
instead of affine subspaces (lines, planes, etc.). The difference is not crucial to our
results and the affine version can always be derived by intersecting the homogeneous
version with a generic hyperplane. In this setting, the above theorem will be stated
for n one-dimensional subspaces (spanned by vy, vs, . .., v, respectively, where no two
v;’s are multiples of each other) and collinearity of v;,, v;,,v;, is replaced with the
three vectors being linearly dependent (i.e., contained in a two-dimensional subspace).

One natural high-dimensional variant of the Sylvester-Gallai theorem, studied
in [Han65, BDWY13|, replaces three-wise dependencies with ¢-wise dependencies
for general values of t. We now raise another natural high-dimensional variant in
which the points themselves are replaced with k-dimensional subspaces. We consider
an arrangement of subspaces with many three-wise dependencies (defined appropri-
ately) and prove that the entire arrangement lies in some low-dimensional space. Let
Vi,Va,...,V, C C’ be k-dimensional subspaces such that every pair {V;,,V,} sat-
isfies V;, N V;, = {0}. A dependency can then be defined as a triple {V;,, Vi,, Vi, }
contained in a single 2k-dimensional subspace. The pairwise zero intersections guar-
antee that every pair of subspaces defines a unique 2k-dimensional space (i.e., their
span) and so, this definition of dependency behaves in a similar way to collinearity.
For example, we have that if V;,,V;,, Vi, are dependent and V;,, V;,,V;, are dependent
then also V;,,Vi,, Vi, are dependent. This would not hold if there were pairs with
nonzero intersections. In fact, if nonzero intersections were allowed, we can construct
an arrangement of two-dimensional subspaces with many dependent triples and with
dimension as large as /n (see below). We now state our main theorem, generalizing
Theorem 3.1 (with slightly worse parameters) to the case k > 1:

Theorem 3.2. Let Vy, Vs, ..., V, C C* be k-dimensional subspaces such that V;N\Vy =
{0} for alli #1i' € [n]. Suppose that for every iy € [n| there exists at least dn values
of ig € [n] \ {i1} such that V;, + Vi, contains some V;, with iz € [n] \ {i1,i2}. Then

dim(Vy + Vo + -+ + V) = O(K* /5!,
where O(+) hides an absolute constant independent of 0, k or n.

In the statement of this theorem, we use the standard V + U notation to denote
the subspace spanned by all vectors in V U U, and for a set S C C* we denote by
dim(S) the smallest d such that S is contained in a d-dimensional subspace of C*.

Theorem 3.2 can be considered as a result for 2-query linear block LCCs over C.
See Section 1.1.2 for the connections. The condition V; NV, = {0} is needed due to
the following example: Set k =2 and n = £(¢ — 1)/2, and define the n subspaces to
be V;; = span{e;, e;}, where {e1,es,...,e,} is the standard basis of RY. Then for

n a recent work [DGOS16], the upper bound was improved to O(k/d). This is optimal since
one can always construct an arrangement with dimension 2k/§ by partitioning the subspaces into
1/6 groups, where each group is contained in a 2k-dimensional space.
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each (i,7) # (¢,7'), the sum V;; + Vs, contains a third subspace (since the size of
{i,7,7',7'} is at least three). However, this arrangement has dimension ¢ > \/n.

3.1.1 Overview of the proof

A preliminary observation is that it suffices to prove the theorem over R. This is
because an arrangement of k-dimensional complex subspaces can be translated into
an arrangement of 2k-dimensional real subspaces (this will be proved at the end of
Section 3.2). Hence, we will now focus on real arrangements.

The proof of the theorem is considerably simpler when the arrangement of sub-
spaces Vi, Vo, ..., V, satisfies an extra “robustness” condition, namely that every two
subspaces in a dependent triple have an angle bounded away from zero. More for-
mally, for every two unit vectors v; € V;, and vy € V;, we have |(vi,v9)| < 1 — 7 for
some absolute constant 7 > 0. This condition implies that, when we have a depen-
dency of the form V;, C V;, +Vj,, every unit vector in V;, can be obtained as a linear
combination with bounded coefficients (in absolute value) of unit vectors from V;,,
Vi,. Fixing an orthonormal basis for every subspace, we are able to construct many
local linear dependencies among the basis vectors, as there are many three-wise de-
pendencies among the subspaces. We then show (using the bound on the coefficients
in the linear combinations) that the space of linear dependencies between all basis
vectors, considered as a subspace of R¥, contains the rows of a kn x kn matrix that
has large entries on the diagonal and small entries off the diagonal. Since matrices
of this form have high rank (by a simple spectral argument), we conclude that the
original set of basis vectors must have small dimension.

To handle the general case, by generalizing a theorem of Barthe [Bar98|, we show
that unless there exists some low-dimensional subspace W intersecting many of the
subspaces V; in the arrangement, we can find a change of basis that makes the angles
between the subspaces large on average (in which case the previous argument works).
This gives us the overall strategy of the proof: If such a W exists, we project W to
zero and continue by induction. The loss in the overall dimension is bounded by the
dimension of W, which can be chosen to be small enough. Otherwise (if such W does
not exist) we apply the change of basis and use it to bound the dimension.

3.2 Reduction to («,d)-systems

We introduce the notion of («, d)-system, which is used to “organize” the dependent
triples in an arrangement of subspaces in a more convenient form. In an («, 6)-system,
every subspace appears in many triples and every pair of subspaces appears together
only in a few triples.

Definition 3.3 ((a, d)-system). Given a list of subspaces V = (V1,Va,...,V,), V; C
R’, we call a list of index sets S = (S, Sa,...,S5), S; C [n], an («,d)-system (a €
Zt,0>0)of Vif
1. |Sj| =2 or 3 for every j € [w];
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2. If || = 2, say S; = {i1, 12}, we have V;, = V,;

If |S;| = 3, say S; = {i1,42,73}, we have V;; C V,, +V,, Vi, CV;, + Vi, and
Vis C© Vi + Viy;

3. Every i € [n] is contained in at least on sets of S;
4. Every pair {i1,i2} C [n] (i1 # i2) appears together in at most « sets of S.

We note the following differences in the setting of (a, §)-systems and that of the
Sylvester-Gallai theorem for subspaces: (1) We allow dependent pairs as well as
triples in (a, d)-systems, as pairs might arise when we apply a linear map on the
arrangement; (2) We allow § > 1 in (a, §)-systems, whereas in the statement of the
Sylvester-Gallai theorem we have § € [0, 1]; (3) We only consider subspaces over real
numbers in («, d)-systems, and we will show that the Sylvester-Gallai theorem for
complex subspaces can be reduced to an («, §)-system for real subspaces.

We now state a few simple observations.

Lemma 3.4. Let V = (V1,Va,...,V,), Vi C RY, be a list of subspaces that has an
(o, 0)-system S = (S1,S2,...,5), S; C [n]. Then én*/3 < w < an?/2 and §/a <
3/2.

Proof. We consider the sum ) |S;]. By the definition of («, d)-systems,

JElw]
n-on < Z 1S;] <3w = n?/3 < w.
S

Then we consider the number of pairs zje[w] ('52”)7

w< (!iﬂ) < oz(Z) < an?/2.

jEw]
It follows that §/a < 3/2. O

Lemma 3.5. Given a list of subspaces V = (Vi,Va,...,V,,), Vi C RY, and a list of
index sets S = (S1,52,...,50), S; C [n]. If w > dn* and S satisfies the first, second
and fourth requirements in Definition 3.3, there must exist a sublist V' of V and a

sublist " of S such that |V'| > dn/(2a) and 8" is an («,§/2)-system of V'.

Proof. We iteratively remove every V; such that ¢ appears in less than dn/2 index
sets, and remove the index sets in which ¢ appears. There were n subspaces in
total, so eventually we remove at most n - 0n/2 index sets, and we have at least
on? — on?/2 > 6n*/2 > 0 remaining index sets. Since there are remaining index sets,
there are also remaining subspaces. Let V;, be a remaining subspace. Because 7,
appears in at least dn/2 index sets and each pair {i1,is} (i2 € [n]\ {i1}) appears in
at most « index sets, there are at least dn/(2«) remaining subspaces. Let V' be the
list of these subspaces and S’ be the list of the remaining index sets. Changing the
indices to 1,2,...,|V'|, we see that &’ is an («, §/2)-system of V'. O

29



Lemma 3.6. Let V = (V1,Va,...,V,,), Vi C RY, be a list of subspaces that has an
(v, 8)-system S = (S1,S9,...,Sw), S; C [n]. Then for any linear map P: R* — R,
S is also an (o, 0)-system of V' = (V{, V4, ..., V), where V] = P(V;).

Proof. This is trivial since if V;, CV,, +V;

39
‘/;/1:P(V;1)gP(VL2+V;3):P(‘/12)+P(‘/Z3):‘/;/2+‘/;; u

Lemma 3.7. Let V = (V1,Va,...,V,), Vi C RY, be a list of subspaces that has an
(v, 8)-system, P: R* — R be any linear map, and V' = (V{,Vy,..., V) be the
list of nonzero (not {0}) subspaces among P(Vy), P(Va), ..., P(V,). Suppose V' is
nonempty. Then V' has an («,d")-system, where ¢’ = dn/n’.

Proof. By Lemma 3.6, we can find an («, §)-system S = (51,53, ...,54), S; C [n],
of the list (P(V1), P(Va),..., P(V,)). For every i € [n] with P(V;) = {0}, we remove
i from all S;’s that contain ¢. And let S7,S5%,..., 5], denote the index sets after this
procedure. We claim that for every j € [w], |Sj| = 0, 2 or 3 and for [S}| > 0, 5]
satisfies the second requirement in Definition 3.3.

We first show that [Si| # 1. Assume there is some j € [w] with |S}] = 1, and
say S; = {i}. Then we have P(V;) C {0} + {0} (if the original S; contains three
elements) or P(V;) = {0} (if the original S; contains two elements). In both cases
we have P(V;) = {0} and i should have been removed from S}, which leads to a
contradiction.

Next, if S| = |Sj], S} satisfies the second requirement in Definition 3.3 since
S% = Sj. It remains to consider the case that |Sj| = 2 and |S;| = 3. Say S; =
{i1,42,43} and S§ = {i1,42} (i.e., P(V;,) = {0}). We have P(V;,) C P(V;,) + {0} and
P(Vi,) € P(Vi,) +{0}. It follows immediately that P(V;,) = P(Vj,). Therefore Sj
satisfies the second requirement in Definition 3.3.

Note that for every i € [n] with P(V;) # {0}, 7 appears in én = 0'n’ sets 7. We
remove empty sets from S7,S55,...,S5,. One can see that the remaining list of sets
(with indices in them changed to 1,2,...,n/) is an («, d’)-system of V. O

Theorem 3.2 (the Sylvester-Gallai theorem for subspaces) will be derived from the
following Theorem 3.8, which gives an dimension upper bound for («a, d)-systems. We
defer the proof of Theorem 3.8 to Section 3.4.

Theorem 3.8. Suppose that V = (Vi,Va, ..., V), Vi CRE, is a list of subspaces that
has an («, d)-system, and k > dim(V;) for every i € [n]. Then
dim(Vi + Vo + -+ + V) = O(®k*/6%),

where O(+) hides an absolute constant independent of a, 6, k and n.

Proof of Theorem 3.2 using Theorem 3.8. In this proof, we use spang to denote the
span using real coefficients, and span; to denote the span using complex coefficients.
For every j € [n], let {v;1,vj2,...,vj;} be a basis of V; and define

V= SpanR{Re('vjl), Re(v)s), . .., Re(v;e), Im(v;1), Im(vj2), . . . ,Im(’vjk)}.
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Claim 3.9. IA/j = {Re(v) : v € V}} for every j € [n].

Proof. For every v € \A/j, there exist Ai, Ao, ..., Ak, ft1, ft2, - - ., ix € R such that

v

<)\s Re(vjs) + s Im(’”js)) = i <>‘s Re(vjs) + s Re(_ivj8)>

=1 s=1

= Re(i()\s — ws)vjs).

s=1

E

vl

Since \; — ips (s € [k]) can take all values in C, the claim is proved. |

We need the following claim from [BDWY13, Lemma 6] based on [Hil73, Theo-
rem 4]:

Claim 3.10 ([BDWY13|). Given a set A of r > 3 elements, we can construct a
family of r* —r triples of elements in A with the following properties: (1) Every triple
contains three distinct elements; (2) Every element of A appears in exactly 3(r — 1)
triples; (3) Every pair of two distinct elements in A is contained together in at most
6 triples.

We say a 2k-dimensional vector space U C C' is special if U contains at least
three of Vi, Vs, ..., V,,. We define the size of a special space as the number of Vs
contained in it. For a special space U with size r > 3, we consider the indices of
the r subspaces in U, and pick r? — r triples of these indies with the properties in
Claim 3.10. Let S be the family of the triples picked for all special spaces.

Claim 3.11. S is a (6,30)-system of V = (‘71, Vo, ..., 17n)

Proof. For every triple {j1,j2,js} € S, we can see that V},,V},, V}, are contained in
the same 2k-dimensional special space. And by V;, N'V,, = {0}, the space must be
Vi, +Vj, and hence Vj, CV;, +Vj,. By Claim 3.9,

~

Vi, = {Re(v) tv € VJS} C {Re(u) + Re(w) :u eV, w e VJZ} = ‘7]-1 —i—‘A/jQ.

Similarly, le C ‘//\}2 + ng and ‘7j2 C 17j1 + 1//\}3.

Next, since for every j; € [n], there are at least dn values of j, € [n] \ {j1} such
that there is a special space containing V}, and Vj,, the number of triples in S that
contains j; is

S 3(sie@) -1)=3 Y ){jg £j1:V, CUY > 36n.
special space U special space U
s.t. V;, CU s.t. V;, CU

Finally, every pair {ji, 72} C [n] appears in at most 6 triples because V},, V, are
contained in at most one special space and {ji,jo} appears at most 6 times in the
triples constructed from this special space. [ |
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By Theorem 3.8, there is dim(‘z + Vot ‘?n) = 0(62(2k)*/(36)%) = O(k*/5?).
Then noting

Vi+Vo4.---4+V, C spang Re(vjs)a Im(vj3>}7

jeln]selk]

‘71 + ‘72 4+ ‘771 = spang {Re(vjs), Im(”js)}»

j€n),s€k]

we have dim(V; + Vo +---+ V) < dim(f/l F Vot et \A/n) = O(k*/8?). O

3.3 Barthe’s theorem for subspaces

In this section, we generalize a theorem of Barthe [Bar98] from the one-dimensional
version (points) to higher dimension (subspaces)?. Using this theorem, we can find
a change of basis that brings a set of subspaces to “well-separated” positions (i.e.,
every two subspaces in a dependent triple have large angles), which a key step in our
proof of Theorem 3.8 (see Section 3.1.1 for an overview of the entire proof). The
one-dimensional version of Barthe’s theorem was also proved in [DSW14al|, which
gives the first super-quadratic lower bound for 3-query LCCs. To state the subspace
version of the theorem, we need the following definition:

Definition 3.12 (admissible basis set and vector). Let V = (Vi,V5,...,V,), V; CR*
be a list of subspaces. An index set H C [n] is called a V-admissible basis set if

dim(z w) =Y dim(V) = dim(Z V)

icH i€[n]

i.e., the subspaces with indices in H span the entire Zie[n]
with index in H has intersection {0} with the span of the other subspaces with indices
in H.

A V-admissible basis vector is the indicator vector 1y € {0,1}" of some V-
admissible basis set H.

V;, and every subspace

The subspace version of Barthe’s theorem is as following:

Theorem 3.13. Given a list of subspaces V = (Vi,Va, ..., V,,), Vi C R, with V; +
Vo+ -+ V, =R and a vector p = (p1,p2,-..,pn) € R™ in the convex hull of all
V-admissible basis vectors. Then there exists an invertible linear map M : R* — R*
such that

> piProjyyy = lexe,

i=1
where M (V;) is the subspace obtained by applying M on V;, and Projy v, denotes the
orthogonal projection matriz onto M(V;).

2Following the initial publication of this work in an earlier version of [DH16], it was brought to
our attention that Bennet et al. [BCCTO08] already proved a high-dimensional version of Barthe’s
result and, in fact, our generalization could also be derived (with some work) from their results.
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The proof of the one-dimensional case in [Bar98] proceeds by defining a strictly
convex function f(tq,...,¢,) on R™ and shows that the function is bounded. This
means that there must exist a maximum point at which all partial derivatives of f
vanish. Solving the resulting equations gives the required invertible map. We follow
a similar strategy, defining an appropriate bounded function f(ty,...,tm, R, ..., Ry)
with more variables, where the extra variables Ry, ..., R, represent the action of the
orthogonal group O(k) on each of the subspaces. However, in our case, we cannot
show that f is strictly convex and so a maximum might not exist. Instead we show
that there exists a point at which all partial derivatives are very small (smaller than
any € > 0), which is sufficient for our purposes.

We introduce the function f(t1,...,tm, R1,. .., R,) in Section 3.3.1, and show that
there is a point with very small partial derivatives in Section 3.3.2. Then we prove
Theorem 3.13 (the subspace version of Barthe’s theorem) in Section 3.3.3. Lastly, in
Section 3.3.4 we state a convenient variant of the theorem that will be used later in
the proof of our main result Theorem 3.8.

3.3.1 The function and basic properties

We use the notations V = (4, V4, ..., V,,) and p = (p1, pe, - . ., pn) that are introduced
in the statement of Theorem 3.13. Let kq, ko, . . ., k, be the dimensions of Vi, Vs, ...,V
respectively and m = ky + ko + - -+ + k,,. For every i € [n], we fix {v;1, V2, ..., VK, }
to be some basis of V; (not necessarily orthonormal). A set I C [m)] is called a good

basis set if
I= U{(z 1, (0,2),..., 0 ki)}
ieH
for some V-admissible basis set H. We can see that for any good basis set I, the set
{vi; : (i,j) € I} is a basis of R®. Throughout our proof, we identify [m] with pairs
(i,7), where i € [n], j € [k;], and for a vector @ € R™ we use a;; to denote the entry
at position > .,_. ks + j. Let v € R™ be the vector with

i<i
Yij =pi Vi€ [n],j € [ki]. (3.1)
For a list of vectors ay,as, ..., a,, we use [ai,as,...,a,] to denote the matrix con-
sisting of columns ay, @, ..., a,. Let O(s) be the group of s x s orthogonal matrices.

Define X : R™ x O(ky) x - - - x O(k,,) — R as the following matrix valued function:

X(t, Ry,...,R,) = Z €t“i13ijil3¢jT7 (3.2)

i€[n],j€lki]

where for every i € [n] the vectors x;; are given by

[mil, L2,y - - - #&k] = [%’17 Vig, ... >'Uiki] - R;. (3-3)
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We note that for i € [n], j € [ki], ;; is a function of R; and {x;1, Ti2, . .., i, } is also
a basis of V. Define f: R™ x O(k;) x --- x O(k,) — R as

Ft, Ry, Ry) = (v,t) — Indet(X).

The next lemma shows that the function f is bounded from above over its domain.
The proof is similar to [Bar98, Proposition 3].

Lemma 3.14. There exists a constant C' € R such that f(t, Ry,..., R,) < C for all
values of t, Ry, ..., R,.

Proof. In this proof, we use F = ([m]) to denote the family of all /-element subsets
of [m]. For I C [m], we use 1; € {0,1}"™ to denote the indicator vector of I. Since
p is in the convex hull of all V-admissible basis vectors, we can write v (defined in
Equation (3.1)) as a convex combination of indicator vectors of good basis sets:

Y= 2#111, (3.4)

IeF

where py € [0,1], > puy =1 and puy # 0 only if T is a good basis set.
In the proof, we will use the Cauchy-Binet formula (see [BW89, Section 4.6])
which states that for an ¢ x m matrix A and an m x ¢ matrix B,

det(AB) =) _ det(A;)det(By), (3.5)
IeF

where A; denotes the ¢ x ¢ submatrix of A consisting of columns with indices in 7,
and B; denotes the ¢ x ¢ submatrix of B consisting of rows with indices in I.

For I € F, we use L; to denote the ¢ x £ matrix consists of columns x;; for all
(1,7) € I. By Equation (3.5),

det(X) = det( Z et”zcijzcijT>

i€[n],j€lk;]
= det([a:u, U A R [y T U ,et"’“na:nkn]T>
- Z(det(L,) “det(ZT) [ et”)
IeF (i,9)el
= Z elt11) det(L;)?
IeF

Then by the weighted AM-GM inequality,

t]-I L 1221
det(X Z,ul det LI > H( det( D)* ) .

ICF: ICF:
p1#0 p170
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Using Equation (3.4),

I
det(X) > et H (M) I'
IeF: Hi
pr#0

Take the logarithm of both sides, and we are able to cancel the variable ¢ in f:

Ft, Ry, Ry) = (7,t) — Indet(X) < I; ir h(ﬁ). (3.6)
11170

Since I is a good basis set for u; # 0, the matrices L; in the denominators have
full rank. Recall that the columns x;; in L; are functions of the orthogonal matrices
Ry, ..., R, (see Equation (3.3)). We can see that the right side of Equation (3.6) is a
well-defined continuous function over the compact set O(k;) x - - - x O(k,). Therefore
there exists a finite upper bound for f. n

3.3.2 Finding a point with small derivatives

The matrix X as defined in Equation (3.2) is always positive definite, since for any
w # 0,
w' Xw = Z el (xi;, w)? > 0,

i€[n],j€[ki]
provided that @i1,...,..., T, span the entire space R® (guaranteed by V; + V5 +
e+ Vo =RY. Let M: R™ x O(ky) x --- x O(k,) — R be any invertible matrix
satisfying

M™M=X""
In a later part of the proof, we will show that the linear map defined by M “almost”
satisfies the requirement of Theorem 3.13 when £, Ry, ..., R, take appropriate values,
and based on this, we can show the existence of the required linear map.

We first find a value of (Ry, ..., R,,) for every t € R™ with some specific properties,
and then find an appropriate value of ¢.

Lemma 3.15. For every t € R™, there exists Ri(t) € O(ky),...,R:(t) € O(k,)
satisfying

Lf(6RI®), . Ry6) = max {F(t Ry, R}
2. For every i € [n], if t;j = t;j for some j # j' € [ki], then
<MZBZ']', Mwij/> = O,

where x;j, x;j and M denotes their values at (t, Ri(t), ..., Ri(t)).
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Proof. The first condition can be satisfied because of the compactness of O(k;) x
-+ x O(ky,). We will show how to change (Rj(t),...,R;(t)), which already satisfies
the first condition, so that it also satisfies the second condition.

Fix an ¢ € [n]. We partition the indices of ¢;1,t;, ..., ty, into equivalence classes
J1, ..., Jy C [k;] such that ¢;; = ¢;; for j, ;" in the same class and t;; # t;;» for j, 7’ in
different classes. We use t;, to denote the value of ¢;; for j € J,, and L, to denote
the matrix consisting of all columns x;; with j € J,.

The terms in X that depend on R; are

) (eth > CBz‘jiBijT) = (e Ly Ly ") =) (" L5QiQ Ly T),

re(b] Jj€JIr relb refb)

where @, can take any |J,.| x |J.| orthogonal matrix. Hence if we change the variable
Ri(t) to R;(t)-diag(Q1, . .., Qp), or equivalently, change L, to L, Q, for every r € [b],
the matrix X will not change, which means M and f will not change. Next, we find
appropriate J1,...,Q, and apply the change.

For every r € [b], we claim that there exists an orthogonal matrix ), such that
the columns of M L; @), are orthogonal. In fact, take a singular value decomposition
of MLy,:

ML, = PXQT,
where P is an ¢ x ¢ orthogonal matrix, ¥ is £ x |J.| matrix with nonzero entries only
on the diagonal, and @ is an |J,| X |J.| orthogonal matrix. It suffices to take @, = Q.

We find such Q1,...,Q, and change R} (t) to R;(t) - diag(Q1,...,Qs). One can

see that the second condition of Lemma 3.15 is satisfied while the matrix M and the

value of f (which is still the maximum) are preserved. Doing this for every i € [n],
we obtain the required (Rj(t),..., R} (t)). O

Next, we show that there is a t* € R at which all partial derivatives are small:

Lemma 3.16. For any ¢ > 0, there exists t* € R™ such that for alli € [n], j € [ki],

of
c(%ij

(&, Ri(t"),...,RL(t")| <e,
where for every t € R™, (R;(¢),..., R;(t)) denote an arbitrary choice of orthogonal
matrices that satisfy the requirements of Lemma 3.15.

This lemma follows immediately from the following more general lemma, as we
have shown that f(¢, Ry, ..., R,) is bounded from above in Lemma 3.14.

Lemma 3.17. Let A CR" (h € Z* ) be a compact set. Suppose f: R™ x A — R and
y*: R™ — A are functions satisfying the following properties:

1. f is bounded from above and continuous on R™ x A;
2. F R™ * = :
or every € K, f(a:,y (33)) r;leaﬁc{f(w,y)},
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3. For every fixedy € A, f(x,y) as a function of x is differentiable on R™.

Then, for every e > 0, there exists an * € R™ such that for every i € [m),

of
8:1:1»

(xty*(w*))\ <.

Proof. We use f*(x) to denote f(a,y*(x)) in this proof. For the sake of contradiction,
assume that for any & € R™, there is an index i € [m] such that

of
8@»

(w,y*(w))‘ > ¢,
It follows that there exists ' # x with

@) = f(@) = f(ay (@) — fz.y'(®) 2092 [ — 2.

We consider the following nonempty set for x € R™:
G(x) = {:c ER™: fH (') — f*(z) > 09 |2 — z|» > o}.

Claim 3.18. For any xy € R™, 1 € G(xy) and x5 € G(x1), we have o € G(xy).
Proof. By the definitions of G(xy) and G(x1),
fH (@) — (o) = (f*(22) — f*(x1)) + (f (1) — f*(20))

>0.9¢ - ||y — x1]]2 + 0.9¢ - |1 — 0|2

Z 0.9¢ - ||$2 — $0||2.
We conclude the proof by noting x5 # g, which follows from f*(xs) > f*(x1) >
f* (o). u

Claim 3.19. For any xy € R™, there exists some x1 € G(xo) with the following
properties: (1) ||@1 — xolla > ||@® — 0|2 for any x € G(xo); (2) f*(x1) > f*(x) for
any & € R™ with || — xol|2 = |1 — xol|2-

Proof. Fix g € R™. We define

9(x,y) = f(z,y) — f*(x0) — 0.9¢ - ||& — o |2,

and

G = {(m,y) eR" xA:g(z,y) > 0} =g ([0, +00)).

Clearly, G # (). We show that G is compact. Since f(x,y) is bounded from above,
we have g(x,y) < 0 for any («,y) with sufficiently large || — x¢||2. Hence G is
bounded. The function g(x,y) is continuous since f(x,y) is continuous. Hence
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g= gil([O, —l—oo)) is closed. Therefore G is compact, and there exists

Z = max {|x — xo||2}.
(w,y)eg{ }

We have Z > 0, because for any & € G(#o), there is (z,y*(x)) € G and ||z —x|2 > 0.
We consider the compact set

B:{weRm:Hw—xo||2:Z}><A,

and let (:cl, y*(:cl)) € B be any point where f is maximized over B. To prove the

claim, it suffices to show @1 € G(x,). In fact, pick any (x,y) € G with ||@ — x|, = Z
and there is

[ (@) = [ (@o) = fl@,y) — [ (0) 2 0.9 - ||& — @o|2 = 0.92 - ||y — @p[]2 > 0. W

We fix xg, x1, 2 € R™ such that x; € G(xy), 2 € G(x1) and x; satisfies the
properties in Claim 3.19. By Claim 3.18, we have &y € G(x). Since x2 € G(x1), we
have f*(x2) > f*(x1). Combining x5 € G(x), f*(x2) > f*(x1) with Claim 3.19, we
can see ||@y — xgllo < ||®1 — @o||2. We consider the the compact set

C = {33 e R™: ||33 — 330”2 < ||a:1 — 1,'0”2} X A,

and let (z*,y*(x*)) € C be any point where f is maximized over C. We have f*(z*) >
f*(x2) > f*(x1). Hence ||z* — xplla < |1 — @ol|2 by Claim 3.19. This means that
x = x* is a local maximum of f(x,y*(x*)) with y = y*(x*) fixed. Therefore

af
8ZEZ‘

(z*,y"(x*)) =0 Vie [m] O

3.3.3 Proof of Theorem 3.13

Before the proof, we need the following lemma:

Lemma 3.20. Given any € > 0. Suppose t*, R (t*), ..., R:(t*) satisfy the require-
ments of Lemma 3.15 and Lemma 3.16. Let M and x;; (i € [n],j € [ki]) denote their
values at (t*, Rj(t*),..., R;(t*)). Then we have (M, Mx;;) = 0 for all i € [n]
and j # j' € [ki].

Proof. In the proof we also use X to denote its value at (¢*, R;(t*), ..., R;(t*)). We
fix i € [n], j # j' € [ki], and prove (Max;;, Mx;;) = 0. If t7; = t7,, this is guaranteed
by Lemma 3.15. We only consider the case t;; # {7,

Our idea is to replace the fixed vectors @;; and @;; with a pair of variables (which
are linear combinations of x;; and x;;), and analyze the value of f. Formally, let
0 € R be a parameter, and define the matrix Q(6) as the k; x k; orthogonal matrix
obtained by replacing the 2 x 2 submatrix of entries (4, 7), (7,7'), (5/,7), (4',4') in the
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identify matrix Iy, <, with
[ costl  sin 0]

—sinf cos@
where sin 6 is the entry (j, ') and —sin 6 is the entry (j', 7). Let [®i1, @i, ..., Tix,| =
[@i1, Tioy . ., Xg,] - Q(0). We have
x;; =cosl-x;; —sinb - x,j,
Xy =sinb - x;; + cosl - x;j.

Define R(6) = R} (t) - Q(6), and let X () be the matrix that X would be if R;(t) was
replaced with R(f). We consider the function f: R — R as defined below:

f(@) = f(t*’ Rglﬁ(t*% ceey R:—l(t*% é(@), R;—l(t*)? s 7R2(t*))

= (v,t") — Indet(X(9)).
By Lemma 3.15, f(6) has a maximum at 6 = 0 since R(0) = R:(t). Next, we

calculate the derivative of f at # = 0. We will use the following formula (see [Lax07,
Chapter 9]) for an invertible matrix A and variable s:

d d

- (ndet(4)) = tr(A7'-4). .

— ( ndet(4)) = tr(47 (3.9)
Note that the only terms in X (6) (according to Equation (3.2)) that depend on 6 are

Gt:jfmvijiij—r and et:j’ifij,fi-ij,-r.

Using Equation (3.9), we have

df e d
~(0) = tr(X (e =

=T, d
TijTi; +ey - —

00 do

%Z-j,@j,TD . (3.10)

6=0
By Equation (3.7),

d

7 Gzoﬁfij@f = 9:0(C089 @i, —sing - a;j)(cosf - x;; —sinf - wij/)T
d
= — ((COS 0)? - @iy’ + (sinf)? -z’
df |,_,

. T T
—sinfcos@ - (wijwij/ + Tijxij )>

= —(zyzy " +aiyay').
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Hence

* d
—t X_l Leti . —
(e

~ ~ T . T T T
T, ) = (MM (@ T+ )
6=0
= el - tr (M . (wijwij’T + wij’wijT) ) MT)
— 26tij . <M$ZJ’ Mw”/>

Similarly,

—tr (X1 el

~ ~ T tr
o L5 Lij = —2¢ei’ - <M:1:ij, M:cij/>.
de 0=0

Plugging these into Equation (3.10), we have

df C
%(O) = 2(€t2] — €t” ) . <MCUZJ,M£CU/>

Since 6 = 0 is a maximum for f(€), the above derivative must be 0. Thus we have
proved (Mx;;, Mx;;;) = 0 for the case t;; # t;,. O

Finally we are able to prove Theorem 3.13:

Proof of Theorem 3.13. Our proof consists of two steps. With slight abuse of nota-
tion, we will use a matrix to denote the linear map represented by this matrix.

Step 1: Fix some ¢ > 0. We obtain t*, Rj(t*), ..., R} (t*) according to Lemma 3.15
and Lemma 3.16. In this step, we use X, M and x;; (i € [n],j € [ki]) to
denote their values at (¢*, Rj(t*),..., R;(t*)). We will show that M satisfies
the requirement of Theorem 3.13 “approximately”.

For i € [n], j € [ki], we define

W — Mwij
Y [May
and
0
Eij = f (t*,Rﬁt*),,RZ(t*))
(%Z-j

By Lemma 3.20, {u;1, w2, ..., Ui, } is an orthonormal basis of M (V). And by
the choice of t*, we have ¢;; € [—¢,¢]. Using Equation (3.9),

-1 [ T
82']' =Ppi — tI'(X - e w:cija:ij )
_ s T T
=p; — € - tI'(M . wijwij - M )

= pi — €' - | May3.
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Hence

Z (pi - 5ij) : uijuijT = Z e’

.
vt () ()
icln] jelk] icln] jelk] [Maijll2 ) \|[Maj||2

= E €tij . Ma:ija:ijTMT
ZE[?’L},]E[I@Z]

= MXM"

= IEXE?

N

where we used the fact X = M~*(MT)~!, which follows from MTM = X~L.
Since {u;1, o, . .., Wik, } is an orthonormal basis of M (V}),

ki
T
‘ H E piE Ui Ui >—[zXz
=1 j=1 2
-
E Eij - WijUij

i€[n],j€ki]

<e Y [luwugs

i€[n],j€[ki]

(sz PTOJM(V) - IEXE

2

<em,
where || - ||2 denotes the spectral norm.

Step 2: Let ¢ — 0. Note that if we replace M with M/||M]||s (which has spectral
norm 1), the subspaces M (V;) are not changed. Our previous arguments in this

section have shown the following: For any € > 0, there is an invertible matrix
M with ||M||z = 1 that satisfies

H (sz PFOjM(vZ-)> — Ipxe|| < em, (3.11)

i=1 2

and for every i € [n], M(V;) has an orthonormal basis {w;1, w2, ..., w;, } with
M:czj/”M:Dng (] - [kz]) Where [iBil, i2,... ,:Iz,ﬂ] = [vih Vig,y ... ,'Uki] . Rz

for some R; € O(k;).

We define a constant

o= ot
= min Y 1 1 (°
i€[n],j€[ki] \/k_z ”vin2

One can verify that 1/||Mx;|ls > C for all ¢ € [n], j € [ki], R € O(k;)
and [|[M|]2 = 1. We see that the matrix [wiy,...,..., Uu,] is contained in the
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following two sets:

Ml = 1, () = 0% € [l € [k, € 6]\ U}
and
B= {M’ v, O] - diag (R, - Ry) - diag(Chay ey, Crg,)
M e R | M ||y =1,R; € O(k;),Cy; € [C,4+00),Vi € [n],j € [ki]}.

Note that we do not require M’ in the definition of B to be invertible. Since A
is bounded and both A, B are closed, the intersection A N B must be compact.
Hence there exists

iy, s un, € ANB
such that for any e > 0, there is [u1q, ..., ..., un, | satisfying all above require-
ments and
H[ull,...,...,unkn] [Uly, ooy Uy | , <€

By the definition of set B, there are M’ € R with | M’||; = 1 and R; € O(k;),
Ci; € [C,+00) (i € [n],j € [ki]) such that

[l =M o, V]
diag( Ry, R,) - diag(Ci1, ... ..., Cuk,)
Then by the definition of set A, we see that [uj;, uj, ..., u} | is an orthonormal

basis of M'(V;) for every i € [n]. Using Inequality (3.11), we have

n ki
sz Projp v, = sz Z ujuy’ = lim (Z i Z uijuijT> = Ipxe, (3.12)
i=1 =1 =1

where we used the fact that uu' is a continuous function of vector u. To show
that M’ satisfies the requirement of Theorem 3.13, it remains to show that M’
is invertible. Assume the opposite, i.e., there exists a nonzero vector w € R’
with wT M’ = 0T. Then there is w”u}; = 0 for all i € [n], j € [k;], which
contradicts Equation (3.12). Thus Theorem 3.13 is proved. O

3.3.4 A convenient form of Theorem 3.13

We give Theorem 3.22 below which is implied by Theorem 3.13 and is the form that
will be used in our proof of Theorem 3.8. Before stating the theorem, we need to
define admissible sets and admissible vectors, which have weaker requirements than
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admissible basis sets and admissible basis vectors (Definition 3.12) as they are not
required to span the entire arrangement.

Definition 3.21 (admissible set and vector). Let V = (Vi,Vs,...,V,), Vi C R’ be a
list of subspaces. An index set H C [n] is called a V-admissible set if

dim (" Vi) = 3 dim(V;),

i€H i€H

i.e., every subspace with index in H has intersection {0} with the span of the other
subspaces with indices in H.

A V-admissible vector is the indicator vector 1y € {0,1}" of some V-admissible
set H.

Theorem 3.22. Given a list of subspaces V = (V1,Va,..., V), Vi C RY, and a vector
p € R™ in the convex hull of all V-admissible vectors. Then there exists an invertible
linear map M : R® — R® such that for any unit vector w € RY,

ZPiH Proj ey (w)]3 < 1,
=1

where M(V;) is the subspace obtained by applying M on V;, and Projy ;) (w) is the
progection of w onto M(V;).

Note that with a slight abuse of notation we use Proj,,) to denote both the
projection matrix and the projection map.

Proof. We construct a list of subspaces V' and a vector p’ = (pi,p5, ... ’pr’I) that
satisfy the conditions of Theorem 3.13.

Let V. =Vi+Vo+---+V,, d=dim(V), {by, b, ..., by} be some orthonormal basis
of V, {e1,e,,...,e4} be the standard basis of R?, and P: V — R? be the linear map
such that P(b;) = e; for every i € [d]. We use P(V) to denote the list of subspaces
(P(V1), P(V3),..., P(V3)). Appending the one-dimensional spaces span{e;} (i € [d])
to P(V), we define

V' = (P(Vy),P(Va),...,P(V,),span{e; },span{es}, ..., span{es}).

For a V-admissible set H C [n], we can see that it is also P(V)-admissible and V'
admissible. Moreover, there exists some G C {n + 1,n + 2,...,n + d} such that
H' = HUG is a V'-admissible basis set. Assume

pP= Z paly,

V-admissible H
where py € [0,1] and > py = 1. We define

P= > pulw,

V-admissible H
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where H'’ is the V'-admissible basis set extended from H as defined above. We have
p' € R"™ and p} = p; for all i € [n].

Apply Theorem 3.13 on V' and p’. There exists an invertible linear map M’: R% —
R? such that

n d
sz' Projympevy) + ZP;LH' Projas(spante}) = Laxa-
i—1 i—1

For every unit vector w’ € R?, we have

T
1:w’ ~Idxd~w'

n d
T : j
—w'. (Z Pi PrOjanpy + D P PrOJM’(span{ei})> v
=1

i=1

n d
= > pil|Projus iy (@)l + Y Pail IProdarpanten (@[5
=1

i=1

n
: 2
> > pillProja e (@)
i=1
For every unit vector w € V, since P(w) is a unit vector in R?,

ZPz‘HProjP%(M'(P(vi)))(w)Hz = > pil|Projas ey (Pw)); < 1,

=1 =1

where P71: R? — V is the inverse of P with P~!(e;) = b; for every i € [d]. Noting
that P~Y(M'(P(V;))) C V for every i € [n], the above inequality also holds for unit
vectors w ¢ V, as their projections onto P~ (M’(P(V;))) are even shorter. We extend
the V' — V invertible linear map P~ o M’ o P to an R* — R’ invertible linear map
M, and the theorem is proved. O

3.4 Proof of the main theorem

We derive Theorem 3.8 from the following Theorem 3.23 with a recursive argument,
and then prove Theorem 3.23.

Theorem 3.23. Suppose thatV = (Vi,Va, ..., V,,), Vi C RY, is a list of subspaces that
has an (a, 0)-system. Let k > dim(V;) for everyi € [n] and d = dim(Vi+Vao+- - -+V},).
Then for any B € (0,1), at least one of the following two cases holds:

1. d < 120ak®/(536);
2. There are ¢ > 0n/(10a) subspaces Vi, Vi,,..., Vi, and nonzero vectors z, €

Vi, 29 € Viy, ..., 24 € V;, such that rank{z, 22, ..., 24} < Bd.
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Proof of Theorem 3.8 using Theorem 3.23. Initially, let ng = n, &g = 9, dy = d,
Vi(o) = V; for i € [ng] and VO = (Vl(o),V'Q(O),...,Vn(S)) = V. We repeatedly ap-
ply Theorem 3.23 with parameters ny, 6;, d; and V¥ = (Vl(t), VQ(t), ey Vn(f)) fort e N
(cv, k and § are fixed).

Suppose that we are at the tth step, V¥ = (Vl(t),VQ(t), e ,Vn(f)) is a list of
subspaces that has an («,d;)-system, dim(Vi(t)) < k for all i € [ny], and d; =
dim(Vl(t) + VQ(t) + 4 Vn(f)). By Theorem 3.23, there are two cases:

1. dy < 120ak?/(B6;). In this case, we do nothing and terminate.

2. There are ¢ > 6;n,/(10cr) nonzero vectors 21, zs, . . . , 2, from different subspaces
with rank{z1, 22, ..., 2,} < Bd,.
In this case, we find a linear map P: R® — R’ with kernel span{z1, zs, ..., 2.},
and define Y+ = (Vl(l), VQ(Q), e Véffll)) as the list of nonzero (not {0})
subspaces among P(Vl(t)), P(\/Q(t)), e ,P(Vn(f)). We note that

dii1 = dim(Vl(tH) + Vz(t+1) +oet V(t“))

ni4+1

= dy —rank{z1, z3,...,2,} > (1 — B)d; > 0. (3.13)

Hence the list V1 is nonempty. By Lemma 3.7, V®* has an (o, 6,41 )-system
for 8,11 = dyny/nyy1. Repeat the arguments for ¢ + 1.

Now we analyze the above procedure. By dn = dgng = diny = dang = -+,
the number of subspaces with a vector z; (i € [g]) mapped to {0} at each step is
q > 6n/(10«). Hence for every t € N we have

7
i=1 =1

> dim (V) < dim(V;) — ¢ - O = 01

Since the left side is at least n; > 0, we have

kn B 10ak

b= 5070a) = o

Therefore the procedure terminates in 10ak/§ steps. Suppose t* < 10ak /4 is the last
step, i.e., the case dp+ < 120ak®/(36;+) holds for ¢*. By Inequality (3.13),

120k . 1 120cck?
>dp->1-8)"d = d< : 3.14
86, = > B) - (1 _5)10ak/5 Bo ( )
where we used the fact 6, > 9, which follows from ;1 = on and ngy < n.
In Inequality (3.14), we set
1 9
=min{ —, — . 3.15
p=min{ 5, 21 (3.15)
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One can see |
(1= 8™ > -

by considering the following two cases:

1. 16 6/(ak) < 1/2, we have 8 = §/(ak) and (1— )R/ = (1—5/(ak))™* > 1/4.
The last step is seen by noting that (1 — 2)/*

2. If §/(ak) > 1/2, we have 8 = 1/2 and (1 — B)*/% > (1/2)*k/° > 1/4.

is a decreasing function.

Therefore

120ak?
. — = 10

d < 4% (a®k*/6%),

where we used the fact 1/8 = O(ak/d), which follows from §/a < 3/2 (Lemma 3.4)
and Equation (3.15). O

3.4.1 Proof of Theorem 3.23 — a special case

In this subsection, we consider the case that the subspaces Vi, V5,...,V, are “well-
separated”. Formally, we give the following definition:

Definition 3.24 (7-separated spaces). We say two subspaces V,V’ C R’ are 7-
separated (0 < 7 < 1) if there is [(u, u’)| < 1 — 7 for any two unit vectors u € V' and
u eV

We state two simple lemmas about 7-separated spaces:

Lemma 3.25. Given two T-separated subspaces V,V' C R Let {uy, ua, ..., uy, }
and {u},uj, ..., uy,} be any orthonormal bases of V' and V' respectively. For any
unit vector w € V. + V' if we write w as a linear combination of the bases vectors:

U= AUy + Aoty - Ay Wy U gt e U,
where A, Aay o ooy Ay b1, 2y - - - fli, € R, then we have
1
AAN A+ N s, <

Proof. Let v = Mui+Xotg+- -+ up, € V and w = pyu) +pouy+- - +pp,uy, € V7.
Since V and V' are T-separated,

1—7
(v,w) > =(1=7) - |lvflz - lw]2 > ——5 (lvll3 + flwl]3)-
It follows that
= [l = [lv+wlf; = )5 + w5 + 2(v, w) > 7 - ([[v]l5 + [[w]]3).

The lemma is proved by noting [|[v||53 = A} + A + -+ + A} and ||w|)3 = pf + p3 +
e _|_ ILLZQ D
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Lemma 3.26. Given two subspaces V,V' C R that are not T-separated. For any
orthonormal basis {uy, s, ..., ur, } of V, there exists j € [k] with

(1—7)2

| Proj ()3 = =
1

where Projy, (u;) is the projection of u; onto V.

Proof. Let w € V, v/ € V' be unit vectors such that |(u,u')| > 1 — 7. Then
| Projy/(w)]l2 > [(u,u')| > 1 — 7. Suppose u = \ju; + Aaug + - - + A\, ug,, where
A+ X+ -+ A = 1. By the Cauchy-Schwarz inequality,

k1

(1= < || Projys ()3 < (3 Il - | Projy(asy) )

j=1
k:l k?l
< (32 2) (X i Projys(wy)3)
j=1 Jj=1
k1
= > |1 Projy.(uy) 3
j=1

Therefore there exists j € [ki] with || Projy. (u;)[|3 > (1 —7)?/ki. O
The following theorem handles the “well-separated” case of Theorem 3.23.

Theorem 3.27. Suppose V = (Vi,Va, ..., V,,), Vi € R’, is a list of subspaces that has
an (a,d)-system S = (51,52,...,5), S; C [n]. Let k > dim(V;) for every i € [n]
and d = dim(Vy + Vo +---+V,). If for every j € [w] and {i1,i2} C S;, the subspaces
Vi, and Vi, are T-separated, then d < ak/(70).

Proof. Let ki, ko, ..., k, be the dimensions of Vi, Vs, ..., V, respectively and m =
ki + ko + -+ + k,. For every i € [n], we fix B; = {w;1,u;2,...,u;,} to be some
orthonormal basis of V;. We use L to denote the ¢ x m matrix consists of columns
Uity o eyen e, Upk,. FOr s € [m], we use ¥(s) € [n] to denote the integer satisfying

k1+k2+"'+kw(s)_1<8Sk1+k2+"'+kw(s)_1+k¢(s).

In other words, the sth column of L is a vector in By,). We will prove an upper bound
for d = rank(L) by constructing a high rank m x m matrix Y such that LY = 0.

Claim 3.28. For s € [m] and an index set S; (j € [w]) that contains (s), there
exists a vector ¢ € R™ such that Le = 0, ¢, =1, 37, ¢; < 1/7, and fort € [m]\{s},

e # 0 only if ¥(t) € S5\ {u(s)}.

Proof. Let u denote the sth column of L. There are two cases as follows:
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Case 1: |S;| = 2. Say S; = {¢(s),i}. We have V) = V;. Hence there exist coeffi-
cients Ay, Ao, ..., A, € R with AT + A3 + -+ + A} = 1 such that

U — AU — AoUjp — -+ — AU, = 0.

We can obtain from this equation a vector ¢ € R™ such that Le = 0, ¢, = 1,
¢ #0onlyift =sor () =d,and 3, cf =\ + X3+ + A, =1<1/7.

Case 2: |S;| = 3. Say S; = {+(s),4,4'}. We have V) C V; + V. Hence there exist
coefficients A1, Ao, ..., Ax,, pi1, flo, . . ., pix, € R such that

U — N Ui — AoUjp — -+ — )\kiuiki — M1y — HoUqrg — v — g, Witk = 0.

We can obtain from this equation a vector ¢ € R™ such that Le = 0, ¢, = 1,
¢ # 0 only if t = s or ¢(t) € {i,7'}, and by Lemma 3.25, Zt?ﬁs =N+ M+
R AL R g g, S 1T |

Claim 3.29. For every s € [m|, there exists a vector y € R™ satisfying Ly = 0,
Ys = |_(5TL-|, and 2t7£5 th < O‘[én-| /T'

Proof. There are at least 6n index sets S; that contain ¢(s). Let J C [w], |J| = [on],
be such that ¢(s) € S; and for every j € J. Using Claim 3.28, we find a vector

¢; = (¢j1,Cjyy -, Cim)" € R™ for each j € J. Let
y=2_¢
jer

Clearly, we have Ly = 0 and y, = [dn]. It remains to consider ), 2 y?. For
t € [m]\ {s} with ¥(t) = ¥(s), we have ¢j; = 0 for every j € J. For t € [m]
with ¢ (t) # ¥(s), since there are at most « index sets that contain {1 (s),v(t)}, the
number of nonzero elements in {c;;};es is at most a. Hence

S = (Se) <X Xa) =X (Ta) <

t#s t#s  jeJ t#s jeJ jeJ t#s

Using Claim 3.29, we find vectors y, € R™ for every s € [m]. Define Y to be the

matrix consists of columns y,,vy,,...,vy,,. Clearly, we have LY = 0. By Lemma 2.17,
tr(Y)? (m - [6n])? m am
k(Y) > > = >m— —.
rank(Y) 2 T 2 e Ton P+ m- afonl/r - T+ a/(rfon]) =" fon]

Noting that m < kn, we have

d = rank(L) <
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3.4.2 Proof of Theorem 3.23 — general case

In this subsection we prove Theorem 3.23 for all cases.

Lemma 3.30. Suppose V = (V1,Va,..., V), Vi C R, is a list of subspaces that has
an (o, 6)-system. Let k > dim(V;) for everyi € [n] and d = dim(V; + Vo + - -+ + V},).

Assume B € (0,1) is such that the second case of Theorem 3.23 does not hold.
That is, for any q > én/(10c) subspaces V;,, Vi,, ..., V;, and nonzero vectors z, €
Vi, 22 € Vi, ..., 24 €V, , there is rank{z1, 29, ..., 24} > fd.

Then there ezists p = (p1,pa, - - ., Pn) in the convex hull of all V-admissible vectors
and an index set I C [n] of size [I| > (1 —6/(10«))n such that p; > pd/(kn) for all
1€ 1.

Note that since §/(10a) < 1 by §/a < 3/2 (Lemma 3.4), the requirement on |I|
in the lemma is non-trivial.

Proof. We show the following claim first:

Claim 3.31. For any E C [n] with |E| > én/(10a), we can find a V-admissible set
H C E with |H| > Bd/k.

Proof. We construct H in the following way: Initially let H = (). Then repeatedly
find an ip € E\ H with V;, N (3,c Vi) = {0} and add 4o to H, until such an iy does
not exist.

We claim that |H| > Bd/k. Note that when the above procedure ends, for every
ip € I\ H, there exists a nonzero vector z;, in both V;; and >, ., Vi. We use the
condition of Lemma 3.30 for the |E| > dn/(10«) subspaces that have indices in E.
Pick an arbitrary vector from each V;, with ¢y € H, and pick z;, from each Vj, with
ip € F\ H. Then these vectors have rank at least fd. On the other hand, these vectors
are contained in the space ), Vi, which has dimension at most k|H|. Therefore
k|H| > pd and |H| > pd/k. [

Using Claim 3.31 repeatedly, we find V-admissible sets H; € [n] with |H,| > Sd/k,
H, € [n|\ Hy with |Hy| > pd/k, Hy € [n] \ (H, U Hy) with |Hs| > pd/k, and so on.
We do this until there are less than on/(10«) indices left. Let ¢ be the total number
of V-admissible sets in this list. We have

n _nk
Bd/k - Bd
Define I = H{ U Hy U ---U H;. There is

t<

Define



where 15, € {0,1}" is the indicator vector of H;. Clearly, p is in the convex hull of
V-admissible vectors, and for every ¢ € I,

pi > - =

~ | =
§|E
|

Finally, we are able to prove Theorem 3.23:

Proof. For the sake of contradiction, we assume that neither case of Theorem 3.23
holds.

By Lemma 3.30, there is a vector p = (p1,p2,...,p,) in the convex hull of all
V-admissible vectors and an index set I C [n] of size |I| > (1 — 6/(10«))n such that
pi > PBd/(kn) for all ¢ € I. We apply Theorem 3.22 with p = (p1,pa,...,pn), and
obtain an invertible linear map M : R — R such that for any unit vector w € R?,

ZMH Projy, (w)]f; <

where V! denotes M (V;). Since p; > d/(kn) for every i € I, we have

kn
>[I Projy, (w)|3 < = (3.16)

el

We will reduce the problem to the “well-separated” case discussed in the previous
subsection. We say a pair {iy,i} C [n] is bad if V, V] are not (1/2)-separated.
Let & = (51,59,...,S5,) be the («,d)-system of V. By Lemma 3.6, S is also an
(e, 9)-system of V' = (V{,V5,...,V]). Next, we estimate the number of sets among
S1,59,...,9, that contain a bad pair.

Claim 3.32. For every ig € I, there are at most on/(30a) values of i € I such that
the pair {ig,1} is bad.

Proof. Let ko be the dimension of V; and {u;,us, ..., u} be an orthonormal basis
of V. For any 7 € I such that V;| and V; are not (1/2)-separated, by Lemma 3.26,
there must be j € [ko] with

1

>
4kg —

I Projy, (uj)ll > (3.17)

1
4k’
Set w = u; in Inequality (3.16). We have

> Projy (u))|5 <
el

Hence there are at most
kn /1 4k>n,

Bd/ 4k~ Bd

20



values of i € I satisfying Inequality (3.17) for every fixed j € [ko]. It follows that the
number of bad pairs {ip, i} with i € [ is

4k*n  4k%n on
< < .
Bd — pBd — 30«

ko -

In the last step, we used the assumption d > 120ak?/(39). [

Using this claim, the total number of bad pairs in [n] X [n] is at most

on _ on*  on?  26n?
I I]- = - '
([ \ 1) x [n]] +|1| 300 = 10a 300 15a

We remove every S; € S that contains a bad pair, and use S’ to denote the list of the
remaining sets. Since each pair appears at most « times, we have removed at most
26n?/15 sets. Noting that originally we have |S| > dn?/3 by Lemma 3.4,
2 952 2
|8’|25i— on Zén'
3 15 5
By Lemma 3.5, there is a sublist V" = (V/",Vy',.... V) = (VI,Vi,,..., V] ) of V'

» V'm i1 Vi)
and a sublist §” of &’ such that n’ > dn/(10a) and S” is an (a, §/10)-system of V".
Now we Theorem 3.27 (the “well-separated” case) on V" and S”,

dim(Vi’1 +V112 _|_...+Vi/nl) < ak ~ 20ak < d.

~(1/2)-6/10 6
In the last step, we used the assumption d > 120ak®/(36). Since the linear map M
is invertible, there is dim(V;, + Vi, +---+ V) = dim(V;, + V[ +--- + V] ) < Bd.
Recall n” > on/(10a). We see that the second case of Theorem 3.23 holds, which
contradicts our assumption. Thus Theorem 3.23 is proved. O]
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Chapter 4

Field Size Lower Bounds for
Maximally Recoverable Codes

In this chapter, we prove a super-polynomial lower bound on the alphabet size of
maximally recoverable codes. We first define the model formally and state our results
in Section 4.1. Our proof will be in the next two sections. We reduce the lower bound
problem to a graph labeling problem in Section 4.2. And finally we solve the graph
problem in Section 4.3. The results in this chapter are also included in [GHK*17].

4.1 Topologies and maximally recoverable codes

Many storage systems in practice (e.g., [HSXT12, MLR"14]) have the following rect-
angular layout: Data are stored as an m X n matrix such that every entry of the
matrix is one symbol of the data. For every column, the last a (0 < a < m) sym-
bols are parities (linear combinations) of the previous m — a symbols in the column.
Parities in different columns are calculated in the same way, i.e., all columns are
codewords of the same code. Similarly, the last b (0 < b < n) symbols of every row
are parities of that row. In addition to these row and column parities, there are also
h (0 < h < (m—a)(n — b)) global parities that depend on all data symbols. See
Figure 4.1 for an example.

To ease the proofs, we will define the model formally in Definition 4.1 using parity
check equations instead of specifying the numbers and locations of the parities. We
will show that this will not make a difference as we can treat an arbitrary set of
the symbols as the parities, provided that the code has the desired property (being
maximally recoverable) and h is within a reasonable range.

With abuse of notation, in this chapter we will use a code to denote the vector
space of all its codewords, and vice versa. For convenience, we will also treat m x n
matrices as vectors of length mn. For a vector v and a subset of its coordinates S,
v restricted to S (denoted by v|g) is the subvector of v with only coordinates in S.
For a linear code C' and a subset of the coordinates S, C' restricted to S (denoted by
C|s) is the code {v|s: v € C}.
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Figure 4.1: Illustration of a code with the described rectangular layout using a 4 x 5
grid, where the parameters are m =4, n =5, a =1, b =2, h = 1. The hatched cells
correspond to the row and column parities. There are two cells at the bottom right
corner that are both row and column parities. The gray cell correspond to the global
parity.

Definition 4.1 (topology, row code, column code). Let m,n € Z*, 0 < a < m,
0 <b<n ,and 0 < h < (m —a)(n —b) be integers. We use the term topology
Tonxn(a, b, h) to refer to the type of codes with m x n symbols, a parity check equations
per column, b parity check equations per row, and h global parity check equations
that depend on all symbols.

For a finite field F and a linear code C' C F™*" We say that C instantiates the

topology Tpnxn(a, b, h) if there exist vectors a®) = {agk)}ie[m} € F™ for every k € [a],

k) _ £k n k) _ [k
Bk = {Bj }je[n] € F" for every k € [b], and v*) = {%J }ie[m]d.e[
k € [h] such that C' is the linear space defined by the linear constraints below: For
v e ™" v e Cif and only if

n € Fm*™ for every

1. For every column ¢ of v and every k € [a], {c,a®) = 0;
2. For every row r of v and every k € [b], (r, 3%)) = 0;
3. For every k € [h], (v,4®) = 0.

For the above code C, we define its column code as {v € F™ : (v,a™) = 0,Vk € [d]},
and define its row code as {v € F": (v,8%) =0,Vk € [b]}.

In the above definition, every column is a codeword of the column code, and every
row is a codeword of the row code. We note that the definition does not involve the
parities mentioned in the rectangular layout model. In fact, it is possible that the
last @ entries of a®) are all zeros, in which case one can no longer consider the last
a symbols in a column as parities. The same applies to 8% and ~ )

Next, we define recoverable patterns and maximally recoverable codes. Intuitively,
a recoverable pattern for a topology is a subset of all data symbols that can be recov-
ered from erasure in some (not necessarily every) code that instantiates the topology.
And mazimally recoverable codes for a topology are codes that allow recoveries of all
recoverable patterns.
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Definition 4.2 (recoverable pattern). Let C' be a code that instantiates T, 5, (a, b, h)
and E C [m] x [n]. We say that E is a recoverable pattern for the code C'if for vector
v € C, the variables v|p are uniquely determined by v|(mxm\e (i-€., v|gp can be
represented as a linear transformation of v [y« by solving the linear constraints
in Definition 4.1).

We say that E is a recoverable pattern for the topology T,,«n(a,b, h), if there exists
a code C instantiating T, x,(a, b, h) such that E is a recoverable pattern for C'.

Definition 4.3 (maximally recoverable code). A code C' that instantiates the topol-
0gY Tmxn(a, b, h) is mazimally recoverable (MR), if for every E C [m] x [n] that is a
recoverable pattern for the topology T,xn(a,b,n), E is a recoverable pattern for the
code C.

We note that MR codes exist for all values of m,n,a,b, h, if the field size is
sufficiently large [GHJY14]. (In fact, [GHJY14] has shown MR codes exist for models
more general than the rectangular topologies that we are considering.)

Recall that mazimum distance separable (MDS) codes are linear codes that attain
the maximum distance length — dimension + 1. It is well known that a linear code of
dimension d is MDS if and only if every set of d coordinates is an information set,
which is a set of coordinates that can take any values and any assignment of these
coordinates uniquely determines the entire codeword [MS77].

Lemma 4.4. For an MR code C that instantiates T« (a, b, h), we have

1. ForanyU C [m] of size |U| = m—a, V C [n] of size |V| =n—0b, and H CUXV
of size |H| = h, (U x V) \ H is an information set of the code C.

2. Assume
h < (m—a)(n—0b) — max{m — a,n — b}.

Then the column code of C' is an MDS code of length m and dimension m — a,
and the row code is an MDS code of length n and dimension n — b.

Proof. We proceed item by item.

1. Let I denote (U xV)\ H. We first show that ([m]x[n])\I is a recoverable pattern
for C'. Since C' is maximally recoverable, it suffices to construct a code C” also
instantiating T, (a, b, h) such that ([m] x [n]) \ I is a recoverable pattern for
C’. To define ¢, we pick F, a®, 8% and 4®* in Definition 4.1 in such a way
that the column code of C” is an MDS code of length m and dimension m — a,
the row code of C” is an MDS code of length n and dimension n —b, and C’|y«y
is an MDS code of length (m —a)(n—b) and dimension (m —a)(n—>b)—h = |1|.
It is easy to see that the values in I uniquely determine the rest of the codeword.
Hence ([m] x [n]) \ I is a recoverable pattern for C’, and it is also a recoverable
pattern for C'.

It remains to show that the dimension of C is at least |I| = (m —a)(n —b) — h.
We count the total number of parity check constraints for C. Let S C [m)]
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(|S| > m — a) be an information set of the column code. We see that it is
sufficient to count m—|.S| linear constraints for the column code. (If a > m—|S|,
there must be redundancies among a®,a®. ... a® and we do not need a
constraints.) We then consider the row code constraints. It is easy to see that
the rows with indices in [m]\ S are automatically codewords of the row code if
the rows with indices in S are. So we count the row code linear constraints for
only |S| rows. In this way, the total number of constraints is

(m—1S|)-n+b-|S|+h=mn—|S|-(n—0)+h
<mn—(m—a)(n—>b)+ h. (4.1)

Hence the dimension of C'is at least (m — a)(n — b) — h. Combining with the
previous paragraph, we see that the dimension must be exactly (m—a)(n—>b)—h
and [ is an information set.

2. We only prove the claim for the column code. From the proof of the previous
item, equality must hold in Inequality (4.1), and the dimension of the column
code must be |S| = m — a. Assume that there is a U C [m] of size |U| =m —a
that is not an information set of the column code. There must exist a linear
dependency between the entries in U. Pick an arbitrary V' C [n] of size |V| =
n—band H C U xV of size |H| = h such that (U x V) \ H contains a complete
column of U x V. On one hand (U x V) \ H cannot be an information set
of C as the entries of the column are linearly dependent. On the other hand
(U x V) \ H is an information set of C' by the previous item. We arrived at a
contradiction. Therefore the column code must be MDS. O

By this lemma, we can see that under the mild assumption h < (m —a)(n — b) —
max{m — a,n — b}, the model in Definition 4.1 is equivalent to the storage model
with the parities described at the beginning of this section. In fact, by Lemma 4.4
we can assume that the last a symbols of every column are the column parities, the
last b symbols of every row are the row parities, and we can pick an arbitrary set of
other h symbols as the global parities.

In this chapter, we consider lower bounds on the field sizes of MR codes. Intu-
itively, it might be easier to prove lower bounds for simple topologies with small a
and b. And the following lemma provides a reduction to these simple topologies:

Lemma 4.5. Suppose C' C F™*" 4s an MR code that instantiates the topology
Tnxn(a,b,h), and the condition

h < (m—a)(n—0b) —max{m —a,n — b}

in Lemma 4.4 s satisfied. Then for any 0 < ' < a and 0 < b < b, there exists
an MR code C' C F™*" that instantiates the topology Ty w (a', b, h) over the same
field, where m' =m —a+ad andn'=n—-0+1V.

Proof. By Lemma 4.4, we can consider an arbitrary set I of (m — a)(n —b) — h
coordinates in [m —a| x [n—b| as the original data symbols, and the other coordinates
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in [m] x [n] as the parities. Define C” as
C" = Climx)s

i.e., the code obtained by restricting C' to the coordinates [m’] x [n/]. We can see that
(" instantiates the topology Ty xns(a’, b, h), as [m'] x [n'] contains I and the entries
in ([m'] x [n']) \ I are parities of the entries in 1.

It remains to show that C” is MR. Suppose that £’ C [m/] x [n/] is an recoverable
pattern for Ty« (a’, b, h), i.e., E' is recoverable for some code C’ that instantiates
T (@', 0 h). We define E C [m] x [n] as the set of coordinates obtained by adding
the last m —m' = a — o’ rows and n —n’ = b — V' columns of [m] x [n] to E’, and
define C' as a code that instantiates Tonxn(a, b, h) obtained from C’ by adding a — d’
parities to the column code and b — b parities to the row code, where the parities are
arbitrary linear combinations of the existing entries in the column or row. Since £’ is
recoverable for C’, we see that E is recoverable for C, as one can first recover all entries
in £/ C [m/] x [n] and then calculate the newly added parities ([m] x [n])\ ([m/] x [n']).
Recall that the code C' is MR. FE must also be recoverable for C. It follows that £’
is recoverable for C” since ([m] x [n]) \ E and ([m/] x [n]) \ E’ are the same set of
coordinates which uniquely determines a codeword for C' and C’. Therefore C’ is an
MR code. O

4.1.1 Owur results

We restrict out attention to characteristic-two fields, as these are the type of fields
that are most widely considered in applications and research. Our main result in this
chapter is a super-polynomial (of code length) lower bound on the field sizes of all
MR codes instantiating T,«n(a, b, h), where a,b,h > 1. Previously, there was not
even a super-linear lower bound known for any topology (see [Ball2, GHJY14] for a
simple linear lower bound for h > 2).

The following theorem is for the case a = b = 1:

Theorem 4.6. Suppose C' C F"*" is a mazimally recoverable code that instantiates
the topology Tpxn(1,1,h), where h > 1 and g = 2* for some positive integer t. Then

t= Q((log —mm{;n’ n})2>,

where Q(+) hides an absolute constant independent of h,m,n.

Following this theorem and using Lemma 4.5 with ' = b = 1, one can easily
derive a lower bound for general a,b > 1 as below. (We assume that the required
condition on h in Lemma 4.5 is satisfied since otherwise the lower bound will become
trivial.)

Corollary 4.7. Suppose C' C F"*" is a mazimally recoverable code that instantiates
the topology Truxn(a,b, h), where a,b,h > 1 and q = 2" for some positive integer t.
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Then

B min{m —a+1,n—b+ 1} 2
t-Q((log . )),

where Q(+) hides an absolute constant independent of a,b, h,m,n.

This lower bound shows that MR codes with polynomial field sizes can only exist
if one of a,b,h is 0. And it remains an open problem to prove non-trivial lower
bounds for these cases. Among them, the topology T},,xn(1,0, k) is well studied in the
literature and widely used in practice (see also Appendix A for discussions about this
topology), and it is of vital interest to prove super-linear lower bounds for general h.

Another open problem is to improve our existing lower bounds. For example, it
not known if one can improve Theorem 4.6 to t = Q(log(m/h) - log(n/h)) for the
case m # n. And for the simple topology T}« (1,1, 1) (for which our result gives the
“best” lower bound), there is a huge gap between our lower bound ¢ = Q((log n)Q)
and the best known constructions with ¢ = ©(nlogn).

A key step in proving Theorem 4.6 is the following lemma on graph edge labeling,
which might be of independent interest:

Lemma 4.8. Consider the complete bipartite graph K., ,, and identify the edges with
[w] x [w]. Let ¢: [w] x [w] — F, be a labeling of the edges such that for any simple

cycle C C [w] x [w],
> le) #0,

eeC

where ¢ = 2' for some positive integer t. Then t = Q((log w)Q).

This can be viewed as an instance of the critical problem posed by Crapo and Rota
in 1970 [CR70], where the goal is to find the largest dimension of a linear subspace
of FY that does not intersect a given set of vectors. Let N = w? and identify [N]
with the edges of K, .. Consider the labels as vectors in F,. We denote the vector
consists of the ith bits of the labels of all edges by u; € FY (i € [t]), and let V
be the orthogonal complement of span{w;,us,...,u;}. We can see that V' consists
of indicators of all S C [N] such that ) __c¢(e) = 0. And finding a labeling that
satisfies the condition in Lemma 4.8 is equivalent to finding a subspace V' C FY that
does not intersect the set of indicators of all simple cycles.

A similar edge labeling problem was also studied in a recent work [FGT16] in the
context of derandomizing parallel algorithms for perfect matchings. The authors also
considered an edge labeling problem where simple cycles carry nonzero sums. Some
of the key differences from our setting are: Our techniques work for a special type of
graphs (e.g., the complete bipartite graph) while [FGT16] considers general bipartite
graphs; We need a single assignment while [FGT16] may have multiple assignments;
We work over characteristic-two fields while [FGT16] work over characteristic-zero.

In the next section, we will reduce the MR code lower bound Theorem 4.6 to
the graph labeling problem Lemma 4.8. After that, we will prove Lemma 4.8 in
Section 4.3.
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4.2 Reduction to the graph labeling problem

In this section, we will consider a code that instantiates the the topology Ty« (1,1, h),
where h > 1, and prove the lower bound as stated in Theorem 4.6 using the lower
bound for graph labeling in Lemma 4.8. We assume that the condition in Lemma 4.4

h<(m-1)(n—1)—max{m—1,n—1}

is satisfied, because otherwise the lower bound in Theorem 4.6 will become trivial.
Recall that to specify a code that instantiates the topology T,x, (1,1, k), one needs
to specify the follows: the underlying field F, (where ¢ is a power of 2), the vector
alV e ", the vector B e [y, and the vectors ~k) e Fy>™ (k€ h). If a code is
MR, by Lemma 4.4, its column and row codes are MDS. Hence the entries in a"
and B are nonzero. If we replace %(5-) with %(7};) / (ozz(l)ﬁj(»l)) for all i € [m],j € [n]
and replace a, BY) with the all-ones vector, the code is still MR. Without loss of
generality, we assume that o, ,8(1) are the all-ones vector in this section. Under
this assumption, a code that instantiates T},x,(1, 1, k) is uniquely determined by the
field F, and the vectors AW AR A

We identify the code coordinates [m] x [n] with the edges of the complete bipar-
tite graph K,,, in the natural way. That is, every vertex on the left side of K,,,
corresponds to a row, every vertex on the right side of K, ,, corresponds to a column,
and every edge of K,,, corresponds to a code coordinate.

For a vertex v of K, ,, we use I'(v) C [m] x [n] to denote the set of edges incident
to v (I'(v) contains either m or n edges). Let H denote the parity check matrix
that defines the code. The columns of H correspond to the coordinates of the code,
which have been identified with the edges of K,,,. For the rows of H, we see the
matrix H as two parts: (1) The top part consists of m + n rows corresponding to the
vertices of K, ,. And for each vertex v, the corresponding row is the indicator vector
1pw) € {0,1}™" of the edges incident to v; (2) The bottom part, which consists of h
rows v, 4@ ~™ s for the global constraints of the code.

For a set of code coordinates E C [m] x [n], we consider E as a subset of the
edges of K, ,, and use Gg = (Lg, Rg, F) to denote the subgraph of K,,,, that only
contains the edges in F and the vertices incident to F, where Ly and Rg denote
the sets of vertices on the left side and right side respectively. We note that for
E' C E C [m] x [n], with slight abuse of notation, in the remaining proofs we will use
1p to denote the indicator of E’ that has length either mn or |E|, depending on the
concerned ground set is [m] x [n] or E.

Next, we characterize all recoverable patterns for T,,x,(1,1,h). For every E €
[m] x [n], one can see that F is recoverable if and only if the submatrix of H consisting
of the columns corresponding to E has rank |F|. We will use H|g to denote this
submatrix.

Lemma 4.9. For every E C [m] x [n], E is a recoverable pattern for the topology
Toxn(1, 1, h) if and only if
|E| < |Lp| +|Rp| — c+h,
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where ¢ denotes the number of connected components in Gg. Moreover, if the equality
|E| = |Lg|+|Rg| — c+ h holds and E is a recoverable pattern for the code defined by
the field F, and the vectors ~D 4@ AW then the bottom part of H|g has rank
h, i.e.,

rank{v" |z, v?|g, ..., ¥" |z} = h.

Proof. We prove by calculating rank(H|g). We first show the following claim:

Claim 4.10. For any E' C [m] x [n]| such that the graph Gg: is connected, the rank
of the top part of H|g: is exactly |Lg/| + |Rp/| — 1.

Proof. In the top part of H|g/, every column corresponds to an edge e € E’, and
every nonzero row is the indicator vector 1ryng € {0, L}HE'T of the edges incident to
some vertex v € L U Rp. For any e € E’ and its two incident vertices v; € L,
vy € Rpr, we see that there are exactly two 1’s in column corresponding to e, and
they are at the rows corresponding to v; and vy respectively. It follows that the rows
of the top part of H|g sum to zero, i.e.,

> Tropns + ) Trwns =0, (4.2)

vEL g vERg/

Hence the rank of the top part of H|g (which contains |Lg/|+ |Rg/| nonzero rows) is
at most |Lp:/| + |Rg/| — 1. To finish the proof, we need to show that Equation (4.2)
is the only way (up to a multiplicative factor in IF,) to linearly combine the nonzero
rows in the top part of H|g and get zero. In fact, in any linear combination of
these rows that equals zero, if we take the row 1p(,)ngs corresponding to a vertex
v € Lp U Rp with some nonzero coefficient, we must also take the row lp(ng
for any neighbor ' of v with the same coefficient in order to cancel the two 1’s in
the column corresponding to the edge between v and v’. Since G g is connected, we
end up taking all nonzero rows with the same coefficient and getting the same linear
combination as Equation (4.2). [

Using this claim, we can see that the rank of the top part of H|g is exactly
|Lg|+|Rg|—c. This is because in the top part of H|g, the submatrices corresponding
to the ¢ connected components have disjoint columns and rows, and the rank of the
top part is the sum of the ranks of these submatrices.

It is easy to see that there exists a field F, and vectors vy, 42 ... 4™ such that
the bottom part of H|g has rank h and the h rows of the bottom part are linearly
independent of the rows of the top part. Therefore the maximum rank of H|g is
|Lg|+|Rg|—c+h, and E is a recoverable pattern if and only if |E| < |Lg|+|Rg|—c+h.
Andif |E| = |Lg|+|Rg|—c+h, E is recoverable if and only if H|g attains its maximum
value, which happens only when the bottom part of H|g has rank h. O

Now we prove Theorem 4.6:

Proof of Theorem 4.6 using Lemma 4.8. Suppose that the code defined by the field
F, (¢ =2") and vectors ~W ~@ 4™ is maximally recoverable, and without loss
of generality we assume m > n. We will prove t = Q((log(n/h))?).
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We partition [n] into h disjoint sets Py, Py, ..., P, such that |P;| > |n/h] for every
k € [h]. We consider the subgraphs of K,,, on P, X P, Py, X P,,..., P, X P, and
label their edges using the vector 41, i.e., the label of the edge e € [m] x [n] is fyél).
If one of these subgraphs satisfies the condition of Lemma 4.8, i.e., the label sum

over every simple cycle is nonzero, then Theorem 4.6 is proved immediately. Next,

we assume the opposite and derive a contradiction. Suppose Cy,Ca, . ..,C, C [m] X [n]
are simple cycles from each of these subgraphs such that
> AV =0 Vkeln. (4.3)
ecCy

We define £ = C; UCy U ---UC,. Then the graph Gg contains h connected
components. Since simple cycles contain the same number of vertices and edges, we

have
|E| = |Lg|+ |Rg| = |Lg| + |Re| — h + h.

By Lemma 4.9, F is a recoverable pattern, and in order to recover E there must be
rank{7(1)|E)7(2)|E7 cee 77(h)|E} = h.

Recall that the matrix H|g has rank |F| for a recoverable pattern E. We can extend
{YVNe,v?e, ..., ¥™ g} to a basis of FIP! by adding rows in the top part of H|p.
Say the basis is

{7(1)|E’ ’7(2)|E7 s 77(h)|E} U {1I‘(v)ﬁE}vesa

where S C Ly U Rp has size |E| — h and 1ppne € {0,1}F! denotes the indicator
vector of the edges in F that are incident to v. Note that for the indicator vector
1¢, € {0, 1}El of every cycle C, (k € [h]), there is

<1F(v)ﬁEa 16k> = Z 1=0 YveLgUREg,
T'(v)NCy,

and by Equation (4.3) there is also
(YVlg, 1e,) = 0.

Thus we have found h linearly independent vectors 1¢,, 1¢,, ..., 1¢, orthogonal to

h

IS|+1=|E|—h+1

different basis vectors of F‘qu. We arrive at a contradiction. [l

4.3 Proof of the graph labeling lemma

In this section, we prove Lemma 4.8. We first define some notations for a general
graph G = (V, E). For distinct vertices vy, v, € V, we use P(v1,v2) to denote the set
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of simple paths from vy to vy. For k € Z* and distinct vy, vy € V| we use Py (vy, v)
to denote the set of simple paths from v; to v, that have length exactly k. For a path
in Py(v1,v2), we say that vy is first vertex, vy is the (k + 1)th vertex, and the other
(k—1) vertices on the path are the second through the kth vertices according to their
positions. For an edge labeling ¢: E — 3 over some alphabet ¥ and a path P C F,
we use /(P) to denote the label sum over P, i.e.,

(P) = Le).

ecP

The key step of our proof is the following lemma:

Lemma 4.11. Let G = (V, E) be a graph with mazximum degree d, and (: E — ¥ be
a labeling of the edges, where the alphabet 3 is some abelian additive group. Suppose
that for any pair of vertices vi # vy € V and any two vertex-disjoint simple paths
P1, Py € P(vy,v3), there is

((Pr) # L(P2).

Then for arbitrary vi # vy € V', positive integer k < Vd and by € X, the set

S = {73 € Py(vr, ) : €(P) = eo}

has cardinality at most k'°82k+1gk—logz k=1,

Before starting the formal proof, we first give some high-level ideas. Let’s only
consider the simple case that k is a small constant. Then the goal of the lemma
would be showing |S| < d*'°82k~1 The total number of paths in |S| would be d¥~*
if all the intermediate k — 1 vertices of a path could be chosen “freely”. The lemma
is basically saying that there are log, k vertices that are not “free”. In the proof, we
will show that there is a large subset R C S such that all paths in R share the same
ith vertex for some ¢ € [2,k]. In other words, many paths in S are fixed at the ith
vertex, and the choice of this ith vertex is not “free”. Then we fix the prefix before
(or the suffix after) the ith vertex, and the possible choices of remaining half of the
path can be considered as elements of a new set S’ which also has fixed endpoints,
length and label sum. We recursively apply the argument to that half of the path
and S’. Intuitively, we can do this for log, k& rounds (since each time we halve the
length of the paths) and find log, k vertices that are not “free”.

We now prove Lemma 4.11 formally by an induction on the length k.

Proof. Define
f(k) — k-lng k+1dk710g2 k—1

and we will need to show |S| < f(k).
For k = 1, we have

|S| <1l= klogQ k+1dk—log2 k=1 _ f(k‘)
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Assume that we have proved the lemma for lengths up to k£ — 1, and we now consider
the case of k, where 2 < k < V.

If S = (), the lemma is trivial. We only consider the case that S # (). Pick an
arbitrary path Py € S. Then for any other path P € S, P must intersect P, at
some vertex other than vy, v,, because of £(P) = ¢(Py) = {y and the condition in
Lemma 4.11. That is, there exists i,j € [k — 1] such that the (i + 1)th vertex of P
is the same as the (j + 1)th vertex of Py. Let R;; denote the set of all these paths,
formally

R;; = {73 € S : the (i + 1)th vertex of P is the (j + 1)th vertex of 730}.

We note that Py € R;; for every i € [k — 1] and Um.e[k_l] R;; = S. By the Pigeonhole
principle, there must exist ig, jo € [k — 1] such that

5]

| Rigjo| = h—1)e

(4.4)

We consider the paths in R;,j,. These paths share the same (i + 1)th vertex. We
denote this vertex by vs. See Figure 4.2.

(%1 U3 V2
Figure 4.2: Paths in R, ;, are fixed at three vertices vy, vs, vs.

Every path P € R, ;, can be considered as two parts: the head Ppeaa from v; to
vs (with length ip) and the tail Piay from v to ve (with length k —ig). We assume
that the head is not shorter than the tail, i.e.,

io > k/2.

If this condition does not hold, we can interchange the definitions of head and tail.

The number of possible tails is at most the number of simple paths from vz to vs,
which is bounded by d*~®~!. We count the paths in R;,j, according to their tails.
For every choice of P, no matter what Phpeaq i, the label sum of Ppeaq is a fixed
value:

K(Phead> == E(P) - K(Ptail) == EO - g(lptail)-

Hence by induction hypothesis, the number of possibilities of Ppeaq for every fixed
Piail is bounded by f(ig) = igl°82 0+ gio"log2i0=1 Tt follows that

|Ri0j0| S dk—zo—l . i010g2 zo+1dzo—log2 io—1

— i010g2 zo+1dk—log2 20—2.
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Then by Inequality (4.4),
|S| < (k; — 1)2 . |Riojo| < k?2i010g2 i0+1dk—log2 i0—2.

It remains to show that the right side is at most f(k) = klos2k+1gk=losa k=1 W finish
the proof by considering the ratio:

k.QZ'OlogQ i0+1dk—log2 i9—2 Z'OlogQ 10+1
klogs k+1 Jk—logy k—1 - klogs k—1 Jlogy io—log, k+1
Z-OlogQ i0+1

. i0_10g2k X k10g2 10

- klogs k—1 Jlogy io—logy k+1
— (l{?’io/d)IOgQ ig—logy k+1
— (kio/d)IOgQ(Qio/k)

<1

In the last step, we used iy < k < v/d and our assumption o > k/2. O
We proceed to the proof of Lemma 4.8.

Proof of Lemma 4.8. We first claim that K, ,, and labeling £: [w] x [w] — F, (¢ = 2")
satisfy the condition of Lemma 4.11. For two different vertices v;, vy of K, and
vertex-disjoint simple paths P;, Py from vy to ve, Py and Py form a simple cycle.
Hence ¢(Py) + £(P2) # 0 by the condition in Lemma 4.8. Since the alphabet of the
labeling has characteristic two, we have £(P;) # £(Ps).

Let s = [(yw — 1)/2] and k = 2s + 1. Clearly, k¥ < /w. Pick an arbitrary pair
of vertices v; and vy from the two sides of K, ,. Then the number of simple paths
from v; to vy with length £ is

(w—1)(w—1)(w—2)(w —2) - (w—s)(w—35) > (w—5)* = (w—s)"

Apply Lemma 4.11 with d = w. Then for every ¢, € F,, the number of paths from
vy to vg with length k and label sum /; is at most

logy k+1,, k—logy k—1
k%25 2

Note that there are ¢ = 2¢ choices of ¢;,. We have

. @(1) _ UJQ(logw)7

” > (w _ S)k—l B wogzk (w—s k-1 B wogzk

= Jlogo k+1g k—logo k=1~ [logy k+1 w © Jlogy k+1
where we used the facts s = O(y/w) and k = 2s+1 = O(y/w). It follows immediately
that

t =Q((logw)?). O
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Appendix A

Constructions of Maximally
Recoverable Codes

In this appendix, we present two new explicit constructions of MR codes for the
topology Tyuxn(1,0,h). We first explore some properties of this type of MR codes in
Section A.1. Then we review known constructions and state our results in Section A.2.
The details of our two constructions will be given in Section A.3 and Section A.4
respectively. The results in this appendix are also included in [GHK™17] and [HY16].

A.1 The topology T,,x,(1,0,h)

We have discussed rectangular topologies T,,xn(a,b, h) of storage systems in Sec-
tion 4.1. Among them, the case T,x,(1,0,h) is very widely used and has received
a considerable amount of attention in the context of locally recoverable codes (see
Section 1.2). According to Definition 4.1, to construct an MR code that instantiates
Tyxn(1,0,h), we need to specify the field F and the vectors at) € F™, ) ¢ Fmxn
(k € [h]). In this appendix, we will give constructions with a") being the all-ones
vector. In fact, as long as all entries of a”) are nonzero (which must be true for all

reasonable h by Lemma 4.4), one can always obtain an MR code with an arbitrary

(

aV from any existing MR code, by multiplying {agl), Y with a nonzero

i
t.J ) jeln],ke[h]
factor that depends on i € [m)].

The parity check matrix of any concerned code is of the following form:

1 ... 1
1 1
i 1 - 1 N
- T . 1
7%) 7%,)1 75:2) . 7%)2 ......... 7%1 . %(r5 ), (A1)
’yil) 7’57’7,?1 /)é 2) e ’Y’r(n,)Q ......... /yin e f}/ﬁn,)n
h . h h . h : h : h
I %1) %(n,)1 %Q) %(H)Q ......... %73 A



The matrix H contains n+ h rows and mn columns. The columns can be partitioned
into n column groups, which correspond to the n columns of a codeword. A column
group contains m columns, each corresponds to a symbol in a codeword. Precisely,
The codeword symbol at location (i,7) € [m] x [n] corresponds to the ith column of
the jth column group. The top part of H contains n rows that are the column code
linear constraints. Since we have assumed that a!) is the all-ones vector, the top n
rows of H are of the form shown in Equation (A.1). The bottom part contains h rows
that are the global linear constraints. To construct an MR code, the major task is to
construct the bottom part of H.

The recoverable patterns for T),.,(1,0,h) are fully characterized in [BHH13,
GHJY14], as shown in the following lemma:

Lemma A.1 ([GHJY14]). E C [m]| x [n] is a recoverable pattern for the topology
Toxn(1,0,h) if and only if E can be obtained by picking at most one entry in each
column of [m] x [n] and up to h other entries at arbitrary locations.

By the definitions of recoverable patterns (Definition 4.2) and MR codes (Defini-
tion 4.3), we immediately have the following standard lemma:

Lemma A.2 ([GHJY14]). A code C that instantiates Tp,xn (1,0, h) defined by a parity
check matriz H as in Equation (A.1) is mazimally recoverable, if and only if any set
of n+h columns of H that is obtained by picking one column from each column group
and h additional columns has full rank.

In Lemma A.2, let S be a submatrix of H that consists of n+h columns obtained by
picking one column from each column group and h additional columns. We consider
the rows and columns of S. For a column group that has only one column included
in S, without changing the rank of S we can eliminate this column from S, and also
eliminate the row in the top part of S at which this column has a 1 (which is the
only 1 in the entire row).

Let M be the remaining submatrix of S after the eliminations, g < min{h,n} be
the number of remaining column groups that have a column in M, and ry, 79, ..., 7y >
2 be the sizes of the parts of these column groups included in M. Since M is a square
matrix and has g + h rows (¢ rows in the top part and h rows in the bottom part),
we can see that m + 7y + - -+ 4+ 14, which is the number of columns of M, is equal to
g+h.

On the other hand, for any submatrix M of H with parameters ¢ < min{h,n}
and ry,79,...,74 > 2 such that ry + 7o+ --- 4+ 7, = g + h, we can find a possible
original S by adding one column from each of the other n — g column groups in H
and the row at which the column has a 1.

From the above procedure, we obtain our main tool to prove a construction is
MR, which is formally stated below:

Lemma A.3 (|[GHJY14]). A code C that instantiates Tp,xn(1,0,h) defined by a parity
check matriz H as in Fquation (A.1) is mazimally recoverable, if and only if for any
integers g < min{h,n}, ri,ry,..., 1y > 2 such that ry +ro+---+1r, = g+ h, any
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distinct g indices ji, ja, - . ., jg € [n], and any distinct vy, indices ix1, iga, - - -, bk, € [M]
for each k € |g], the following matriz has full rank:

1 ... 1
1 1
1 ... 1
M=l o 1) (1) 1) 1) (1)
’yle,‘]l .. fyerl 7‘]1 7221,‘]2 o o 7227‘2 7‘]2 ......... fyigl7jg o« o e "}/Zgrg ’]g
&) ) @ @D (2) . 2
Vit ’yilrl g1 | Tiz1,ge ’yizm J2 Vig1,jg ’Yigrg Jg
RN ) RN ) ' DN
i 77:11,]'1 e ,Yilrl i 774,21’],2 e ,YiQTQ o |t ,Yigl,jg e ’Y’igrg 7],9 |

A.2 Known constructions and our contributions

We consider constructions of MR codes that instantiate the topology T,xn (1,0, h).
For h = 0, the problem is trivial since the code is fixed. For h = 1, explicit MR codes
exist over a field of size O(m) [BHH13|, which is sub-linear of the code length mn.
To see this, using Lemma A.3 it suffices to ensure that 7&?, 7571]?, e ,727)
for each j € [n].

For h > 2 there is a linear lower bound Q(mn) on the field size [Ball2, GHJY14],
and this bound was known to be tight for the case h = 2 (see constructions in
[Bla13, BPSY16]). We will give another construction in Section A.3 that also matches

this lower bound, which is formally stated as the following theorem:

; are distinct

Theorem A.4. Suppose that positive integers m,n satisfy (m — 1)n > 2 (so that the
topology Trxn(1,0,2) is well defined). Then there is an explicit construction of MR
codes instantiating Tpxn(1,0,2) over a characteristic-two field of size O(mn).

We note that when m and n are powers of 2, our construction has field size exactly
mn, which is about half of the field size of the previous constructions.

For general h, the first explicit construction was given in [GHJY14] over a field
of size roughly O (2mn"=D1=2"")) For small n and growing m, a better estimate on
the field size of this construction is O ((mn)/"+")/2)) "which is formally stated below:

Theorem A.5 (|[GHJY14]). Suppose that m,n are powers of 2 and (m — 1)n > h.
There is an explicit construction of MR codes instantiating the topology Txn(1,0,h)
over a field F, of size ¢ = (mn)™*M/2 when n + h is even, or q = 2(mn)"+h=1/2
when n + h is odd.

Proof sketch. Since m,n are powers of 2, the field F, has characteristic two. Set
”yi(”;-) = x??l in the parity check matrix H as shown in Equation (A.1) for all i € [m)],
J € [n], k € [h], where {z; ;} are [, elements to be determined. By a standard linear

algebra argument (e.g., [LN97, Lemma 3.51]), the matrix M in Lemma A.3 has full
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rank if the elements {z; ;} are (n+ h)-wise independent, i.e., any subset of {z; ;} with
n + h or fewer elements do not sum to zero. We construct {x;;} as follows: If n+ h
is even, set x;; to have the form z 0 23--- 0 2"™=1 and if n + h is odd, set z;; to
have the form 10z 023---02"""=2 where z runs through the subfield F,,, C IF, and
o denotes concatenation of binary strings. One can verify that {z; ;} are (n+ h)-wise
independent. O

In Section A.4, we will give another construction for general h. Our construction
can beat the above Theorem A.5 in a narrow case. The more interesting part of
the construction is probably that it uses a completely new technique, which will be
discussed later. The field size of our construction is stated as the following theorem:

Theorem A.6. Let p be a prime. Suppose that m,n > 2 are powers of p and
2 < h < (m—1)n. Then there is an explicit construction of MR codes instantiating
the topology Tpxn(1,0,R) over a field of size (mn)"h=Th/n1-1,

Under some additional conditions, the above result can be improved slightly:

Theorem A.7. Let p be a prime. Suppose (1) m,n are powers of p and 3 < h <
(m—1n; (2) h # 1 (mod n); and (3) [h/n] # p — 1 (mod p). Then there is an
explicit construction of MR codes instantiating the topology Tyxn(1,0,h) over a field
of size (mn)"th=Ih/n1=2,

Setting n = p = 2 in Theorem A.7, we have the following corollary:

Corollary A.8. Suppose that m is a power of 2, n = 2, h = 0 (mod 4) and 3 <
h < (m — 1)n. Then there is an explicit construction of MR codes instantiating the
topology Trnxn(1,0,h) over a field of size (mn)"/2.

This corollary improves the result (mn)"?*1 in Theorem A.5 to a clean (mn)"/?

for the case n = 2 and h = 0 (mod 4). Perhaps more importantly, unlike most
previously known constructions that work for all h, our code family is “Vander-
monde type” rather than “linearized”. (An exception is [TPD13|, which implic-
itly yields a family of MR codes over field size (mn)°™.) Our constructions for
”yi(’lj), fyf?j), Pyi(?j), fyi(jlj), ... in the parity check matrix are based on powers with consecutive

exponents, i.e., x;;, ¥;;, ), }; ..., rather than linear functions x;;, 7 ;, x},, 2%, ...
(over characteristic-two). Because of the technique used, our construction does not
depend on characteristic-two fields and works for arbitrary finite fields. One can show
that no “linearized” construction can beat O((mn)h/ 2) for the field size. This can
be seen by considering the case n = 2. Roughly speaking, if the field size was much
smaller than (mn)"/? ~ m"/2, we would be able to find ~h/2 columns from each
column group such that these two column sets have the same sum of bottom parts.
And this will leads to a singular matrix M in Lemma A.3. Therefore new techniques

are of vital interest.
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A.3 New construction for T},.,(1,0,2)

In this section, we prove Theorem A.4 by giving a construction of MR codes that
instantiate the topology T,xn(1,0,2) over a field of size O(mn).

Construction A.1l. Given integers m,n, we construct %-(7];-) for all i € [m], j € [n]
and k € {1,2}. Let m’ € [m,2m) and n’ € [n,2n) be powers of 2. Pick an additive
subgroup G = {s1, s2,..., Sm} C Fpp and elements dy, ds, . .., dp € Fpyrp such that
dj, —d;, ¢ G for all j; # jo, ie., dyi,dy,...,d, belong to different cosets of F,,,
modulo the subgroup G. For ¢ € [m] and j € [n], we set

%-(jl) = S,

%-(].2) =57 +d; - s;.

Proof of Theorem A.4. We show that Construction A.1 satisfies the requirement. We
prove the code is MR using Lemma A.3 with h = 2. For integers g,ry,72,...,7
satisfying the conditions g < min{h,n} <2, ry,7r9,...,7y >2and ri+7ro+---+1r, =
g + h, there are only two possibilities:

Case 1: g =1 and r; = 3. In this case, the matrix M in Lemma A.3 is

1 1 1
M = ) Siyy ) Sita ) Siyg )
Sin + djl *Sitn Sips + dj1 “Sia Sips + djl " Siyg
where j; € [n] and distinct 411, 419,713 € [m]. If we multiple the second row by
—d;, and add it to the third row, M will become a Vandermonde matrix, which
has full rank:

1 1 1
det(M) = det Sii1 Siie Siis 7é 0.
82 82 82

111 112 113

Case 2: ¢ =2 and ry; = r, = 2. In this case, the matrix M in Lemma A.3 is

1 1 0 0
M— 0 0 1 1 ’
Sii Sig Sion Sigo

2 2 2 2
S + djl “Sinn Sip + djl *Site Siy + djz *Sigr Sigg + djz " Sigg

where j; # jo are from [n], i1; # i19 and i9 # igy are from [m]. Note that we
are working over a characteristic-two field. If we add the first column to the
second column, and the third column to the fourth column, the first two entries
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of the second and fourth columns will become zeros. It is easy to see

Sipn 1 S; Siy 1 S;
det(M) = det f11 112 21 122 :|
( ) |:81211 + 32212 + djl (Sin + 8i12) 81221 + 32222 + dj2(8i21 + 8i22)
_ det{ Siny + Si1o Sinn + Siag }
(Sin + 8i12)2 + dj1 (Siu + Si12) (Si21 + Si22)2 + dj2(8i21 + Si22)
1 1
= (S; + S; S; + S; det :|
( 11 12)( 21 22) Siny + Sits + dj1 Sig + Sigs + de
£0.
In the last step, we used the fact s;,, +s;,, +d;, # si,, + 5i,, +dj,, Which follows
from s;,,, Siys, Sigrs Sipy € G and dj, — dj, ¢ G. O

A.4 New construction for general 7},.,(1,0,h)

We now present our Vandermonde-type construction of MR codes that instantiate
the topology T,,xn(1,0, k) for general h.

Construction A.2. Let p be a prime, m and n be powers of p, h > 2 be an integer,
and ¢t € [2,h] be an arbitrary parameter. This construction will be over the finite
field F, of size ¢ = (mn)"*"t.

Note that F,,, is a subfield of F,. There exists some ¢ € [F, such that every
element of F, can be uniquely represented as

Ao+ M@+ A Apsrm1@™ T (Ao Ay A1 € Frn).

Let ® € F D070 qanote the matrix {go(j_l)(m”)i_l}ie[n_l] icinan_ 1€

1 ") . (pn—‘rh—t—l

1 (pmn . <)O(n—ﬁ-h—t—l)(mn)
O =

1 gp(mn)n72 Ce (p(n—l—h—t—l)(mn)"’?

We find (n+h—t)—(n—1) = h—t+1 linearly independent vectors wy, ug, ..., Up_t+1 €
F2+h= that are orthogonal to all rows of @, i.e.,

O u,=0 Vkeh—t+1]. (A.2)

Pick an additive subgroup G = {s1, s2,...,Sm} C F,,,, and elements dy,ds, ..., d, €
F,.,, such that d;, — dj, ¢ G for j; # jo, i.e., dy,dy, ..., d, belong to different cosets
of F,,,, modulo the subgroup G. We use G; = {z1,%2,...,Tm;} (j € [n]) to denote
the coset G+d; = {si +d;:Vie [m]}, where the order of the elements are arbitrary.
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For i € [m], j € [n] and k € [h], we set ’y(];.)

2,

xk kE<t—1,
Ty =4 (A.3)
(Up—pgr, w(zij)) k>t

in Equation (A.1) as follows:

where w: F, — IFZJFh_t is defined as w(x) = (2, ottt 7$n+h—1)T‘

We will prove that the above Construction A.2 satisfies the requirements in Theo-
rem A.6 and Theorem A.7. Our proofs will be based on Lemma A.3. Note that in the
construction, the order of column groups and the order of columns in each column
group are arbitrary. Without loss of generality, we assume the indices j; = 1,7, =
2,...,dg =g and i = lyige = 2,...,0, = 1% for every k € [g] in the matrix M
defined in Lemma A.3. We add the first g — 1 rows of M to the gth row, and obtain
a matrix as following:

1 ... 1
1 ... 1
o 1 ... 1 1 ... 1 | eeeennnn. 1 ... 1 A
= 1 1 1 1 1 1 ) .

IR R Y RO N DU AL, (A4)
(2) @ |, @ | )R )

Y11 Vel | V1,2 Va2 T,g Vrg.g
h ' h h ' h : h : h

L 7%,1) T 751,)1 752) T 752,)2 """"" 7§,g) T 71(“97)9 i

We need to set the parameter ¢ in Construction A.2 and prove that the matrix
M’ has full rank. A key step is the following lemma:

Lemma A.9. We use the variables defined in Construction A.2. Suppose the matrix
M’ shown in Equation (A.4) does not have full rank. Then there exists a polynomial
f(x) with 1 < deg(f) < t—1 and pu,...,puy € F, such that f(x;;) = p; for all
i €lrsl, jelgl

Proof. Suppose M’ does not have full rank. We pick pq, pio, . .., ftg—1, Vo, V1, ...,V €
F, such that they are not all zeros and

(_:ula —H2, .oy —Hg—1,V0, V1, ., Vh) M= OT'
We define p1, = 0. From the construction of %,(7’;) (Equation (A.3)), we can see that

the following polynomial f(z) has degree at most n +h —1 and satisfies f(z:;) = u;
for all ¢ € [ry], j € [g]:

t—1 h
flx) = Z vk + Z Vi{Ug—t11, w(T)).
k=0 k=t
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It remains to show 1 < deg(f) <t — 1. Let ¢, cey1,- .., Crnin_1 be the coefficients of
ottt a2t in f(2), e,

-
(CtyCoq1s ey Cagne1) = VpUs + ViU + -+ + VpUp_g41,

and
n+h—1

Zukx + Z cpat. (A.5)

By the definition of wy, ws, ..., up_s11 (Equatmn (A.2)), we have
O - (Ct, Ctt1y- - ,Cn+h_1)T = 0. (A6)
Claim A.10. f(z) is not a constant, i.e., deg(f) > 1.

Proof of Claim A.10. Assume f(z) is a constant. By Equation (A.5), there must

bevy =1, =+ =1y =0and ¢, = ¢q41 = -+ = Cuyn1 = 0. Since the
vector (¢, Coyq, - - - ,cn+h_1)T is a linear combination of linearly independent vectors
Uy, Wa, . .., Up_t11, the coefficients of the linear combination, which are vy, vy 1, ..., v,
must also be zeros. Now we have vy = vy = --- = 1, = 0. It follows that the first ¢
rows of M’ are linearly dependent (with coefficients —puy, —po, ..., —f1g-1, %), which
is clearly false. |

In order to show deg(f) <t — 1, we need the following claim first:

Claim A.11. The rank of {vo,v1,...,V4—1,Ct,Ct1,s - Cnin_1} (i-€., the coefficients
of f(x)) over the subfield F,,, is at most n — 1.

Proof of Claim A.11. Using Lagrange interpolating polynomials, we can find a poly-
nomial f(z) that agrees with f(x) on g + h different values z,; (i € [rj], j € [9]):

ZZ JH ) (A7)

j=1 i=1 1J)<I1’3 xi/’j/>

Recall that in Construction A.2, we defined {z;;}icpm) e as elements of Fy,,. By
expanding Equation (A.7), we can see that the coefficients of ]?(x) are F,,, linear
combinations of pi1, g, . . ., ptg—1. (Note that we defined p, = 0.) Therefore the rank
of the coefficients of f(x) over F,,, is at most g — 1. (For g = 1, f(z) =0.)

For the case g < n, since f(z) agrees with ]7(:1:) on g + h values z;; (i € [rj],
J € lg]), there must exist a polynomial ¢(z) with degree at most

deg(f)—(g+h) <(n+h—-1)—(9g+h)=n—g—1

such that

f@)=flo)+ @) ] (@—wy) (A.8)

i€lr;l.jelg]
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The rank of the coefficients of 1(x) over F,,, is at most n — g since there are at most
n — g terms in ¥(z).

For the case g = n, there must be f(z) = f(z) since deg(f), deg(f) < g+h = n+h.
In this case, Equation (A.8) also holds if we set ¢ (z) = 0, and the rank of the
coefficients of ¢(x) = 0 is also at most n — g = 0.

By expanding Equation (A.8), the coefficients of f(z) are F,,, linear combinations
of the coefficients of f(z) and the coefficients of ¥(z). Therefore the rank of the
coefficients of f(z) over F,, isat most g—1+n—g=n—1. [ |

Claim A.12. ¢, =41 = =1 =0, te., deg(f) <t —1.

Proof of Claim A.12. Let r be the rank of {c¢;, ¢41,...,¢nin_1} over the subfield
F,... It suffices to show r = 0. For the sake of contradiction, assume r > 0. Let

{B1,B2,..., B8} € I be a basis of {escovrsCnpna ), and Z = {& 5 biepmin—1 jeir) be
the matrix over F,,,, with rank(Z) = r such that

(Cta Cit1y e v - 7cn+h—1)T == (/Bla BZa s 767")1—'

By Equation (A.6), we have

O -Z- (81, ..., 5)" =0, (A.9)

We will derive a contradiction by showing that the matrix @ - = has full column rank.
For every j € [r], let

T =8, T &p+ -+ §n+h—t,j90n+h_t_1

(mn)* _

be the jth entry of the first row of the matrix ®@-Z. Since ; ; € Fppn, we have §;
&.; for all k € N. Therefore the jth entry of the (k + 1)th row (j € [r], k € [n — 2])
of the matrix @ - = is

mn k n o mn k

€15 +€2,j90( T +§n+h—t,j<,0( +h—t—1)(mn)

mn k mn k " e . .

:'Sij ” 4 (52%0)( A (T +h—t 1)( )
(mn)F

:’7’] s

where we used the fact that m,n are powers of p (the field characteristic). Thus

1 T2 T Ty
mn mn mn
O.= 71 T2 T Ty
mn n—2 mn n—2 mn n—2
7_1( ) 7_2( ) . 7.7§ )

The r x r submatrix (note that 7 <n —1 by Claim A.11) at the top part of @ - = has
full rank if and only if 7, 7,...,7 € [, are linearly independent over the subfield
Fyn (see [LN97, Lemma 3.51]). Recall that we picked ¢ € F, in Construction A.2 so
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that every element of F, can be uniquely represented as
Ao+ A4+ Apsnee1 @™ (Mo, A Anghet—1 € Frn).

Combining this with rank(Z) = r, we can see that 7,7, ..., 7, are linearly indepen-
dent. Hence the matrix @ - = has rank r, contradicting Equation (A.9). [

By Claim A.10 and Claim A.12, we have 1 < deg(f) <t — 1. This concludes the
proof of Lemma A.9. O

Using Lemma A.9, we are able to prove Theorem A.6 and Theorem A.7.

Proof of Theorem A.6. The average value of ry,r9, ... 74 is
h h h
gt _ Ll
g g n

We set t = [h/n]| + 1 in Construction A.2 (one can verify ¢t € [2, h]) and pick some
Jo € [g] with r;, > t. Assume that M’ does not have full rank. By Lemma A.9, there
exists a polynomial f(z) with 1 < deg(f) < ¢t — 1 satisfying f(x) = p,, for some
wj, € Fgat rj, >t > deg(f) different values x = z;, (i € [rj,]). We arrive at a
contradiction. Therefore M’ has full rank and Construction A.2 gives an MR code
construction over field size (mn)"*"=* = (mn)n+h=1h/n1-1, O

Proof of Theorem A.7. Weset t = [h/n]|+2 in Construction A.2. One can verify that
t € [2, h] holds unless h = 3 and n = 2, in which case the condition A Z 1 (mod n) is
violated. For the sake of contradiction, we assume that M’ does not have full rank.
If there exists jo € [g] with r;, > [h/n] 4+ 2 = t, we can derive a contradiction with
Lemma A.9 along the lines of the proof of Theorem A.6. We only consider the case
that r; < [h/n] + 1 for all j € [g].

The average value of r1,79,...,r, is at least h/n 4+ 1 as shown in the proof of
Theorem A.6. It follows that there exists some j, € [g] with r;, = [h/n] + 1. We
claim that there must be a different j; € [g] \ {jo} with r;, = [h/n] + 1. If there was
not such a j; we would have

g+h:ZHrj§ <[g-‘+1)—l—(g—1)~ [ﬂ =g- [ﬂ +1.

By [h/n] > 1 and g < n,

h
n+h<n- [—_‘—1—1.
n

e ()

This inequality holds only if [A/n] — h/n attains its maximum value (n—1)/n, which
happens only when h =1 (mod n). Hence under the condition h # 1 (mod n), there
must exist distinct jo, j1 € [g] with rj, =7, = [h/n]+1=1t—1.
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By Lemma A.9, there exists a polynomial f(x) with 1 < deg(f) <t — 1 such that
f(x) = p;, for some p;, € F, at rj, =t — 1 different values = = z, , (i € [rj,]), and
f(x) = p;, for some p;, € F, at r;; =t — 1 different values x = x;;, (i € [rj,]). We
can see that f(z) can be written in two ways

(@) = Xolr — 2150) (2 — 2250) - (7 — Too14) + 14
=M@ —21)(T —20,) - (T — Tem1gy) + My,

where A\, \; € F, are nonzero. Consider the z'~! term in the expansions of these two
representations, and there must be Ay = \;. Then we consider the z/=2 term. The
coefficients of z/~2 in the two representations should be equal. Hence

t—1 t—1 t—1
§ (Tijo — Tijy) = § Tigy | — E Tij | =0.
=1 =1

i=1

For every i € [t — 1], ;j, — %, can be written as s + d;, — d;, for some s € G,
ie., x;; — x;j; is in the coset G + dj, — d;j,. The left side of the above equality
must be in the coset G + (t — 1) - (dj, — dj,), where (¢t — 1) - (dj, — d;,) denotes
summing dj;, — d;, for ¢ — 1 times. Since 0 is contained only in the coset G, there
must be (t — 1) - (dj, — dj,) = 0. It follows that t — 1 = 0 (mod p). However, this
contradicts the condition [h/n] =t —2 % p—1 (mod p). This concludes the proof
of Theorem A.T. ]
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