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Abstract

We consider the problem of distributed computation of the nearest lattice point for a two dimensional
lattice. An interactive two-party model of communication is considered. Algorithms with bounded, as
well as unbounded, number of rounds of communication are considered. For the algorithm with a
bounded number of rounds, expressions are derived for the error probability as a function of the total
number of communicated bits. We observe that the error exponent depends on the lattice. With an
infinite number of allowed communication rounds, the average cost of achieving zero error probability

is shown to be finite.

Index Terms
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Given a lattice ' A € R", and x = (xy,79,...,7,) € R, the lattice point y,(z) which

minimizes the Euclidean distance ||x — y||, y € A is called the nearest lattice point to x. The

nearest lattice point problem is to find y,(x) for each x € R".
Our objective is to study the communication cost of finding the nearest lattice point in a
distributed network under the assumption that x; is only available at node-7, 2 = 1,2,...,n,1in a

network of n nodes. We consider an interactive communication model in which nodes exchange
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information according to a pre-arranged protocol. When communication ends, each node has
sufficient information to determine y(x), an approximation to y,(x). We restrict our work to
lattices of dimension 2, since this captures most of the main geometric insights required for the
analysis.

We view our problem as a distributed function computation problem, the function being the
nearest lattice point to x and consider interactive communication protocols for the computation
of this function. In an interactive protocol, a communication session is broken up into rounds
and in each round a node is allowed to compute its message based on local information and all
the information that it has received from other nodes in previous rounds. Interactive protocols
are more powerful than one-way protocols [26].

The cost of communication for any function depends on the nature of the function, the error
criterion used if an approximate solution is sought, and the correlation structure of the source.
In order to pay attention to the function alone, we will assume throughout this work that the
information available at each node is statistically independent. The main contributions of the
paper are as follows.

1) We consider interactive protocols with a single-round as well as interactive protocols with

an unbounded number of rounds.

2) For a single round protocol we develop analytic expressions for the tradeoff between rate

and error probability.

3) For interactive protocols with an unbounded number of rounds, we exhibit a construction

which results in zero error probability with finite average bit cost.

4) We study the dependence of the communication cost of our protocols on the lattice

structure.

Since the problem of finding the nearest lattice point can be viewed as a classification problem,
where a class is the Voronoi cell of a lattice point, our results are of value for distributed
classification problems in general. Given the current focus on data analytics and cloud computing,
the communication costs of distributed classification problems are expected to play an important
role in practice.

In a companion paper [5] we have developed upper bounds for the communication complexity
of constructing a specific rectangular partition for a given lattice along with a closed form
expression for the error probability P.. The partition is referred to as a Babai partition and is

an approximation to the Voronoi partition for a given lattice.
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The probability of an event E is written Pr(E) or Px(FE), when the distribution is to be
emphasized. The probability density function (pdf) of X is denoted by px(-). The conditional
pdf of X given Z is denoted px/z(:|-). The entropy function is denoted by H(-), with argument
being either a random variable or a probability distribution. The differential entropy function
is denoted by h(-) with similar convention regarding its argument. If B C R?, then we define
Bt = {x; : (x1,22) € B}, i = 1,2 to be its projection on the ith coordinate axis.

The remainder of the paper is organized as follows. Previous work is reviewed in Sec. I,
assumptions and a preliminary analysis are presented in Sec. III, the interactive model is analyzed
and quantizer design is presented for a single round of communication in Sec. IV, and for an
unbounded number of rounds of communication in Sec. V. Numerical results and a discussion

are in Sec. VI. A summary and conclusions is provided in Sec. VII.

I. PREVIOUS WORK

The problem considered here is related to the following bodies of prior work: interactive
communication, distributed function computation, distributed hypothesis testing and quantization,
in particular, asymptotic quantization theory. We briefly review prior work in each of these
areas. Loosely speaking, communication complexity is the minimum amount of communication
required to achieve a specific objective, whether it be distributed compression or distributed
function computation.

Two-party interactive communication is considered in a series of papers [25], [26], [27].
When worst-case complexity is considered, infinite message complexity can be as small, but no
better than, the logarithm of the one-message complexity, and the one-message complexity is
the logarithm of the strong chromatic number of a graph that is derived from the support set of
the joint distribution of the pair of random variables. It is also shown that two messages suffice
to achieve communication within a constant factor of the best possible using an infinite number
of messages. For the average case, when random variables are uniformly distributed over their
support set, average case communication close to the conditional entropy can be acheived using
four or more messages [27].

Given a function f of several variables, the communication complexity of computing f in a
distributed setting is considered in [35], [16]. Early information theoretic work on communication
complexity for distributed function computation includes [34]. In [28] the problem of computing

f(X,Y) at node-Y is considered and it is shown that H(X|Y') bits are necessary and sufficient,



ON THE INTERACTIVE COMMUNICATION COST OF THE DISTRIBUTED NEAREST LATTICE POINT PROBLEM 4

where H¢ is a conditional entropy defined on G the characteristic graph of X, Y and f. A
characterization of the two-message rate region is also provided. More recently, two terminal
interactive communication is studied in considerable detail in [21], [24], and the benefit of an
unbounded number of messages is demonstrated. In particular tight bounds for computing the
Boolean AND function are obtained.

If X and Y are iid Gaussian with unit variance, with correlation coefficient p, f(X,Y) =
(X +Y)/2, the objective is to calculate f at node-Y’, and only a single round of communication
is allowed from node-X to node-Y then node-X must send (1/2)log,((1 — p?)/4D) bits to
achieve mean squared error distortion D [34]. If p = 0, the minimum rate required coincides
with the rate for communicating X /2 with mse distortion D, as can be seen from the rate
distortion function for the source. If the objective is to determine (X +Y)/2 at both nodes with
mse distortion D, the minimum sum rate is log,((1 — p?)/4D), which is twice the rate required
for calculating f at one node. Once again, when p = 0 this coincides with the minimum rate for
sending X/2 to Y and Y/2 to X, even if multiple rounds of interactive coding are allowed [30].

Our work is based on analysis techniques for quantization [4], [9], [36] some applications
of which to detection problems have already appeared in [29], [3] and [11]. More recently,
the design of fine scalar quantizers for distributed function computation with a squared error

distortion measure is considered in [23] and succeeding works.

II. APPLICATIONS

While the problem considered in this paper is of fundamental importance, it also has potential
applications to emerging systems for network security and machine learning.

The need for large scale distributed systems has been noted, by security researchers, as a foil
to distributed and coordinated attacks. Examples of such attacks and pre-cursors to attacks are
distributed denial of service attacks [33], distributed port scans and fragmented worms. This
is enabled by the increased sophistication of attackers, who are able to commandeer multiple
resources and attack a network in a distributed manner, so as to evade localized detection
techniques. A common feature of these attacks is that detection requires global information.
The communication cost of detecting such attacks is high and the bottleneck is the network
bandwidth, which is a few orders of magnitude smaller than memory bandwidth [2]. In response,
researchers have considered the design of distributed, collaborative intrusion detection systems

and several survey papers on this important subject have appeared recently, e.g [32], [22].
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A similar trend towards collaborative distributed systems is observed in the area of machine
learning, e.g. [15]. Machine learning systems can serve as a subsystem in an intrusion detection
system, but are also of interest in a host of other applications. Primitives provided in such systems
include gradient and stochastic gradient descent, map-reduce (for developing divide and conquer
strategies) and graph parallel primitives. The problem of reducing the communications overhead
in datacenter implementations of large scale machine learning problems has been addressed
in several works, e.g. [19]. As a specific example consider the design of a neural network
classifier for data that is distributed across many physical locations [18]. The focus in [18] is on
understanding the statistical performance of the proposed distributed learning algorithm—there
is no explicit accounting of the communication cost of the proposed algorithm. Our work aims
to fill this gap.

Finally, we would like to note that when detecting an attack in a large network, the first attack
is often very hard to detect. It is only after anomalous behavior is noted that an effort is made
to discover the mode of the attack, after which an attack signature is obtained for preventing
further spread. Thus, the availability of network data that precedes the attack is crucial for
discovering the mode of an unseen attack. Such data can take the form of counts of packets
with specific source, destination IP addresses, as in [13]. However, since uncompressed network
logs will consume a lot of network bandwidth, it makes sense to have available a compressed
representation of a network log. In the example of packet counts, lossy compression is an
acceptable and necessary step in reducing the network bandwidth requirements. The emphasis
on low delay is also important here. We may not have the luxury of accumulating data for a
month at each sensor node, but may wish to encode data daily.

The problem considered here has applications to the above-mentioned distributed systems
and our expectation is that the communication efficiencies obtained through their solution will

contribute to system efficiencies.

III. LATTICE SETUP

Our analysis is for lattices in dimension 2. We summarize here, some of the necessary and
relevant facts about two dimensional lattices. We will assume that generator matrix V of lattice

A is of full rank (the associated lattice is called a full rank lattice) and has the upper triangular
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where the columns of V are basis vectors for the lattice. The associated quadratic form is
f(x,y) = 22+ 2pcos b zy+ p?y?. It is known that this form is reduced if and only if 2|p cos 0] <
1 < p? and the three smallest values taken by f over (z,y) € Z* — {0} are 1, p?, and 1 —
2|pcosb| + ,02 see e.g. Th. II, Ch. II, [7]. Based on a result due to Voronoi, Th. 10, Ch. 21, [8],
it follows that the relevant vectors, i.e. the vectors which determine the faces of the Voronoi
cell, are £(1,0), +(pcosh, psinf) and +(pcosf — 1, psinf). We thus consider lattices with
generator matrix V as above, with p > 1. From an additional symmetry, and in order to avoid
indeterminate solutions we restrict 6 such that 0 < pcosf < 1/2. Performance at the endpoints
0 and 1/2 can be obtained by taking limits. More generally, the generator matrix of the lattice
is represented by matrix V with ith column v;, i = 1,2,...,n. Thus A = {Vu, u € Z"}. The
(i,7) entry of V is v; j, thus v; = (vy;, Vg, . .., Up;). The Voronoi cell Vy is defined as the set of
all x for which y € A is the closest lattice point. When y = 0, we will write V' as shorthand
for V.

A fundamental region of a lattice A is a set with the property that distinct points in the set
are distinct, modulo translations by lattice vectors. The volume of any fundamental region is
| det V'|. The Voronoi cell Vy is a fundamental region for the lattice A. For the lattice A with
generator matrix (1), it is not hard to show that any translate of the rectangle [0, 1) x [0, psin ) is
also a fundamental region for A and that these are the only axis-aligned rectangular fundamental
regions for this lattice. Given a lattice A and a rectangular fundamental region R, a partition

of R” of the form R +y, y € A will be referred to as a rectangular fundamental partition
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of A. A simple method for obtaining a fundamental rectangular partition is to partition R" into

rectangles for which u = (uq,us, ..., u,) is constant, where
n
Ulz[(.fﬁl— Z ’UUU]')/’UZ'Z'], izn,n—l,..,l, (2)
j=i+1

([«] is the nearest integer to z). This partition is referred to as the nearest-plane or Babai partition,
the lattice point
Ynp(X) = Vu 3)

is referred to as the Babai point, the set of x mapped to y by (2) and (3) is called the Babai

cell associated with y, denoted B,. The Babai cell at the origin By is abbreviated B.

IV. INTERACTIVE, NEAREST-PLANE, SINGLE ROUND OF COMMUNICATION

Node 1 Node 2
U2
X, — Stage-| - Stage-| — X
1 Enc/Dec > Enc/Dec 2
U1
Ynp Ynp
\/ (W, ,21) \4
Stage-ll = Stage-l
Enc/Dec < Enc/Dec
i 2 ]
y(x) y(x)
7 time

Fig. 2. Two stages in the computation of y(x). At the end of Stage-I, both nodes have determined y,,(x). Stage-II then refines
the approximation. Shown here is the 12 order for Stage-II communication. In the 21 order for Stage-II communication, 22 is

sent before z; and is calculated differently.

Our algorithm computes y(x) in two stages, as illustrated in Fig. 2. In the first stage, a Babai
partition of R? is constructed. This is accomplished by first sending u, from node-2 to node-1
and then sending u; from node-1 to node-2 calculated according to (2). At the conclusion of this
stage of the protocol, both nodes have determined an approximate nearest lattice point, y,,(x),
thus localizing x to the Babai cell By, (x). In the second stage, we allow only a single round of
communication. This round consists of sending a bin index (wy, z;) from node-1 to node-2 and
another bin index 2, from node-2 to node-1. Computation of w; and z;’s is explained later in this

section. Different results are obtained depending on the order in which the z; are communicated.
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Both possibilities are analyzed. At the end of the second stage, each node has determined a
better approximation to y,(x) than y,,(x). We call this common lattice point y(x)?>.

Let £ = {y(X) # y,(X)} and let P, = Px (&) denote the error probability. The total number
of bits communicated in Stages I and Il is denoted by R;, R, respectively and Ry, = R;+Ry;.
Our objective is to determine the error probability as a function of Rgy,.

Since X; and X, are assumed to be independent and the Babai cell satisfies By = B; X Bf,,

the pdf of X = (X, X5) conditioned on the event {X € By} or equivalently {Y =y} satisfies

pxy (X|y) = pxy v (21]Y)Pxo v (22]Y).

A. Analysis of Rate in Stage-1

The Stage-I rate is given by H(U), where U = (U;,U,) and the U; are obtained in (2). For
general probability distributions H(U;, Us) must be obtained computationally. However, when
the lattice is scaled by « (i.e. the generator matrix for the lattice is V) and detV = 1 it is

easy to show that the Stage-I rate satisfies [5]

lin (Ry + 2logy(a)) = hlpx,) + hlpx,). @

B. Analysis: Stage-II, 12 Order

We now describe the scheme for the 12 order for the second stage. Node-1 partitions B! into
bins and sends a message to node-1 to indicate which bin x; lies in, in effect partitioning 5 into
vertical rectangular strips. Node-2 partitions each vertical rectangular strip into at most three
parts using at most two horizontal cuts or thresholds®. The location of each cut is determined by
the location of the appropriate boundary wall of a Voronoi cell. A typical situation is illustrated
in Fig. 3. Here a rectangle is intersected by the boundary lines of the Voronoi cell V, and is
partitioned into three smaller rectangles. The partitioning of a rectangle into smaller rectangles is
determined by the optimum decoding or decision rule, which associates a lattice point with every
rectangle in the final partition. Consider a rectangle R and let y(R) be the lattice point that it

is decoded to. From elementary considerations it follows that y(R) = arg max, Px(R N Vy).

2Qur protocol excludes the possibility that the lattice points determined by each node at the end the the second stage are

different.

3We shall assume that a vertical strip never straddles a vertical wall of a Voronoi cell.
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Fig. 3. A typical vertical strip created by S; and its partition into three parts by Sa (left). Probability distribution Q(x) which
underlies the calculation of H(U2|Uy) is on the right.

Thus the optimum decision rule decodes region R to the lattice point whose Voronoi region has
the largest probability of intersection with R.

Assume that the upper and lower boundary lines of ) are described by w(z) and I(z),
respectively, when x € B. In case one or more of the Voronoi boundary lines is absent, u(-) and
[(+) coincide with the boundary of the Babai cell and the slopes are zero. Let R have width ¢
and let o and f3, both in [0, 1], be as shown in Fig. 3. Then

PrEX €R] ~ S0pxiixer(en) [(07 + (1 = 0)) (o) x, er (u(z) +

(62 + (1= B)*)|'(21) [pxyixer (1(z1))]

> 1pxxer(®) (1) prxer(u(m) + V) prxer((@))] )

and equality holds when o = 3 = 1/2. This determines the best location of two horizontal cuts
for each vertical rectangular strip.

We now describe the partition of B in a hierarchical manner, using random variables 1W/; and
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Z,. The function |u'(z)| + |I'(z)| is constant on 2m + 1 sub-intervals* of B, for some m > 0.
W, describes the sub-interval that X lies in. The sub-interval indexed by w; = 0 is special in
that |u'(x)| 4 |I'(x)| is zero over this sub-interval and P(E|U = u, W; = 0) = 0 for each u. No
further partitioning of a sub-interval ¥, = 0 is required, and Stage-1I communication ends. Each
subinterval W, # 0 is further partitioned into bins and the random variable Z; describes the bin
index of the bin that X; lies in. Thus each bin is indexed by (u,w;,?), where u is the index of

the Babai cell, w; is the sub-interval index, ¢ is the bin index relative to the sub-interval, and

Fe = Zzpuwl(u,wl)P(S]U =u, W, = w)

PU W1 u wl
= (=P > g=p oy EU=uW=w) (©)
u w1;£0

where P(E|U = u,W; = wy) is given by averaging the minimum value achieved by (5) with
appropriate bin size §.
The information rate from node-1 in Stage-1I is H (W, Z;|U). The sum information rate for

all communication (Stages I and II) is given by

Roum = H(U) + H(Z,|W7, )+H(W1\U)+H(Z2\21,W1,U), (7N
N——
R[ R][ 12 RIIQI

where, for convenience, we mention again that U; and U, are the random variables associated
with communication in Stage-I, given by (2) and Z;, W and Z, are random variables associated
with communication in Stage-II.

Since the quantization in Stage-II is assumed to be fine (for a lattice at any scale), we can obtain

useful approximations for H(Z;|U, W). Specifically, for a realization of (U, W;) = (u,w;)

Nu swq

1
Zl|u wl Z /pX1|UW1 10g2f
7z,

dr, (®)
, Pxiu,wy (t)dt

where Ny ,,, the number of bins and Z;, the ith bin of the w,;th sub-interval of the Babai cell
indexed by u. Note that Z; may depend on (u,w;) though this is not reflected in the notation.
The partition constructed by node-2 is described next. Suppose x; lies in the rectangle R =

T;xB2. As shown in Fig. 3, R is partitioned into at most three rectangles labeled R;, j = —1,0, 1.

“Some intervals may be of zero length. For the cases that our analysis is applied to m is either 1 or 2.



ON THE INTERACTIVE COMMUNICATION COST OF THE DISTRIBUTED NEAREST LATTICE POINT PROBLEM 11

Define the probability distribution Qu.u, (1) = (Q-1,Qo, Q1), Where Q; = Px,x,(R;|x1).
Node-2 sends H(Z5|Z;,U) bits to node-1 where

H(Z,|21,U ZZPUW1 u,j Z H(Quw, (i) Py (i) 0iu, ©)

where z;, lies in the ith bin of the jth sub-interval of the Babai cell indexed by u, having
length ;.

In order to derive limiting expressions for (5)—(9), we follow the approach in [4], [9], [36]
and introduce the bin-length function §(z) and the point density function p(z) = (N§(z))™*
where N is the number of bins that a sub-interval is partitioned into and 6(z) is the length of
a bin that contains x. Observe that p(x) measures the density of bins at = within a sub-interval
and integrates to unity over that sub-interval. Wherever needed p will be indexed by the Babai
cell index u and sub-interval w;.

In terms of the point density function p(z) and

/() |px, o wy (u(z)[a, wi) + |U(2) [px,ow, (L) [a, wy)

Yu,wi (:IZ‘) = 1 (10)
we obtain
PEU=u, W, =w;) =~ ,ouwl(x1 NuMl W1 = w, LA )
07 wl = O7
Pu,wq (Xl)Nu,wl > _ _ i|
H(Zi|u,wy) =~ b [log (Pxnu,wl(Xlluvwl) Wi =w,U=nu|, w #0, (12)

0, w1 = 0,

and

lim H(Z|Z1, W1, U) = > Py(u) Y Puyyu(wi|[u)E [H(Quun (X1)|Wi = wy, U =ul.
) ' (13)
Observe that (13) does not depend on p.
We minimize F, with respect to the sum rate Ry, in two steps. First we obtain a lower

bound on (11) through an application of Jensen’s inequality [12], [36], [10]. We follow this
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with another application of Jensen’s inequality to determine the optimal rate allocation R(u,w;).

Thus for wy # 0

PEIU=u, W, =w;) =~

’Yuw1<X1)
~ F | . Wi = =
o (e (225050 ) ) i = U =

> exp (E [log (VU,wl (Xl) - lOg (puﬂUl(Xl) uwl)) |W1 = Wy, U= u])

~ exp(E[log (Vuw (X1))|U =u, Wi = wy]) exp(—H (Z1|u, w1)) exp(h(X:|U = u, Wy = wy)

(14)

and equality holds if and only if py.w, (21)Nuw, = Yuuw (€1)/Kuw,, for some constant Ky, .

Let

Ellog (Yuw, (X7)) |U=u,W) =wy|, w 0,
Ay, i [log (Yu,w, (X1)) | 1 =w], wi# (15)
O, w1:0

and let
PU,W1 (u7 wl)

p(u,wl) = m,

w; # 0. (16)

From (6) it follows that

Po > (1= Py, (0)Y > Plu,w)exp(Agw, — H(Zi|u,wi) + h(Xi|u, w))

u wi;#0

(1 — Pw,(0)) exp (Z Z ﬁ(u,wl) (Aww, — H(Z1[u,w1) + h(X1|an1))>

u w;#0

Vv

> (1= Py (0) exp (Z 2 Pl ) (Auw +h(Xalu “’1))) (TR0

u wl;ﬁo

17
and equality holds when H(Z;|u, w;) = Ay, + h(Xi|u, w) + K for some constant /. From
here it follows directly that

Rsum
lim log (Pee(lpwl(o”) =

Rsym—+00

log(1 — Py, (0) + Eflog yu.w, + h(X1|u,w)] + LWV | HOAZIZL0W) - (1)

1-Pw, (0) + 1-Py, (0) ’

where E [-] is the expectation with respect to the probability distribution P defined in (16) and

h(Xi|u,w;) is the differential entropy of the probability density px,ju w, (z|u,w;).
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Remark 1. From (6) we see that in order to achieve P, = ( it is necessary that P(E|R(u, j,1)) =
0 for all R(u, j, i) which have positive probability. This is impossible unless the bin size (the

x1 dimension) is zero, which requires an infinite rate.

Remark 2. Conditions for convergence in (18) are less stringent than those required in the
analysis of quantizers under difference distortion measures since the error measure considered
here is the error probability. It suffices to assume that the marginal pdf’s satisfy smoothness

conditions (53(a)-(c)) in [9].

C. Special Case: 12 Order and X ~ Unif(By)

pcosf—1 psiné) g pcos® psind
#1 2 TR 2
o

Py

» T 2 4 T

1 _i_I_H-Eu_ _ _‘_JJ.:'I_ T ~ (l p —cos@
2’ 2sin6

1 cosf — pcos20

L ]
) e e Ll oh
(pcoa 2" 2sin@ >

Fig. 4. Babai and Voronoi cells, with key points labeled. x1, x2 are the horizontal, vertical coordinates, resp. We have reduced

the clutter by labeling only one of a pair of vertices x, —x.

We now specialize the analysis to the simplest case where we assume that X is uniformly
distributed over By. Thus H(U) = 0 in (18) and the remaining terms are derived in the sequel.
We note here that this analysis also applies in a limiting sense when applied to lattice oA and
a — 0. The only modification required is that H(U) be computed using (4). Thus the analysis
presented here is applicable in the limiting case for general source distributions. The benefit is
that it allows us to study explicity, the dependence on geometric parameters of the Babai and
Voronoi cell.

The Voronoi cell Vy and Babai cell By are shown with all the significant boundary points

and intervals in Fig. 4. We identify four thresholds ¢ 5 = (pcosf —1)/2, t_1 = (—pcosf)/2,
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t1 = —t_q and ty = —t_5 and five intervals I o = (—1/2,t 5], I 1 = (t_o,t 4], In = (t_1, t1],
I = (t1,ts] and Iy = (t2,1/2] with lengths L_5 = Ly = (1/2)pcos, Ly = Ly = 1/2—pcos¥,
Ly =pcosO, L =Lo+ 2L, +2Ly = 1. Let H 5 = Hy = (1/2) cosf/sinf. Note that H_5 =
H 5, + H o in Fig. 4. Let H 1 = H; = cosf(1 — 2pcosf)/2sinf. Note that H ; = H_y; in
Fig. 4. Let the height of the Babai cell be H = psin6. Thus

( .
45:22H = 1/(4P2 sin’ 0), zely(=w =-2)
451__11}] =cosf/(4psin*f), z €l (= w =—2)
0. ([l?) - 0, T € IO(E wy = 0)
4£1H =cosf/(4psin®f), z€ L(=w =1)
\ 45221{ = 1/(4P2 sin’ 9), T € IQ(E wy = 2),
Then ,
Bllogruwn] = 2. 1= p o8 gy (19)
J==2,j7#0
2
Jj=-2
and 2
- I.
BhXiluw)l= 3, 7=7-logL, @1)
j==2,j#0 0

Let random variable W, which takes values j = —2, —1,0, 1,2 with probability H;/H. We thus

obtain

R
P, exp <$> = (22)
1 — Pw,(0)
Py, (0) Py, (0)
_ (1=Pw,(0)) 1 =Py, (0) 2 Py, (0) \ T=Py, (0 E[H(Q(X1))]
= SR () (Ha’—wo (Reg) ™ ) exp { SR |

Lo Ly
_ (1-Lo) (1) TP [ 172 H; \ L E[H(Q(X1))]
= T (L_o> 0 (Ha‘z—z#o <Lﬁ{> 0) eXp{ (-Lo) } (23)

It is worth noting that for the special case considered here, namely, X uniformly distributed

on By, (23) can be obtained more directly by partitioning /_, into Ny equal-length intervals,
I into N; equal-length intervals, Iy into 1 interval, /; into N; equal-length intervals and I

into N, equal-length intervals [31].
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D. Interactive: Single Round, Reversed Steps, X ~ Unif(By)

Analysis is now presented for 21 order of communication. The general formula (23) continues
to apply here, but with W5, Z, and X, replacing Wi, Z;, and X, respectively. We thus derive
an expression for the special case with X uniformly distributed on By, since this captures the
essential geometric differences between the two orderings of communication in Stage-II.

The support for X5 is partitioned into 3 subintervals Jy := (7_1, 7], J-1 := (—psin€/2,7_]
and J; = (71, psinf/2] and the bin that X, lies in is communicated to node-1 by random
variable W,. Conditioned on W, # 0, random variable Z; indicates a bin for interval J;, j # 0
that X, lies in. Also let H = psin#, the vertical (X5) dimension of By and H; = length(.7;),
1 =—1,0,1 as in Fig. 4.

Node-2 sends W5, Zs, the index of the bin that X lies in, and thus partitions By into horizontal
strips. Node-1 then partitions each horizontal strip into at most three parts using at most two
vertical cuts or thresholds, referred to as the left and right thresholds, and sends Z; to node-
2. For a given x5, let P_i(x2) be the probability that X; lies to the left of the left threshold
(Zy = —1), Pi(x2) the probability that X, lies to the right of the right threshold (Z; = 1)
and Py(zy) the probability that X; lies in between the two thresholds (Z; = 0). Let P(x) =
(P_1(x), Po(x), Pi(x)). Then

lim H(Z1|Zy, W, Uy, Us) = E[H(P(X5)]. (24)

mM—00

It follows that

_Ho 1
. _ 1—Hy ([ H\'™Ho HL; E[H(P(X5))]
el 2 4H \ H, j:_lzlﬁéo H, )P\ (1 Ho)

(25)

E. The Optimum Offset

We consider the possibility that the Babai partition constructed on x —x for some fixed offset
vector xg = (g1, To2) might lead to improved performance. Notice that the lattice and Voronoi
partition remain unchanged; only the rectangular partition has shifted. It suffices to restrict x, to
the rectangle [ [}, [—v;;/2,v;;/2) and with this restriction y € By, (y). For 2D lattice considered
here xo € [—1/2,1/2) x [—(p/2) cos b, (p/2) cosb).

First consider the 12 order to communication. We have already shown that the error probability

decreases as 2~ ftsun/(1=L0) and thus the maximum rate of decay is obtained by choosing an
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Fig. 5. Shifted Babai cell (red) and Voronoi cells (blue) and lattice points ’+’. Observe that the lattice is not shifted and a
lattice point remains at the center of every Voronoi cell. Also, the lattice point y lies in the shifted Babai cell because of our

restriction on Xo. A single Babai cell will intersect at most six Voronoi cells.

— 9 da

|
‘ N
'
'
I
'
'
'
I

tdgt

Fig. 6. An illustration of the Voronoi cell Vo an offset Babai cell (dashed rectangle) and the Babai cell with zero offset (solid

rectangle).

offset xy for which L, is maximized. In terms of the distances shown in Fig. 6, Ly = 1 —
max(dy, ds) — max(ds, ds) and dy, ..., ds depend on the vertical offset xgy. For 0 < d; < pcos#,
dy = %, ds = pcost — dy and dy = u;é)%f‘e)(pcosﬁ — dy). Note that offset xg = 0
corresponds to d; = (1/2)pcos@. Ly is maximized for any d; which satisfies (pcosf)? < d; <
pcosf(1—pcosh), as shown in Fig. 7. Thus x¢ = 0 is optimal in terms of rate of decay. A further
optimization is possible in terms of the constant term. This has been calculated numerically and
is shown in Fig. 7(b). For the 12 order of communication d; = pcos#(1 — pcosf) is optimum

(for all § in (7/3,7/2)) and results in significant improvements in the error probability.

A similar, but simpler analysis for the reverse order shows that in this case the zero offset is
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Fig. 7. Variation with offset for 6 = 27/5 and Rsum = 4.0 bits for 12 order of communication. (a) Lo as a function of di,
(b) P given in (25) as a function of d; shows that d1 = pcosf(1 — pcos@) is optimum. (c) 21 order of communication. P

is minimum at zero offset.

indeed optimal, as shown in Fig. 7(c).

V. INTERACTIVE: INFINITE ROUNDS

Fig. 8. Red solid lines show partition after the first round of communication. Dashed lines are created in the second round of

communication.
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We now analyze the interactive model in which an infinite number of communication rounds
are allowed. We provide an analysis under the assumption that X is uniformly distributed over
Bo. As we have noted earlier, the analysis with this restriction also applies when the lattice
is fine, i.e. when |det V|, the volume of a fundamental region is small. The construction and
performance analysis is presented is described in Sec. V-A. The optimum offset is investigated

in Sec. V-B.

A. Interactive:Infinite rounds: A Bit-Excahnge Protocol

Node-2 communicates first. In Round-1, Node-2 partitions the support of X, into three
intervals as in Sec. IV-D (see Figs. 8 and 4), J_1, and Jj, and J;. Let random variable W,
be the index of the interval in which X5 lies. In Round-1, upon receiving W5 and if Wy = 1,
Node-1 partitions the support of X into three intervals Z | = (—1/2,t 5], Zy = (t_o,11]
and Z; = (t1,1/2] (see Fig. 4). If W, = —1, the support of X, is partitioned into intervals
-7y, -1y, —Z_4. If W5 = 0, no partitioning step is taken. Random variable ¥} describes the
interval in which X lies. Let Pr(W, =i) =: Q;, t = —1,0,1. Let P, = Pr(W; = i|W, = 1),
i=—1,0,1. Let Q = (Qo, Q1,Q2) and P = (P, Py, P»).

We assume that for every round, upon sending U;, Node-: updates X; by subtracting the lower
endpoint of the interval that it lies in.

The partition of By into rectangular cells after a single, and after two rounds of communication
is shown in Fig. 8. Define a rectangular cell to be error-free if its interior does not contain a
boundary of Vy. Of the seven rectangles in the partition at the conclusion of Round-1, all but four
are error-free. If X = (X3, X») lies in an error-free rectangle, communication halts after Round-1.
Else a second round of communication occurs, during which a total of 2 bits are communicated.
This process of partitioning and communication continues until each node determines that X lies
in an error free rectangle of the current partition. When the algorithm halts, P, = 0. Let N (X),
R(X) denote the number of rounds, and number of bits communicated, respectively, when the

algorithm halts. Let R = E[R(X)] and N = E[N(X)] denote averages over X.

Theorem 1. For the interactive model with unlimited rounds of communication, a nearest plane
partition can be transformed into the Voronoi partition using, on average, a finite number of

bits and rounds of communication. Specifically,

R=H(Q)+ (1—-Qo)H(P)+4(1 - F)(1 - Qo) (26)
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and

N=1+2(1-PF)(1—-Q).

Proof. We assume that an optimum entropy code is used (thus if W5 = 0, the codeword length
is log,(1/Qo) bits). The term H(Q)+ (1 —Qo)H(P) in (26) is the cost of resolving the Round-1
partition. At the conclusion of Round-1, if X belongs to a region which is not error-free, then
the average number of bits transmitted is obtained by the following argument. At the conclusion
of Round-1, there are two kinds of error rectangles, determined by the sign of the slope of the
boundary of Vy in the rectangle. Note that error rectangles are designed so that the boundary
of 1y is a diagonal of the corresponding rectangle. Let an error rectangle have length L and
height H. If the slope is positive, construct the binary expansion 1 — x1/L = Y 2, ;27" else
construct z; /L = > ">°, b;27". In both cases construct the binary expansion x5/ H = >_°, ¢;27".
From the independence and uniformity of X; and X, it follows that the bits B; and C; are
independent unbiased Bernoulli random variables. Further, the algorithm halts after n rounds,
with 2n total bits communicated if and only if B; # C;, i < n and B,, = C,,. Thus, given X in
an error rectangle, Pr(R(X) = 2n) = Pr(N(X) = n) = 27™. The result follows immediately

by computing the average. [

B. Infinite Rounds: Optimum Offset for the Babai Partition

With reference to Fig. 6, define the probability distributions Q@ = [Q_1, Qo, @Q1], with Q; =
Hi/H,i#0, Qo= (1—(Q1+ Q1) Pp =[P 1,Pro,Pip] = [di/L, 1~ (dy +da)/L,d>/ L]
and Py = [P_1_1,P_10,P_11] = [d4/L,(1 — (dy + d3)/L,ds/L]. In terms of parameters for

the basis, H = psinf, L =1, H; = dy(1 — pcos)/(psinb), H_1 = ds(1 — pcos)/(psinb)

di(1—pcosf)
pcosf

, d3 = pcosf —d, and dy = m(pcosﬁ —dy)

and for 0 < d; < pcosf, dy = 5 cos0

(replicated here for convenience).

The sum rate for Stage-II communication is given by

Rip=H(Q)+Q1H(P) + Q1 H(P-1)+ (Qi(1 = Pip) +Q_1(1 = P_1))4 (27)

The sum rate plotted in in Fig. 9, for the offset Babai partition shows that zero offset is

optimal, consistent with the result for the 21 single-round result.

Remark 3. The communication strategy is implicit in the proof. Note that the finite value for R

is because of the rapid decrease with n of the probability of halting at n rounds.
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Fig. 9. Variation of rate with d; shows that zero offset is optimum for 21 order infinite round communication for p = 1 and

0 = 2m /5. The vertical line shows d; at zero offset.

Remark 4. This result has interesting implications when viewed in the context of distributed

classification problems. Suppose we have an optimum two-dimensional classifier with separating

boundaries that are not axis aligned and also a suboptimal classifier with separating boundaries

that are axis aligned, e.g. a k-d tree. We expect the communication complexity of refining the

approximate rectangular classifier to the optimum classifier to be finite.

VI. NUMERICAL RESULTS AND DISCUSSION
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Fig. 10. Variation of P. ;7 with 6 for the single-round interactive model, 12 (top), 21 (middle) with R = 4.0 bits. R = E [R]

for the infinite-round interactive model is shown in the bottom panel for p = 1.

Performance results for all models are summarized in Fig. 10, for p =1 and 7/3 < 0 < 7/2.

Under the 1-round interactive model the hexagonal lattice is not the worst case for the 12
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sequence, but is for the 21 sequence. The large gap in performance at the same rate for the 12
and 21 sequences highlights the importance of selecting the sequence of order in which nodes
communicate in this case. Under the infinite round interactive model, the hexagonal lattice is

the worst case, with R = 2.42 bits.

VII. SUMMARY AND CONCLUSIONS

For the nearest lattice point problem, we have considered the problem of interactively comput-
ing the nearest lattice point for a lattice in two dimensions. A two-party model of communication
is assumed and expressions for the error probability have been obtained for a single round of
communication (i.e. two messages). We have also considered an unbounded number of rounds
of communication and shown that it is possible to achieve zero probability of error with a finite
number of bits exchanged on average. In almost all cases, our results indicate that lattices which

are better for quantization or for communication have a higher communication complexity.
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