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Abstract

In a multi-item inventory system, given the order cycle lengths
and unit volumes of the items, the determination of the replenishment
times (i.e. “cycle offsets”) of items, so as to minimize the resources
needed to store the items, is known as the inventory cycle offsetting
problem. In this paper we show that so long as the cycle times and
inventory unit volumes satisfy certain mild constraints, there is an
assignment of replenishment times so as to keep the resource require-
ments near the minimum that is theoretically possible for the time
interval [0, ClK ), where C1 > 1is a certain costant, K is the number
of items, and (@) is the maximum of the cycle lengths. We further prove
that there is a certain constant Cy > C7 > 1 so that with high prob-
ability, the resource requirements for the time interval [0, CXQ] are



near the worst that they could be, at least when the cycle lengths and
inventory volumes are chosen randomly from certain intervals with
uniform distributions. Determining the best constants C'; and Cj,
given certain constraints, seems to be a very difficult problem, and is
not something that we work out in this paper; nonetheless, at the end
of the paper we present some computer experiments that suggest how
(4 depends on certain problem parameters (our experiments tell us
nothing about Cs).

1 Introduction

Consider a multi item inventory system with resource capacity constraints.
Assume that, for each item, the demand is constant and known, and the lead
time is constant. The main constraint requires that the resource occupied
at any time along a finite or infinite time horizon does not exceed a given
capacity. In an inventory system, such a constraint can be imposed by the
maximum number of dollars permitted to be tied up in the inventory, or by
the maximum available warehouse space. The decisions to be made are the
timing of the individual product replenishment times, and the quantity of
each product to be delivered daily. In the literature, this problem has been
addressed and under study for a long time (see, e.g., Hadley and Whitin [?],
Johnson and Montgomery [?], Naddor [?], Tersine [?], Zipkin [?]).

In the unconstrained case, the problem is separable and can be solved for
each item independently. However, when there exists a global resource capac-
ity constraint, the problem becomes extremely hard. Different approaches
have been proposed in the literature. The very first approach is called the
Lagrangian multiplier approach (cf. Hadley and Whitin [?], Parsons 1966
[?], Johnson and Montgomery [?]). In this approach, only the order quanti-
ties are decision variables. Lagrangian multipliers are used to minimize the
overall ordering cost and inventory holding cost, under the resource capacity
constraint. This approach does not consider the cycle offsetting effect at all,
i.e. the selection of replenishment times to minimize the maximum resource
occupied along the time horizon. Therefore, in this approach, it is automati-
cally assumed that there exist times along the horizon, such that all the items
are replenished simultaneously. A second approach is called the fixed cycle
approach (cf. Krone [?], Parsons 1965 [?], Homer [?], Page and Paul [?],
Zoller [?], Goyal 1978 [?]), in which all the items share the same cycle. The



decisions are to choose the fixed cycle length and the replenishment times
for items. In Page and Paul [?], it was shown that the fixed cycle approach
will always generate better space utilization (when the resource is warehouse
space) than the Lagrangian multiplier approach. However, in terms of total
cost, this approach is not necessarily better. In Rosenblatt and Rothblum
[?], the fixed cycle approach was generalized to incorporate the case where
the resource capacity is treated as a decision variable, with a general con-
vex cost function of resource capacity utilization. By considering optimality
conditions, the authors proposed an efficient algorithm to solve the problem
within a fixed cycle framework.

In Rosenblatt [?], a comparison was made between the Lagrange multi-
pliers and the fixed cycle approach, and it was shown that none of them is
dominant. In Gallego et al. [?], it was shown the worst case performance of
the Lagragian multiplier approach can be up to one hundred percent worse
than the optimal solution. In Anily [?], it was shown the worst case per-
formance of the fixed cycle approach can be arbitrarily bad. Thus, not sur-
prisingly, a third approach has received a lot of attention, which is known
as the basic cycle approach (cf. Goyal 1973 [?], Silver [?], Goyal and Bel-
ton [?], Kapsi and Rosenblatt [?]). In this approach, a basic cycle length is
determined. The cycle of each item is a multiple of this basic cycle length.
By this approach, the setup cost can be reduced due to the benefits of joint
replenishment. The decision variables in this approach are the basic cycle
length and the integer multiples of the basic cycle length. When the basic
cycle length is given, the problem can be regarded as a partitioning problem
and solved efficiently in most practical cases (cf. Chakravarty et al. 1983
[?], Chakravarty et al. 1985 [?]). In Gallego et al. [?], a variant of the basic
cycle approach was proposed, where the cycle lengths of items are set to be
power of two times of basic cycle length. In Hariga and Jackson [?], a similar
approach was discussed.

In most of the basic cycle approach papers, there is very little discussion
of the cycle offsetting problem; it is usually assumed that there exists times
along the horizon, such that the overall resource occupied is just the sum
of the maximum resource occupations of individual items. This may be due
to the difficulty of solving the cycle offsetting problem as a subproblem. In
Gallego et al. [?], it was shown that the cycle offsetting problem is NP-
complete. In Goyal 1978 [?], a heuristic was proposed to incorporate the
cycle offsetting with a fixed cycle approach. Then in Hall [?], the author
considered the separate replenishment policy for two items, where the cycle



time of one item is defined as the basic cycle, and the other item’s cycle length
is an integer multiple of this basic cycle. The optimal offsetting solution for
this special case was derived. Later in Murphy et al. [?], the general two
item cycle offsetting problem was solved. By using modular arithmetic, a
closed form of the optimal solution was obtained. Furthermore, the authors
also showed that cycle offsetting can increase resource utilization by as much
as fifty percent, which implies that it is very necessary to consider the cycle
offsetting effect when resources are limited. To conclude, in previous research
on the inventory cycle offsetting problem, the two item case was solved, while
for the case of large number of items, only a few heuristics exist.

In this paper we will prove a certain “coarse threshold” result, which says
the following

e if the time horizon is at most CFQ (for a certain C; > 1), where Q
is the maximum of the cycle lengths q, ..., qx, and if the volumes d; and
cycle lengths ¢; satisfy some fairly mild and natural constraints, then there is
always a way to schedule the deliveries so as to keep the resources constraints
close to the minimum that is theoretically possible; and,

e for most instances of the inventory capacity problem of a certain type
(where the cycle lengths ¢; and volumes d; are chosen randomly from uniform
distributions over certain intervals), if the time horizon is larger than C£Q
for a certain constant Cy > C7 > 1, then with high probability, no matter
what cycle offsetting is used, the resource requirements will be near the worst
that is possible.

Notice that in the first bullet there is no randomization or probability in-
volved — randomization only appears when working with the upper bound

CKQ.

One would like to be able to prove that My has a “sharp threshold”,
which would mean that the resource requirements are near the smallest that is
theoretically possible for N < (C'—o(1))%Q, while the resource requirements
are near the largest they could be when N > (C + o(1))%Q. We strongly
believe, however, that this is not the case — that is, we believe My does not
have a sharp threshold. This can perhaps be proved using the methods in
our paper, though we have not bothered to do so.

Although we do not not give good estimates for these constants C; and
(5, as this is a very technical and delicate mathematical problem, in section 7
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we experimentally determine (heuristic) lower bounds for C, assuming that
the cycle times and inventory volumes are randomly selected according to
uniform distributions over certain intervals.

2 The Inventory Cycle Offsetting Problem (ICP)

2.1 Problem Statement

The statement of the inventory cycle offsetting problem is simple: Consider
multiple items in joint storage, whose inventory cycles are given. A resource
is occupied or consumed when items are stored. The resource can be the
amount of dollars invested in inventory, or the warehouse space, etc. The de-
cision problem is to decide the replenishment times of items, to minimize the
overall resource utilization along a given time horizon (finite or infinite). In
this problem, we assume that for each time period, the demand for each item
is constant and known. We also assume that the replenishment is immediate
(this assumption can be simply extended to the case of constant lead time).
To describe the mathematical model, we introduce the following notations:

K : the number of items
k index for items
dy, - volume of a unit of item k consumed or occupied in unit time
Qe inventory cycle of item &
O replenishment time for item & (decision variable), 0 < & < gy

Within a basic cycle framework (cf. Murphy et al. [?]), we can assume g
and dy are integers. The parameter dj, is an estimation of resource occupation
for item k consumed in unit time. It can be regarded as the multiplication
of demand rate and the consumption of resource for each unit of item k. For
example, let the resource be warehouse space. The demand rate of item £k is
2 units per day. And each unit has a volume of 4 cubic feet. Then the dj
value will be 2 x 4 = 8.

Define the following function for each item k:

fet) =q.—t Y0 <t<q. (1)

Then, we periodize by defining for each integer ¢,

fe(t) = fult + hqy),
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where h is the unique integer such that 0 < t+ hq, < qx. Thus, the inventory
cycle offsetting problem can be expressed as follows:

Efficiently determine

K
Mn(q1s s grid, oy di) = N ?2/11115}{ Max defk(t + Ok),
e Ttez k=1

and determine a choice for ¢y, ...,0x where this Minimum-Maximum is at-
tained.

3 Summary of Results

3.1 Basic Bounds

Our first observation is the following theoretical lower bound.

Theorem 1 For L =lem(qy, ..., qx) we have that

di(gn +1)+ - +dg(ge + 1)

ML(qlu"'qu;dlw“vdK) Z 2 .

Proof. Note that the average value of the periodic function dy, fx(t + dx) in

a full cycle is
d(1+-+q)  dlqe+1)

k B 2
Since ¢ divides L, we can easily see that the average value of S(¢; 9y, ..., 0k)
over 0 <t<L-—1is

di(qr +1)+ - +dg(qx + 1)
5 .

Therefore, the resource capacity should be at least this big, no matter what
phases 61, ...,0x are chosen. This is just what the theorem is claiming. [

As the quantity appearing on the right-hand-side of this theorem comes
up many times, we give it a name: Let

di(gp+1) + -+ dr(gx + 1
B = B(ql,...,qK;dl,...,dK) = 1(q1 ) 9 K(QK ) (2)




By aslighly longer argument we can further prove that My approximately
satisfies such a bound, where NV is a small factor of the largest qy; specifically,
we have:

Theorem 2 Suppose that

N > h Max q., with h > 2.
1<k<K

Then,
2
MN(qla'“,(JK;dl,...,dK) Z <1__) B’

where B is as in (2).

Proof. For each k=1, ..., K write
N = spqp + 1, where 0 < r, < q, — 1.

We observe that sy = [N/qx] > h, and therefore for any dy,

1= JRL di(qr + 1)
Nz:%dkfk(n“‘(sk) = %;dkfk(n“'csk) + Ej = f‘l’Ek-

where the error E), satisfies

1 1 Spqr—1 1 N-1
E, = <N_—) Z difi(n + Or) N Z dife(n + 0r).

Skqk

The first term in this error E} is smaller than

Tedpsi(1+24 -4+ q — 1) - di(qr +1) < di(qe +1)
N siqi 28 - 2h ’

The second term in the error Ej is smaller than

de(L+2+-+a) _ dilg+1) _ dlge+1)

qrSk 25y, - 2h




Putting these errors together we deduce that

di(qr +1)

and so, it follows that for all 4, ..., 0k,
N K
1 ZZ 2B
’B - ano k:1dkfk(”+5k)‘ ) e

The theorem follows because from this we know that the maximum value of
this double sum is at least its average value, which is at least

O

So, from these simple results we know that My must be at least half its
largest possible value (which is d1q; + - - - + dkqr), even when N is not too
large; for example, we have that if N > 40 Maxy, g, then

0.45(di(n + 1)+ -+ +dg(gx + 1)) < My < digg+ -+ dgqk.

As mentioned in the previous sections, this leads one to ask: For what
values of qi,...,qx and dy, ...,dx and N, can we guarantee that My is close
to B? And, for which values of parameters is My near to diq; + - - - + dgqx,
the worst it could be?

3.2 Statments of Main Results

In the next two sections we will prove the following two theorems which
partially address these questions.

Theorem 3 For every 6 > € > 0, there exists a constant C; = C1(€,0) > 0,
such that the following holds for K > Kg(€,9) and Q > Qo(€,0): Let

L < qyar < Q= Maxg



be any set of integer phases, and let
0 < dy,ds,...;dx < D
be any set of unit volumes satisfying
B(q1, ..., qx;dy, ..., dg) > SKQD. (3)

(See the remark below as to why this bound on B is a natural assumption.)
Then,

My(grs s qics da, oy di) < (14 €)B, forall N < CFQ. (4)

Although our proof does not give good lower bounds for the best constant
C1 here, it at least gives us that we may take it to be any positive real number

smaller than
exp (€20 /2).

Remark. Observe that we are asserting that the conclusion holds for any
set of integer phases q1, ..., qx — there is no randomization at all. The proof,
however, makes use of a probabilistic argument.

Also observe that the requirement (3) is fairly mild, when viewed through
the appropriate lens: Pretend that the ¢; and d; are independent random
variables that are uniformly distributed over {1,2,...,Q} and [0, D], respec-
tively. Then, (3) holds with probability 1 —o(1) (here, the o(1) tends to 0 as
K — 00); and, in fact, it holds with 6 = 1/8. Actually, we have something
even better, namely that (3) will hold for some value of § > 0 with proba-
bility 1 — o(1) just so long as the values E(q;) and E(d;) are more than a
constant multiple of () and D, respectively, regardless of whether or not the
distributions are uniform.

Theorem 4 The following holds for Q sufficiently large: If

lo 33 :
Ky < K < 76%(()?(/41)), for a certain Ky > 0,
and if we

e sclect integers 1 < qq, ..., qx < @ independently at random from uniform
distributions, and



o select 0 < dy,...,dx < D at random (they need not be integers) from
uniform distributions (independent of the values of the q; and from the other

di)}
then, with probability at least 90%,
Mn(q1, ..., qr; dy, ... dg) > 0.90(dyqy +- - - +drqy), for all N > CFQ. (5)

Although our proof does not give us precise upper bounds on the size of
this constant Cs, it at least shows that for K sufficiently large, we may take

Cy < 5.22 x 10%,
which is clearly much too large to be useful in practical problems.

Remark. We could give a more precise theorem here, where the two num-
bers 90% and 0.9 are replaced with numbers arbitrarily close to 1, and
where the constant C depends on these numbers; however, the theorem
as it is presently stated is good enough to describe the rough behavior of

MN(q17 - 4K, d17 7dK)

Taken together, these two theorems, along with Theorem 2, tell us that
My “typically” undergoes a phase transition: if

Q < N < CfQ, (6)
then My is near B, roughly the smallest it could be; and, if
CyQ < N, (7)
then My is near diq; + - - - + diqx, which is the largest it could be.

Left unanswered is the question of just what the optimal constants C
and Cy are. The methods that go into the proofs of Theorems 3 and 4
1 are too weak to answer this question (especially Theorem 4, where we
only know that Cy < 5.22 x 10%); however, if one is interested in knowing
this dependence for practical considerations (actually solving instances of
ICP computationally), and if one does not care about being mathematically
certain of exactly what this dependence is, then one can perform some large
computations on random data sets to determine the dependence. In section 7
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we present some computer experiments which give heuristic lower bounds for
C if the numbers ¢, ...,qx and dy, ..., dx are randomly chosen over certain
intervals with the uniform distribution. Our computations tell us nothing
about Cl.

One final point worth making, before we close this section and proceed
with the proofs of the above theorems, is that the requirement K < log ()
in Theorem 4 can probably be substantially weakened; however, it cannot
be weakened to something like K < @), because if K is near c¢(), then there
will likely be lots of pairs of the ¢; that are equal, and when that occurs it
is possible to choose the phases 91, ..., 0k so as to keep My from ever being
near its largest value diq; + - - - + dgqxk.

4 Proof of Theorem 3

First, we will need the following theorem of Hoeffding (see [?] or [?, Theorem
5.7]):

Proposition 1 Suppose that z1, ..., 2, are independent real random variables
with |z;| < 1. Let p=E(z1 + - -+ 2.), and let ¥ =z + - -+ + z.. Then,

P(|Y — p| > rt) < 2exp(—rt?/2).

The way we use this proposition is as follows: Given ¢y, ...,qx, and
dy,...,dg, select the phases d1,...,0x independently and uniformly at ran-
dom with 0 < §; < ¢; — 1. We wish to give a lower bound for the probability
that

for allt:O,...,N— 1, dlfl(t+51)++dKfK(t+5K) S (1—|—E)B

We can regard this as a question about the N events Ej, ..., Enx_1, where E;
is the event that

difi(i+61) + - +drfr(i+0x) < (1+¢€)B.

An especially important property of these events F; is that they enjoy
a “weak continuity” property, and this property is what leads to the factor
of Q appearing in (4) for the range CQ. This weak continuity property is
given by the following lemma:

11



Lemma 1 Let

K
S(t:01, ., 0k) = > difr(t+ 6p).
k=1

Then, we have that
K
S(t—u; 01, ., 0k) < Y di + S(t01, ..., 0k).
k=1
Proof. The proof amounts to observing that
frt —u; o1, ., 0K) < fr(t; 01, .., 0K) +u,
and then plugging in such inequalities to the sum S(t — u;d1, ..., 0k). O

From this lemma we can deduce that in order for Ey, ..., Ex_1 to hold, it
suffices that a certain shorter list of events F}, ..., Fy all hold, where

H = 1+ [3N/edQ)
and F} is the event
|S([edjQ/3]; 61, ...,0) — B| < €eB/2.

To see that this implies that E, ..., Fx_1 all hold, suppose that 0 <t < N—1.
Then,
€0(j —1)Q/3] < t < [e07Q/3], for some 1 < j < H.

Now, from Lemma 1 we deduce that

K
S(t:01,.,0k) < S([6jQ/3]: 61, ... 0x) + (1+€5Q/3)> d;
=1
< B(l+¢/2) + (14+eQ/3)DK
< B(l+¢/2) + DK + e¢QDK/3
< B(l1+4¢/2) + DK + ¢B/3
< B(l+e),

for @ > Qo(€,6) and K > Ky(e,0).

12



Now, since F; C E;, we have

H
P(EgN---NEx_1) > P(FN---NFy) > 1= P(F).

i=1

In order to give a lower bound on this last quantity, we must bound P(F})
from below. To do this, given that we already know di, ..., dk, q1, ..., ¢x, but
that we let 0, ..., 0k vary, we define the random variables >, ..., ¥ y_1 by the
relation

i = (di/QD)fi(i+01) + -+ (dx/QD) fx (i + 0x).
Each of these ¥; is a sum of independent random variables, say
Y = Xi+ -+ Xk, were Xy, = (d./QD) fi.(i + ),

and by dividng through by QD we have forced them to be bounded from
above by 1, so that Hoeffding applies; indeed, we have that

P(F;) = P(|B/QD —%;| < eB/QD) > 1—2exp(—€?B*/2KQ?D?).

So,
P(EgN---NEyx_1) > 1—2Hexp(—€*B*/2KQ*D?).

This probability is positive, provided
2H < exp(¢B*/2KQ*D?).
Using (3) we see that this holds provided
2H < exp(20°K/2).
Using the fact that H = 1 + [3NK/edQ)], we have that our inequality holds

provided
N < ?exp(eQCSQK/Z) - ?

This right-most-quantity is bounded from above by C¥Q for large K and for
some (' that depends only on € and d; in fact, for large K we may take C}
to be any constant exceeding

€d s\ "
lim (E exp(262°K/2) — —) = exp(€?6?/2).

K—o0 3

Our theorem is proved. Il
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5 Proof of Theorem 4

5.1 An Approximate Chinese Remainder Theorem

The time horizons N around where My is “large” turns out to be related to
the parameter

s = s(q, .. qx; R) = Min H + ZE ) (8)
(my,...,mp)ezk qK
[mg|<R

(mq,...,mp)#(0,...,0)

where ||x|| denotes the distance from z to the nearest integer.

The connection between this parameter s and the number My is through
an approximate version of the Chinese Remainder Theorem. Basically, we
will use some elementary harmonic analysis to prove that given € > 0, for a
certain R > 0, if s is “not too small” (in a way that depends on €), then for
N “not too large”, for any choice of intervals (which amounts to a choice of

a1y .ey QF)
I = [a1—eqi, a1+eqi], I = [as—€qa, as+eq), ..., Ik = [ax—€qx, ax+eqx],

there exists a number 0 < n < N — 1 such that for “most” j =1, ..., K we
will have n is congruent mod ¢; to some number in the interval I;. If this
is the case, then no matter how we choose phases d1, ..., 0, it will turn out
that My (qi, ..., qk; 01, ..., 0k ) is “large”.

If these intervals had ¢ = 0, then they would just be the points I} =
{a1}, ..., Ix = {agx}. If the qi,...,qx were coprime, then by the Chinese
remamder theorem there would exist n < lem(qy, ..., gk ) satisfying n = a;
(mod ¢;); therefore, n lies in the interval I; mod ¢;. In our approximate
version of the Chinese remainder theorem we do not need so strong a re-
quirement as that the qq, ..., gx are coprime, as it turns out that for “most”
choices of ¢, ..., qx < @, the parameter s is “not too small”, at least when

1 < K < log@.

Furthermore, the n that lies mod ¢; in the interval [;, for all j = 1, ..., K,
will typically be much much smaller than lem(qi, ..., gk ).
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5.2 The connection between s and My

Rather than state the approximate Chinese Remainder Theorem as a seperate
theorem, and then apply it, we will integrate it directly into the proof of the
following theorem, which is all we really need for the proof of Theorem 4:

Theorem 5 Suppose 0 < e; < 1/2, and suppose that qi,...,qx > 2. Let

R > 1 satisfy
R 27

> .
log(4R) + log 16 16¢€3

(9)
If s # 0, then for

N > Klog(4R) + log 16
- 2s
we have that

My(qr, . qr;da, .y dg) > (d1Q1+"'+quK)—KM]§lek(€1qk—l—1). (10)

In order to relate this theorem to Theorem 4, we need a way to bound
s(q1, ..., qi; R) from below for almost all ¢q, ..., ¢ < @, for a particular value
of R. The following lemma is a step towards this:

Lemma 2 Suppose that mq,...,m, is a sequence of integers, not all 0, and
suppose that x,...,x, are chosen independently and uniformly at random
from among the integers in [1,Q]. Then, the probability that

mi mny

< 11
T Tn “ ( )

18 at most
1 + 26,Q*/ Max; |m;|

Q

Proof of the Lemma. Without loss of generality, assume that |m,| is
maximal among the list |mq|, ..., [m,].
Let E be the event (11). We first consider the probability

P = Py, ..., Yn-1) = P(E | 21 =1y1,22 = Yo, .., Tn1 = Yn—1)

This is the same as the probability that m,,/x, lies in a certain interval of
width 2e; specifically,

mn, my Mp—1
—E—<—+~--+ )—l—[—@,@].
€ Tn-1

15



This probability is maximal (the greatest number of z,, satisfy it) when

my mMp—1 mp
I + e + —_ —_- - 62,
T Tp—1 Q

in which case E holds whenever
L1 1, 2
Q ~ Q  [mn|’

that is,
Q

1+ 2€2Q/|mn|
The width of this last interval is at most 2e,Q*/|m,,|. So,

1+ 26Q% /||

<z, < Q.

P < 0
So,
P(E) = Z Plz1 =y1, .., Tno1 = Yn-1)P(El21 = 41, .o, Tt = Y1)
1<y1,eyn—15Q
1+ 26,Q%/|m,|
< 0 ;
as claimed. O

Before we apply this lemma, we first consider the following question:
Given qi,...,qx and R > 1, how small would we expect s(qi, ..., qx; R) to
be in absolute value? Well, there are, in total, (2R + 1)X — 1 sequences
(my,...,mg) # (0,...,0) and each of the sums

must be smaller than K R/Q in absolute value; and, if these (2R+1)% —1 sums
were uniformly distributed in [-KR/Q, K R/Q)], then we would expect that
the smallest sum in absolute value has size about (2K R/Q)(2R +1)~%. So,
for example, we would expect that it is fairly unlikely that for any sequence

of (mq,....,mg) # (0, ...,0),

m m
_1+...+ K
q1 qK

5
< Q@R+ DK’

(12)

16



once 0 > 0 is small enough. Our lemma above will allow us to say how un-
likely: First, let e; = 6Q (2R +1)~%. Then, from Lemma 2, each particular
sequence (myq, ...,my,) # (0, ...,0) satisfies (12) with probability at most

14+20Q(2R+1)"% 26 N 1
Q T QR+ DK T Q

So, the probability that at least one of the (2R+1)% —1 sequences (my, ..., mx) #
(0,...,0) satisfies (12) is at most

2R+ 1)X
—g

So, just as we predicted, by choosing § > 0 very near to 0, we have that this
will be unlikely, provided that (2R + 1)¥ is appreciably smaller than Q; in
fact, assuming that

20 +

log @ + log d
log(2R + 1)

we will have that this probability is smaller than 30.
Given some 0 < €; < 1/2, let R > 500 be the minimal integer that
satisfies (9); this will mean that

27 - R
16¢€3 log(4R) + log 16

With a little work one can check that

2
—. 1
<3 (13)

R
(log(4R) + log 16)

log(2R+ 1) < 2log (2 ) < 2log(1/é€);

and so, we get that the probability of (12) holding for some (my, ..., mg) #
(0,...,0), all |m;| < R, is smaller than 3¢, provided that

log @ +logd log @ + log d
2log(1/€?) log(2R+1)

Combining this with Theorem 5, and choosing § = 1/33 and ¢; = 1/41, we
have

K <

Claim. If 1 < ¢qy,...,qx < @ are chosen at random, where

log(Q/33)

K, K
0= < 6log(41) ’

(14)

17



then with probability at least 1—30 ~ 91.1% we will have that for R satisfying

(13),
1

>
~ 33Q(2R+ 1)K’
and therefore by Theorem 5, we deduce that for

s(q1, .- qr; R)

Klog(4R) + log 16

N > (33/2)Q(2R + 1)* (K log(4R) +log 16) > 5

we have that for () sufficiently large

My > (diqi+--+dgak) — K Max di(e1qx + 1)
> (diqr + -+ drqr) — KD(e,Q + 1)
= (g1 + -+ dgqrx) —2KE(dy)((2/41)E(q1) + 1)
> (diq1 + -+ dgqr) — (4/40.5) KE(d)E(q). (15)

Note that these expectations that appear in these last two inequalities is
a consequence of the fact that the d; and ¢; are chosen independenly and
uniformly from sets [0, D] and {1, ..., Q}, respectively.

We can further refine this last inequality: We have by the Law of Large
Numbers that for K sufficiently large, the sum

diqi + -+ drqr

lies near to K'E(q;)E(d;); in particular, we will have that we can replace the
lower bound in (15) with

My > 09(diqs + -+ - + drqk);

and, under the same assumptions that went into our claim above — in partic-
ular, (14) — we will have that this inequality on My holds with probability
at least 90%.

For large values of K this range on N has the general form CXQ, where
C5 is roughly 2R + 1. To be more precise, we have that since

lim (2(2R+ 1) (K log(4R) +10g 16))" = 2R 41,

K—oo

then for any v > 0 and K sufficiently large we will have that (15) holds for
N > (2R+ 1+ +)%@Q. This clearly implies our theorem, and so we are done

18



once we prove Theorem 5. In order to translate this bound on C); into a
numerical value, we observe from (13) that we must solve

R
log(4R) + log 16

_ 2 482447,
€

and using Maple we find that this satisfies
R < 2.61 x 10°.
So, for K and @ sufficiently large we may take

Cy < 5.22 x 108.

6 Proof of Theorem 5

In this section we will prove Theorem 5 using the following technical propo-
sition, and two of its corollaries.

Proposition 2 Suppose R > 1, and suppose that q1,...,qx > 2. If s is as
defined in (8), and s # 0, then given any set of integers ny,...,ng, there
exists an integer n satisfying

K log(4R) + log 16
0 < n < KIoB(AR) +log16 (16)

< 5

such that .
2 ~1/R
n—n; 2
H 1—-4 ’ > (17)
. K/4AR
Pl ( ¢ ) (4R)"/
Proof of the Proposition.
Define
S , , 2R
f(n) H ‘627rzn/qi + 627rznz-/qi
i=1
and let



The fact we will exploit is that if f(n) is very large, say nearly its max-
imum value of 225 then we must have that ||(n — n;)/ql| is close to 0 for
many values of 7.

On expanding out f(n), we find that

R
Z( ) ari(n s (R—)

]:

2

fy = 1

=1

K
= H Z ( )(R)e%z‘(n(a‘—j’)m(j'—j))/qi
j/

K

i=10<j,j'<R
K
R\ /R
= > ()
0<j1,-ig <R \i=1 Ji Ji
0<)seihe <R

x e2minH(j —jiv---ij—j}()627”'H(n1(j{ —J1)se k(I —3K))

From the hypotheses of our proposition we have that if mq,...,mg are
integers, not all 0, and |m;| < R, then

M
Z 2M 2T (M)
n+ M

n=—M

— ‘1 +e27riH(m1,...,mK)|2M

‘1 + e27rz‘s|2M

22M

cos?M (7s)
22M (1 — 45%)*M

2°Mexp (—8s°M) . (18)

IA A

And, trivially,

M
Z 2M 2rinH(0,..0) _ 92M

n+ M ’
——M

So,
> (e == T ()

20



2R\ "
= 22M<R) +E
22M+2KR

> (4R>K/2

+E, (19)

where FE is to be thought of as an error, and equals

K
> (MG
. .
0<j1se- i <R i=1 Ji Ji

(G100 K)F G0 5)
M
3 ( 2M )emnH(ﬁ—J'; ..... =)
+ M '
n
n=—M

Using (18) we deduce that

R 2K
R
|E| < 2°Mexp(—8s*M) (Z ( )) = 22MH2KR oy (852 M).
J

=0
Combining this bound on |F| with (19), we deduce that
M
oOM 22M+2KR—1
—_ 2
P NICES = (0

whenever
exp(8s*M) > 2(4R)K/?,

which is to say

Klog(4R) + log 4

M >
1652

(21)
We now require a basic lemma:
Lemma 3 For all integers M > 1 we have that for x > 0,

2M
< 92M+1,—2z
Z (n—l—M) - ¢

In|>vV2Mzx
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Proof. We could prove this using Stirling’s formula; however, Hoeffding’s
inequality, which is stated as Proposition 1 in the proof of Theorem 3 above,
quickly gives a decent upper bound. In our case, we set Y to be a binomial
random variable with parameters n = 2M and p = 1/2, and then we let
X =2(Y — M), which can be written as X; + - - -+ Xoys, where X; takes the
values £1 each with probability 1/2. So, Hoeffding gives the bound

! 2M —2z
DS (HM) — P(X| > 2v2Mz) < 2e7
l71>v2Mz

Applying the lemma with

K log(4 1
. oi( R) N 058 (22)

we find that

Z ( 2M ) < 22M =2
Whay=on n+ M (4R)
and so, since f(n) < 225F we deduce

22M+2KR—2

n|§m <n2+MM)f(n) < R

Combining this with (20) we deduce

22M+2KR—2

|%:w <”2+MM>f ") = R

22M

Now, as the sum of these binomial coefficients is at most , we deduce

that there exists an integer n satisfying |n| < v2Mzx and

fn) > (24]%7_/2. (23)

Using now the fact that for 6 € [—1/2,1/2],

}1 + ezme} = }6_”0 + e’rw} = 2cos(ml) < 2(1—46%),
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we deduce that (23) implies that for some integer |n| < v2Mz,
K 2—1/R
[I({r-4 > AR (24)

i=1

Now, since this bound does not depend on the choice of phases ny, ..., ng,
by shifting n; by an amount |v2Mz| + 1, we deduce that (24) in fact holds
for 0 <n < 2v2Mzx.

Since this holds for any M satisfying (21), and for z satisfying (22), we
have that (24) holds for 0 < n < N, for any N satisfying

Klog(4R) +log4\ [ Klog(4R) log8
N2
> 8 < 1652 i T )

2
n-—mn;
qi

which certainly holds if

N > Klog(4R) + log 16‘
sV/8

Proposition 2 now easily follows. 0

Corollary 1 Let 0 <e <1 and 0 < 6 < 1/2 be given, and suppose that

R - 1
log(4R) + log 16 16€62

(25)
Then, if q1,...,qx > 2 satisfy s(q1,...,qx; R) # 0, then there exists an
integer n in the range (16) such that

n—n;

q;

< 6, for all but eK integers ¢ = 1,2, ..., K.

Proof.
Suppose that R satisfies (25), and that for every integers n there are at
least eK integers ¢ = 1, ..., K satisfying

n—mn;
qi

> 0.

23



Then, we will have that for every integer n,

ﬁ<1_4

1=1

n—n;

qi

2
) < (1 —452)61( < exp (—46[(52).

Using (25) we have that this right most quantity satisfies

) 2—1/R
exXp (—4€K(5 ) < W
This then would give us a contradiction, because it would imply that (17)
fails to hold for every n. The corollary now follows. 0J

Corollary 2 Suppose 0 < a, 3 < 1/2; suppose that q1,...,qx > 2 are inte-
gers; suppose that R > 1 satisfies
R - 1
log(4R) + log 16 4a3?’

and, suppose that s(qq, ..., qx; R) # 0.
Then, for any set of integer phases 01, ..., 0k, there exists an integer n in
the range (16), such that for at least (1 — a) K indices i = 1,2, ..., K we have

filn+6) > (1—08)g — 1.

Proof.
Fori:=1,2,..., K, let

ni = [Bqi/2] =6 +1,
and let e = « and 0 = [3/2. It follows that

R - 1
log(4R) +log16 =~ 16€d?

Thus, since we have assumed s(qi, ..., qx; R) # 0, it follows from Corollary
1 that there exists an integer n such that for at least (1 —€)K = (1 — a)K
indices 1 = 1,2, ..., K,

n—mn;

< 0 = f/2.

i
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For such indices 7 and integer n we get that

filn+6;) = filn —ni+ [Bqi/2] +1) > fi(Bai/2+ [Bqi/2] +1)
> q(l—-p)—1.

O

The proof of Theorem 5 is now but a simple application of Corollary
2: The hypotheses of this theorem match the hypotheses of Corollary 2 for
a = €/3 and [ = 2¢/3; and so, given any set of phases 0y, ...,dk, there
exists an integer n in the range (16) such that for at least (1 — «) K indices
1 we have that

filn+6) > (1—pB)g — 1.

Thus, if we let Sy denote the set of all indices ¢ where this inequality holds,
and let S; = {1,..., K} \ Sp, then we have

K
Zdifi(n + 0;)
i1

> Zdi((l —Ba;i—1) + Zdi

i€So 1€851
= (g + - +drqr) = > di(Bg+1) =Y di(gi — 1)
€S0 1€S51
> (dvq1 + -+ -+ drqx) — |So] M?Xdi(ﬁ% +1) — |5 M?Xdi(% —1)
> (dvq1 + -+ dgagx) — KM?Xdi(ﬁQi +1) —aK Miax di(g; — 1)

Setting o = €;/3 and 3 = 2¢;/3 we get that this last line is at most
(drg + -+ + grgr) — K Maxd;(eg; + 1),

and the theorem is proved.

7 Computer Experiments
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