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Perfectly packing a cube by cubes of nearly
harmonic sidelength

Rory McClenagan

Abstract. Let d be an integer greater than 1, and let ¢ be fixed such that % <t< ﬁ. We prove that for
any ng chosen sufficiently large depending on t, the d-dimensional cubes of sidelength n~! for n > n
can perfectly pack a cube of volume .52, L. Our work improves upon a previously known result

n=ng ydt
in the three-dimensional case for when % <t< % and 79 = 1and builds upon recent work of Terence
Tao in the two-dimensional case.

1 Introduction

Let d be an integer greater than 1. We define a brick to be a closed d-dimensional
hyperrectangle and use the term cube to refer to a brick with equal sidelengths.
We define a packing of a finite or infinite collection of bricks B to be a particular
configuration of the bricks in R? such that the interiors of the bricks are disjoint and
the facets of the bricks are parallel to the coordinate hyperplanes. A packing of B in
a solid Q c R? is a packing of B such that every brick is contained in Q. The packing
is perfect if the measure m(Q \ B) is 0. In this case, the sum of the volumes of the
bricks must be equal to m(Q).

A famous question posed by Meir and Moser [8] asks whether rectangles of
dimensions % X ﬁ for n >1 can perfectly pack a square of area 1. They also ask
whether squares of dimensions % x + for n > 2 can perfectly pack a square of area
%2 — 1. While both of these problems remain open, there are two directions in which
partial results have been obtained.

First, one can instead try to pack the same squares into a slightly larger square.
For instance, Paulhus [9] showed that the squares of sidelength % for n > 2 could be

2
. TL_ 1 . . .
packed into a square of area % — 1+ {51515 - However, it was pointed out in [4]

that the proof contained some errors; these errors were corrected in [1].

Second, one can instead consider the problem of trying to perfectly pack the
squares of sidelength ; for n > 1 and some fixed ¢ > 1 into a square of area Y2, .

This becomes harder as t — 17, and is obviously equivalent to the original problem
when t = 1. Januszewski and Zielonka [3] verified this for % <t< % At the expense of
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1062 R. McClenagan

dropping the first few squares, Tao [10] has recently proved that one could perfectly
pack the collection of squares of sidelength = for n > n, (where ng depends on ¢) into
a square of area 3.2, ﬁ in the entire range % <t<L

The analogous problem for cubes in R’ has also been studied. For instance,
building on the methods presented in [5], Januszewski and Zielonka [3] have shown
that cubes of sidelength - for n > 1 can be packed perfectly into a cube of volume
Yooy -5 provided that § < < %. In the general d-dimensional case, Joos showed in
[6] that d-cubes of sidelength n~* for n > 1 can be packed into a cube of volume {(dt)
as long as t is in the interval [dy, 297!/(d297! —1)], where d, depends only on d. The
lower bound, dy, which Jods implicitly defined, was later improved by Januszewski
and Zielonka in [2] to %.

In this paper, we extend Taos work [10] in the two-dimensional case to the
d-dimensional case of cubes and prove the following result.

Theorem 1.1 If é <t< ﬁ, and ny is sufficiently large depending on t, then the cubes
of sidelength n™" for n > ng can perfectly pack a cube of volume 3,7, ﬁ

To prove Theorem 1.1, we apply an inductive-type argument similar to that used by
Tao in [10]. Initially, we suppose that we can pack a finite set of cubes C of sidelength
n~! for ng < n < ny into our single cube S. As long as S \ C can be partitioned into
bricks B with small enough total surface area, then we can find a brick B € B which
is wide enough to pack the next cube of sidelength (n7)~". We pack B by cubes € of
sidelength n™* for n{ < n < n{ in some efficient manner. By efficient, we mean that
the remaining space B \ €’ can be partitioned into bricks B’ with small enough total
surface area. In the next iteration, we choose a wide brick from B \ {B} u B’ and pack
it efficiently. We proceed recursively until we have packed an arbitrarily large finite
number of cubes into S. Theorem 1.1 would then follow from a compactness argument.

This type of argument reduces the problem to finding a general technique for
packing cubes efficiently into some brick, in essence, forming the inductive step in
the above argument. Up until now, we have followed Tao’s argument in [10] closely.
However, while it is fairly straightforward to generalize the standard two-dimensional
packing algorithm used in [10] to the higher-dimensional case, Taos method of
explicitly verifying that this packing is legal and efficient becomes much more difficult
in three dimensions or more. Our innovation is to introduce the notion of “snugness”
(see Section 2); this allows us to perform this portion of the argument in an elegant
fashion which does not become too complex in the higher-dimensional setting.

In Section 2, we introduce our notation and prove some simple lemmas. In
Section 3, we reduce the proof of Theorem 1.1 to a more general result, Proposition 3.1,
which can be proved via induction. The inductive step of this argument is furnished
by Theorem 3.2, which provides a general and efficient method for packing a brick by
cubes. This result is proved in Section 4.

2 Preliminary lemmas and notation

Throughout this paper, we will use the standard asymptotic notation X = O(Y),
X «< Y, and Y > X to refer to the relation X < C|Y|. The constant C will only be
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allowed to depend on the parameters t and §, which we will introduce shortly, but will
be independent of all other parameters. If, instead, we use the notation X = O (Y') or
X <« Y, then the corresponding constant C is allowed to depend on the parameter
M. We use X xY if X <Y and Y « X. Finally, we use the notation X = o(Y)
if X/Y — 0 with respect to some explicit or implicit limiting behavior defined in
context. We will implicitly assume that all of our constants are allowed to depend
on the dimension d.

Note that we also use some nonstandard asymptotic notation. If x = (x1, x2, ...,
x4) € RY, then we use x + O(X) to refer to a vector (x; + O(X), ..., x4 + O(X)),and
analogously for little-o notation. Similarly, if B = [By, B{] x --- x [Bg, B ] is a brick
positioned in R, then we use B + O(X) to refer to a brick [B; + O(X), B + O(X)] x
-+ x [Bg + O(X), B); + O(X)], and analogously for little-o notation.

Let i,j€{1,2,...,d}. Given a brick B, we will denote its sidelengths by w;(B),
ordered so that w;(B) < w;(B) forany i < j. We say that the width of B is the smallest
sidelength, and denote it by w(B) := w;(B). Clearly, w;(B) = w;(B) for every i and j
if and only if B is a cube. We define the volume of a single brick B to be

vol(B) := wi(B)wy(B)...ws(B).

We define the eccentricity of a brick as

Note that ecc(B) =1if and only if B is a cube.
Let B be a collection of bricks. Define the volume of B to be

vol(B) := 29:3 w1 (B)wy(B) ... wy(B).

Define the unweighted surface area of B to be

surf(B) =2 ) > wi, (B)wi,(B) ... wi,_,(B) X > wa(B)ws(B)...wa(B).

BeB 1<i<iy<-++<ig_<d BeB

For 0 < § < 1, define the weighted surface area of B to be

surfs(B) := ) wi1(B)°w,(B) ... wa(B).
BeB
Clearly, surf(B) = surf(B). Weighted surface area is, roughly speaking, a version of
unweighted surface area which weights high eccentricity bricks a little less than low
eccentricity bricks. We can use the inequality w(B) < (w,(B)ws(B) ... w4 (B))# for
any brick B, to derive the crude bound

1) surf5(B) <« (surf(B))" 7,

for a finite collection of bricks B.

A solid S ¢ RY is called simple if it is connected and can be formed as a union of a
finite collection of bricks. A packing of a finite collection of bricks B in a simple solid
S is called e-snug for some ¢ > 0 if, for every brick B € B, the portion of 0B which
does not intersect the boundary of another brick or the boundary of S has surface
area << (we)?! and the portion of S which does not intersect the boundary of any
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brick in ‘B also has surface area << (we)9~!. Here, w is the width of the widest brick
in B. The size discrepancy of a finite collection of bricks B is

MaxXgpep W(B) _

sd(B) = L.

minges w(B)

The following lemma gives a criterion for the existence of a brick of a certain
minimum width in terms of an elegant relationship between volume and weighted
surface area.

Lemma2.1 Let0 < § <1 For any finite collection of bricks B, there exists a brick with

width at least ( SZ:;E?B)) )m‘

Proof By definition,

vol(B) = Z;} wi(B)w2(B) ... wa(B) < (Zug w(B)Jsurty ().

vol(B)

This implies that (sup g w(B))'™° > oty (5)

, giving the desired result. u

This illustrates the principal behind using weighted surface area. If we were to
use unweighted surface area, namely setting & = 0, then to guarantee the existence
of a brick of width w, we would need an upper bound on the surface area of the
form w™lvol(B). However, if § > 0, then we only need a weaker bound of the form
w™(1=9yol(B).

The following result follows from a compactness argument (see, for example, [7]).

Lemma 2.2 Let B be an, at most, countable collection of bricks, and let Q c R?
be compact. Suppose that an arbitrarily large, but finite, number of bricks from B
can be packed into Q. Then B in its entirety can be packed into Q. Furthermore, if
vol(B) = m(Q), then this packing is perfect.

The following lemma states that if a packing of bricks is sufficiently snug, then the
region between the bricks has negligible surface area.

Lemma 2.3  Suppose that a finite collection of bricks B, where the widest brick has
width w, has a e-snug packing in a brick B, for some € > 0. Then B \ B can be partitioned
into bricks with weighted surface area << C‘B‘vwd’“&, where Ciz) is a constant that
depends on |B| and v — 0 as ¢ > 0.

Proof  Partition B \ B into a finite number of bricks B’. The maximum number
of bricks in B’ can be bounded by a constant dependent on |B|. By the definition
of snugness, we know that the true surface area, A (in the sense of the (d —1)-
dimensional Lebesgue measure), of the solid UB’ could not exceed (ew)?~1(|B| +1).
The result follows from the crude bound surf(B’) <« A|B’| and (2.1). |
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3 Initial reductions

In this section, we prove the higher-dimensional analog of Proposition 2.1 in [10],
which will allow us to deduce Theorem L.1.

Proposition 3.1 Fix + <t< = and & depending on t, such that 0 <& <1 and

(d -1)t + 6t < 1. Choose a scale M sufficiently large, and choose Ny sufficiently large
depending on M. Let Ny, > ng > Ny, and suppose that B is a family of bricks with

volume

=01
(31) VOI(B) = Z ﬁ’
weighted surface area bound

no—1 1

(3.2) surfs(B) « =972 ,; mEE
and height bound
(3.3) supwy(B) < 1.

BeB

Then one can pack Upep B by cubes of sidelength n™" for ng < n < npyax.

First, we see how we can derive our main result from Proposition 3.1.

Proof of Theorem 1.1  Fix § = ﬁ — t, and note that it easily satisfies the necessary
conditions. Take B = {C} where Cis the cube of volume °°° % having sidelength

n=ng pdt>

< n(l)/d_t (since ¢ > 1/d). Observe that (3.2) is satisfied, since
surfs(B) « pMd=D(d-1+0) o lmdt ! pl(d-D-ot S !
o 0 0 M1-8/270 MI=3/2 4 p(d-D)iar’

t—08t

recalling that (d — 1)t + 0t < 1and 0 < & < 1. We also have used the fact that 75 >
1 since ng > Ny, which is sufficiently large depending on M. Since (3.1) and (3.3)
are trivially satisfied, we can then apply Proposition 3.1 to conclude that C can be
packed by cubes of sidelength n™" for 1y < 1 < nyax, and the result follows from

Lemma 2.2. [ ]

The inductive step in the proof of Proposition 3.1 requires us to pack a brick by a
collection of cubes. We isolate this result as a corollary to the following more general
theorem.

Theorem 3.2 Fix 0< 8 <1 Let M = My < M, <--- < My be natural numbers, and
let C be a family of M, = MiM, ... My cubes with maximum width w and with
size discrepancy €, for some € > 0. Let S be a brick with dimensions S; x S; x ---x 8
satisfying Miw < §; < Myw + O(w) fori e {1,2,...,d}. Then there exists a packing of
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Cin S such that S \ C can be partitioned into bricks B satisfying
M, 4 -
surfs(B) «< ﬁwd 10 L Cpow? 19,

where Cyy is some constant dependent on M and v — 0 as ¢ — 0.

We will prove this theorem in Section 4. For now, we use it to derive the corollary
we need in the proof of Proposition 3.1.

Corollary 3.3 Fix % <t< ﬁ and & depending on t, such that 0< 3§ <1 and
(d-1)t+ 6t <1. Choose a scale M sufficiently large, and choose Ny sufficiently
large depending on M. Suppose that S is a brick satisfying the width bound Mny" <
w(S) < Mny' + O(ny') for some ng > No and satisfying the eccentricity bound
ecc(S) = o(ng). Then we can find nj > ny with nj —ng < ecc(S)M?, such that S
can be perfectly packed by cubes of sidelength n~" for ny < n < njy and a collection of
bricks B satisfying the weighted surface area bound

1
surfg(ﬁ) < M n;g W

Proof Let the parameters be chosen as in the corollary, and use the notation
§=8 xS x+xSgsuchthat$; < S, < -+ < Sy. Thus, Mny* < S; < Mny' + O(ny?").
Define M; = |S;/ng"| for i € {1,2,...,d}, so that M; < M. Choose nj = ng + M,.
Note that

(3.4) M, = ecc(S)M*,

as required. Let C be the collection of cubes of sidelength n™* for ny < n < ny. The

size discrepancy is ~¢ — 1. This can be made arbitrarily small as long as Ny is chosen
0

to be sufficiently large compared with M. This makes the second term in the bound

of Theorem 3.2 negligible with respect to the first. Thus, we can apply Theorem 3.2 to
get a packing of € in S such that S \ € can be partitioned into bricks B satistying

M., pares | M. (L+sd(@)410 1l g
Surf@(B) << ﬁ(f’lo ) << WW << M n;() W’

since sd(C) — 0. This completes the proof. ]

Observe that the power of M in the weighted surface area bound of the corollary is
independent of 8. This fact allows us to loosen our weighted surface area bound (3.2)
by a factor of M®/2, which is enough to let us complete the inductive step of the proof
of Proposition 3.1, illustrating the advantage of working with weighted surface area
(see also the discussion after Lemma 2.1).

We now use this corollary to prove Proposition 3.1. Our proof closely mirrors the
proof of Proposition 2.1in [10] except for higher dimensions. However, for the reader’s
convenience, we include it here.
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Proof of Proposition 3.1 =~ We prove this via downward induction on #,. Fix
fmax = No. Clearly, the result holds if #g = #1max. Fix some ngy < 1y, and assume
that the result holds with n replaced by any strictly larger integer up to #1max. We
show that the result will then hold for #,.

Since ¢ > %, (3.1) implies that vol(B) x ng ¢’ Furthermore, since (d — 1)t + 8t <1,

we have surfs(B) <« M~(1-9/2) n%;(dfl)t*&t. Thus, Lemma 2.1 implies the existence of
a brick B’ € B satisfying

1
1-dt =
n 1-8/2
w(B') > ( 0 ) =M ny'.
(1— 1-(d-1)t-58t 0
M-(=8/2)p
Since lféz > 1, for 0 < § <1, then as long as we take M sufficiently large, we can

drop the implied constant and conclude that w(B') > Mn,". Partition B’ into two
bricks B and B’ \ B, so that Mn,' < w(B) < Mny" + O(ny"). By the height bound,
(3.3), ecc(B) < M‘(d‘l)n(()dfl)t = 0(ng), which means that we can apply Corollary
3.3 to pack B by cubes of sidelengths n™! for ny < n < n{, with nj - ny > M? and a
collection of bricks By satisfying

1 n(')—l 1
(3.5) surf(Bo) < -7 20—y
n=ng

Now, if 71, > imay, then we are done, as we have packed every cube of sidelengths n ™"

for ny < 71 < fiyax. Otherwise, suppose that ng < 1. Since ny is strictly larger than
1, it makes sense to now apply our inductive hypothesis, replacing ng by ny (which
is strictly larger than ny), and replacing B by B’ = (B \ {B’}) u {B’ \ B} U B,. First,
however, we have to check to assure that the conditions of the proposition are met.

Observe that
- T R TN
vol(B) = >~ = >~ = 2 T
n=ng 1 n=no 1 n=ng h

and so B’ has the required total volume (3.1). Clearly, B’ satisfies the height bound
(3.3). Finally, by (3.2), (3.5), and the fact that surfs{B’ \ B} < surfs{B'}, we have

(S| R |
/
< J— -
surfs(B’) < surfs(BuBy) < - n§=1 meE P n:Eno mEEPT

1 g
M1-6/2 ;12—:1 n(d-1)t+ét’

<

and thus B’ satisfies the weighted surface bound (3.2). Thus, we can apply the
inductive hypothesis for n; and pack Upcs: B by the remaining cubes of sidelength
n~t for ng < 1 < gy, which in turn implies that we can pack Uges B by cubes of
sidelength n™" for ng < 71 < Nyax. ]

All that remains is proving Theorem 3.2, which provides a general and efficient
brick-packing algorithm.
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4 Efficient brick-packing algorithm

Proof of Theorem 3.2  Note that, without loss of generality, we can assume that

S;=M;wforie{l,2,...,d}. Tosee this, suppose that S’ is a cube that contains S and

instead satisfies M;w < S} < M;w + O(w). Then S’ \ S can be partitioned into O(1)

bricks, each of which contrlbutes an allowable weighted surface area « My d-145
To explicitly define our packing, we position S in R as

[0, Miw] x [0, Maw] x -+ x [0, Mgw].

Index € as {C,} M= from largest width to smallest width. We use the notation
wy = w(C,). By construction, w, < w,, if and only if n > m. We further index
n:O,l,...,M*—lbyn,-:n,-l,,-2 where

..... ig>

ig = i1+ My + isM{My +--- + idMle .. -Md—lx

,,,,,,

for iy =0,..., My —1(with k =1,2,...,d). We use the notation C; := C,, and w; :=
Wy, . Position each C; in S as

C;:= [x%,x,% +w;] x [xf,xf +wi]x e x [xf,x? +w;),

where, for any k € {1,2,...,d}, we define

Mi—-1 My—-1
= Z Win,..iko1if,0,..,0 ~ Z Wi, oikons i ig+l,..
ir=0 it =iy

(see Figure 1).
We will verify that this is a legal packing shortly. Note that each (x},x%,...,x¢) is
asymptotically fixed at a lattice point as sd(C) « ¢, namely

(4.1) (xl, %2, x%) = (Wi, wis, ..., wig) + Op(ew).
Collect the subset of cubes from € which form its exterior “shell”:
C= {C;i€C:iy=0o0riy =M -1, forsomeke{1,2,...,d}}.
Let B be the smallest brick containing C \ e. By (4.1), B has dimensions
[w, (M; - Dw] x [w, (My-D)w] x - x [w, (Mg —1)w] +o(1).
Define the simple solid K = Bu € = Bu @ (see Figure 2). Observe that
S\K=(S\B)\C.

Observe that S \ B can be partitioned into O( M, /M) bricks B’ each with dimensions
O(w). Each brick B’ € B intersects at most O(1) cubes in C. This means that we can
partition B’ \ C into O(1) bricks, each with weighted surface area less than that of B’,
which is « wd_”‘s Thus, S \ K can be partitioned into bricks with allowable weighted

surface area << e yyd=143 Tt then suﬁﬁces to show that K \ C can be partitioned into

bricks with Welghted surface area << M wd =1+,

By Lemma 2.3, it suffices to show that C is a packing that is Oy (€)-snug in K.
First, observe that all of the cubes are inside of S. This follows from the bound w; < w.
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_
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Cilﬂ'z-‘rl
4w
Wiy iy
Ci -1, G
i Cir+14,
1 2
( G “’ZZ) (m%1+1,i2’w121+1,i2)
Coo @
w = Wo,0
- -
L J
hg
3w

Figure I: The packing of the cubes C; in S. Here,d =2, M1 =3, M, =4, M, =12,and iy = i, = L.
Note that the diagram is not to scale.

Thus, we have to check that none of the cubes’ interiors overlap and that every cube
in €\ € is touching the 2d adjacent cubes (the cubes in C are already touching K by
construction).

Define 71, to be the projection operator onto the xj-axis for every k € {1,2,...,d}.
Let E be the collection of 2% — 1 vectors e = (e, e, ..., e4) such that every e € {0,1},
but e + 0. Let e be the kth unit vector, namely (0,...,0,1,0,...,0), with a 1 in the
kth component, and let E c E be the collection of such d unit vectors. Define I be the
collection of i = (i1, i3,...,1i4) such that iy € {0,1,..., My — 2} for k € {1,2,...,d}.
By symmetry and the asymptotic positioning of the cubes (4.1), we only have to
worry about checking overlap on “adjacent” cubes, reducing the proof to showing
the following two claims:

(i) Letee Eandi € I Then,foratleastonek € {1,2,...,d}, we have that 7, (C;) n
7k (Cise) is exactly one point.

https://doi.org/10.4153/50008439523000140 Published online by Cambridge University Press


https://doi.org/10.4153/S0008439523000140

1070 R. McClenagan

Q=
=

Il
[s]
(@
Q

Figure 2: The simple solid K is constructed from B and C.

(ii) Let ee ENE and i€l Then, for at least one k € {1,2,...,d}, we have that
7k (C;i) N 7k (Cite) is at most one point.

To see why this is sufficient to complete the proof, observe that as long as the boundary
of the cubes are touching, the asymptotic positioning of the cubes (4.1) ensures that
the nonoverlapping boundary will have area Op(ew), meaning that (i) will imply
that the packing is Op(€)-snug. Clearly, (ii) implies that none of the cubes’ interiors
overlap, and thus our packing of C is valid.

To see (i), note that the construction of the C; immediately implies that for every
ke{1,2,...,d}, we have

ﬂk(ci+ek) n T[k(ci) = {x,k +W,'}.

Now we show (ii). Fix some e = (e}, e3,...,e4) € E \ E. Let k be the smallest index
such that the component ey, is nonzero. Clearly, k € {1,2,...,d —1}. Recall that

. Mi—-1 Mji—-1

Xp = Z Wil,-..,ik_l,i,",O,...,O_ Z Wi|,‘..,ik_l,i;c,ik+l,.,,id~
e it
lk—O i =ik

By the ordering of w;, we have that w;,, < wii¢,. Thus, Xj1¢ > Xjie, = x; + w;. This
shows that 74 (Cit.) N7k (C;) is at most a singleton, as desired. This completes the
proof. |
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