HIGHEST FEW PRODUCTS AND SUMS OF ONE

HARRY ALTMAN

Let f(n) be the integer complexity of n, the smallest number of 1’s needed
to represent n via addition and multiplication. Let g(k) be the largest number
writable using preicsely k 1’s via addition and multiplication. Let g, (k) denote the
rth-largest number writable this way (for k large enough that there are at least r
distinct numbers writable this way).

Suppose for some k we can show that there exists an r such that n > g, (k), and
n # g(k),g2(k),...,g9r—1(k). Then we must have f(n) > k. We will use this to
prove the following:

Theorem 0.1. A number n is greater than all numbers of strictly lower complexity
if and only if it can be written as either 2*3% for some a, k with a < 10, or it can
be written as 2%(2°3™ + 1)3% for some a,b,m,k with a + b < 2. These numbers
have complexity 2a + 3k (except when a = k = 0) and 2(a +b) +3(m + k) + 1,
respectively.

1. IDEA: A COMPUTATION OF g(k)

Of course, it suffices to enumerate all possible +,-, 1 expressions with k£ ones,
evaluate each, and find the rth-highest result. But this is both slow and hard to
abstract. So, we will present a proof of how to determine g(k), and then use this to
find a better way to determine g, (k). This is far from the simplest proof of this —
see [SS] for an inductive proof — but it is the one that is the basis of the algorithm.

In this section, capital letters will be used to denote +, -, 1 expressions; for such
an expression A, valA will denote its value.

Theorem 1.1. For k > 0,g(3k) = 3%, g(3k +2) =2-3% g(3k +4) = 4. 3F,

Proof. Suppose we have any +,-,1 expression with & 1s, and suppose k£ > 1. We
beginning by changing the operations to use the best operation at each step. So,
if neither of the two operands are 1, we change a + to a -, and vice versa if either
operand is 1. We will call this an a transformation.

a: A+ Bw— AB if valA,valB # 1

a:AB— A+ BifvalA=1orvalB=1

Apply a transformations until this becomes impossible. This process can be seen
to terminate, as the only way an operation can be changed more than once is if it
changes from having a 1 as operand to not, as each « transformation cannot decrease
any subexpression, and this can happen at most once by the same reasoning. Thus
no operation may be changed more than twice, and the process terminates.

Once this is done, we apply (8 transformations:
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Bil+A1Ay. A= Ar . Ay (1+ A)Agpr .. A, for r > 2

In the above, we also require that the A; are not themselves products. Note that
a (0 transformation also cannot decrease the value; in fact, it necessarily increases
the value, as none of the A; can have value 1. Initially none of them can have
value 1 as otherwise an « transformation could be applied, and § transformations
preserve the property that 1s are never multiplied by anything. Note also they
preserve the property that nothing but 1s are ever added to anything.

This, too, terminates: Each 3 transformation reduces the number of 1s which
are added to products. Once it terminates, we must either have an expression of
the form 14+ 1+ ...+ 1, or an expression of the form A; ... A, where each A; is of
the form 1+ ...+ 1; we will represent the sum of n 1s by [n]. In the former case,
we will consider it as the product of one such. So we now apply « transformations:

v :[m+n]— [m][n] for m,n > 2

Each of these increases the value, unless m = n = 2, in which case it remains
the same. Again, this terminates, as each [m] can only be split up finitely many
times. As only [2]s, [3]s, and 1s cannot be split up, this then leaves us with
something of the form [2]%[3]™. There can be no 1s as 1s were never multiplied
after 0 transformations were applied, and -y preserves this property; so there can
be a 1 only if we started this phase with our entire expression being 1, requiring
k = 1. So finally we apply § transformations:

§: 23— [3]?

As the number of [2]s decreases each time, this terminates, leaving us with [3]%/3
if k=0 (mod 3), [2][3]*=2/3 if k = 2 (mod 3), and [2]?[3]*=9/3 if k =1 (mod 3).
Since this can be made with £ 1s, but is also a constant upper bound on any number
made with k 1s, it is equal to g(k). O

2. ALGORITHM FOR DETERMINING g, (k)

To determine g, (k), we use the transformations described above. We can consider
a graph of all possible +, -, 1-expressions with k ones, with edges labeled with one of
the four types of transformations above, pointing from each expression to its image
under such. We then start from the node representing g(k) — specifically, the form
of it given above, if K =1 (mod 3). Consider the of tree of backwards paths from
g(k) in this tree, with the restriction that the inverse transformations that make up
each path must be of decreasing type (i.e. no § after 7, etc.) Call this the g(k) tree.
Because doing transformations of increasing type eventually reaches g(k), this tree
contains every possible expression at least once. We will maintain a portion of this
tree; initially, it will contain only the g(k) vertex. We will also maintain a set of
“marked” vertices; it will initially consist of this single vertex. The set of marked
vertices after ¢ markings have occurred represents a set of i highest-valued vertices.
We will then repeat the following three steps:
(1) Expand the tree at the marked vertices (to be described shortly).
(2) Picked an unmarked vertex of highest value, and mark it.
(3) Check if there are r distinct values among the marked vertices; if there are,
return the lowest. If not, repeat these three steps.
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Since all vertices will eventually be enumerated this way (as will be described
shortly), this will return g, (k) unless there are not r distinct values that can be
made with k ones, in which case eventually there will be no unmarked vertices, and
the second step will fail.

Now we must describe the process of expansion. By “expanding” the tree at a
vertex, I mean to in some way compute that vertex’s children in the g(k) tree and
to add them to the tree. The simplest way would be to compute all of that vertex’s
children, unless this has already been done for that vertex. Because each child of a
vertex has value at most that of its parent vertex, we need not consider a vertex for
marking as one of the highest until we have considered its parent, so this algorithm
will find the r highest values and return g,.(k).

However, we need a way to expand on vertices that we can abstract later, so
we must modify this process slightly. Rather than generating all the 37! and a~!
children at once, we will generate them in stages. For this, we need to examine
B! and ! in more detail. (Generating all 5! and ! children is not something
there is much to say about.)

B pulls down a 1, so to do a 87! we must pull up a 1; however, a 3 can also
combine two products into one, so in order to consder everything that can 3 to a
given expression, we must not just pull up 1s from products, but rather split up
products in all possible ways and pull up 1s from these. Allowing for permutation
of the factors, this may be described by

ﬁ_l : (1 + Al)AQ A1 A— (1 + A1A, ... Aj)Aj+1 LA

Note that also we may assume A; is not 1 and is not a product; in the first case,
B would not be applied to the result, and in the second case, a § would not result
in the same thing we started with. Define a “stage 5 877 to be a 5! where the
number of factors in the resulting product-plus-one is j. Note that the value of
the expression above is A; ... As + Aj41... Ag, so if the factor which is having a 1
pulled up is kept constant, any 3~ with the set of factors being grouped with it
is a subset of the multiset {As,..., A;} has larger value. In particular, each stage
j4+1 B! is less than some stage j 5. Note also a stage-1 8! has no effect at
all, and so we can also exclude those, as the result would again not truly 8 to what
we started with (none of these transformations can leave an expression the same).

a~! comes in two types, again allowing for permutations of factors:

al:1+4A4— A
Ol_lZAl...AS'—>A1...Aj+Aj+1...AS

Strictly speaking, the first type does not preserve the number of 1s used, but
it is easier than keeping track of multiplication by 1. Note that we do not need
to allow the more general I + A — A where vall = 1, as the only way such an [
can occur is as a product of 1s, meaning that using the simplification above, it will
appear as just a 1. Also strictly speaking, the second sort should deal with products
of two things, not arbitrarily many, but this will be necessary for the abstraction
later. Call the first sort a “type 0 =" and the second sort a “stage j a~!”, where
we make the assumption that A; ... A4; < A;1... A,. (Le., by symmetry, we can
assume the smaller side is on the left, and it is the smaller side we count by; if
the two are equal in value, either can go on the left, and we will consider these as
distinct possibilities.)
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Noting that for z,y > 0,zy = ¢, x+y gets larger as  and y get farther apart, i.e.
as the smaller one gets smaller, we see that each ov=! with smaller side a subset of
the multiset {A1,..., A;} has larger value; hence, we conclude as above that each
stage j +1 a~! is smaller than some stage j o~ ".

Finally, we note that for a given product, any non-type-0 a~! operating on
that product yields a value less than any 3~! operating on that product, and any
type-0 a1 operating on any of the 1s below it but above another product yields
a value less than some 3! operating on that product. The latter is obvious,
as a if the a~! erases a given 1, some S~' erases that same 1 but also moves
it up. As for the former, assume A; is the factor with the 1 being pulled up,
ignore which side is smaller in the a=! — the left side will simply be whichever
side has the factor with the 1 being pulled up — compare A; ... A; + Aj41... As
with A1 ... A, — As... A, the latter of which is less than the value of any 57!
on that product. It suffices to prove the inequality ab + ¢ < (a — 1)be; here,
a =valA;,b=valAy ... Aj,c = valAj ... A,. Writing this as ¢ + ab + bc < abe,
we see from AM-GM that c+ab+bc < 3vab2c?, and 3vab2c? < abe if a?be > 27. In
this case, since none of the factors have value 1, we can say b, ¢ > 2, and furthermore
we can say a > 3, since if it had value 2, we would not be pulling up a 1 from it —
see above. Hence a?bc > 36 and the inequality holds.

Using this, we modify the algorithm as follows: Instead of just keeping track at
each node of whether or not it is marked and whether or not its children have been
generated, we keep track of whether it is marked; a boolean for whether its 6!
and v~ ! children, and certain type 0 a~! children, have been generated; a boolean
for whether all type 0 o~ children have been generated; an integer for what stage
871 it should do next, which is initially 2, as we do not do stage 1 $~'s as noted
earlier; and an integer for what stage (non-type-0) a~! it should do next, which
begins at 1.

Then, to expand on a node, we do the following: First, if its ! and v~! children
have not been generated, do so, and mark that this has been done. (As always, do
not generate children inappropriate to the type of inverse transformation used to
reach the node, as these are not actually in the g(k) tree in the first place.) Next,
look at its children generated so far via 3~!; suppose it is at stage j. If there are
no stage j — 1 children because j = 2, or if at least one stage j — 1 child is marked,
generate the stage j children and increment the 37! stage. Otherwise, there is
no need to consider these children yet. Then, if the node is not itself a product,
generate all type 0 a~! children where the modification is made above the first
product; we do not need to mark this separately, the variable marking whether §—!
and y~! children have been generated, together with the fact that the node is not
a product, will suffice to record this. Then, check whether the current 3~ stage
is more than the minimum length of a product (whose factors are not themselves
prodcuts) used in the expression. If so, it is time to start applying a~!; generate
all type 0 a~! children if this has not already been done, and mark that this has
been done. Finally, assuming the above condition for applyiing o' is met, look at
the non-type-0 o~ ! children generated so far; suppose it is at stage . If there are
no stage ¢ — 1 children because ¢ = 1, or if at least one stage ¢ — 1 child is marked,
generate the the stage ¢ children and increment the stage.

This completes the description of the algorithm. Since every possible expression
is reached by some path, and any path is checked once all greater paths are marked



HIGHEST FEW PRODUCTS AND SUMS OF ONE 5

(as this would require the marking of both its parent, and any other children of that
parent that might precede it in order of generation), it follows that the algorithm
is correct.

3. ABSTRACTING THE ALGORITHM

Now we abstract the algorithm given above, to produce a new algorithm that
will prove results about g, (k) for more general k. This algorithm will prove:

Theorem 3.1. For all v € N and each congruence class a modulo 3, there exist
har and K, such that for all k > K, , with k = a (mod 3), ¢g,(k) = harg(k).

The algorithm itself will, given r and a, determine h > K, ,, 4, andK, . Then,
in the next section, we will further modify the algorithm and use that to determine
the general form for K, , and hy ,, and in the section after that, we will use those
results to prove the main theorem.

Initially, however, our algorithm will only prove

Lemma 3.2. For all r € N and each congruence class a modulo 3, there exist
har € Q, lor € Z nonnegative and K, , € N such that for all k > K, , with k= a
(mod 3), gr(k) = harg(k) + lor.

That I, is always 0 will come later.

In order to abstract the algorithm, we make the following observation: For dif-
ferent k # 1 that are congruent modulo 3, our starting expression looks much the
same, differing only in the number of [3]s available. Let us consider, then, expres-
sions of the same sort as before, only now in addition to +, -, and 1, we introduce a
new sort of object: an abstract clump of 3s. (Note: From hereon, T will simply use n
to denote a sum of n 1s, rather than [n] as previously.) I will denote a full clump of
3s by 3. When doing the operations above, we can consider a clump as a “source”
of 3s, that can have arbitrarily many 3s pulled out of it; thus, for instance, a y~!
on 3% might result in 6-3% 72, where here 342 represents a clump with 2 3s pulled
out of it; its value is one-ninth that of a full clump 3. However, this procedure
would quickly become unworkable if we performed such operations as, say, taking
an o' of 37 and getting 3%/ + 3%/2, whatever that would mean. Fortunately, our
operations — the same ones as above — only ever extract an amount of 3s from a
clump not dependent on the (unknown and arbitrary) number of 3s in it; thus, we
can always write our clumps in the form 34", for some n.

Let us formalize this. Define an abstract k-+, -, 1-expression to be an expression
using the binary operators + and -, the constant 1, and constants 32~" for all
integers n (negatives will come up, though only —1s), which are collectively referred
to as “clumps of 3s”. Furthermore, we require that such an expression have no more
than one clump of 3s. k is not relevant to what can be a k-abstract +, -, 1-expression;
it is relevant only to their value. The value of such an expression will be an element
of Q[z]; it is computed in the same manner as that of a +, -, 1-expression, except
that 347" has value 37"z if K = 0 (mod 3), 37 "x/2 if k = 2 (mod 3), and value
37"z /4 if k=1 (mod 3). Here, x represents g(k), as 37 is equal to, one half of, or
one quarter of g(k) as k is 0,2, or 1 modulo 3 respectively. Note the requirement
that a given expression contain at most one clump means that the value of a given
expression is, in fact, an affine function; furthermore, the constant term must be a
nonnegative integer, as any nonintegers must come from the clump, but the clump
cannot affect the constant term.
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In addition to its value, an abstract k-+,-, 1-expression also has an associated
number of threes. This is the minimum concrete value for Z needed for the expres-
sion to make sense, i.e., if the clump is 32~" with n nonnegative, the number of
threes is n, and the number of threes is 0 if n is negative. However, if the clump
of 3s is being added to something rather than multiplied, or if it stands alone as a
full expression, we need an additional 3 (unless n is negative) in order for things
to have their ordinary value, as we’ll need at least 1 three in the clump, as if there
were none, we’d evaluate it as 1 when it should be 0, as it’s being added. Note that
having 34+" with n positive would require there to be an additional 3n ones beyond
those in the initial 34 clump, so this case can only occur when k = 1 (mod 3), and
in that case 321! is the only way this can occur.

Now, since the values of these expressions are functions rather than constants,
we need to say what it means for one value to be greater than another. Naturally, in
some cases, one function will always be greater than the other for positive x; more
generally, given any two, we can ask which one is eventually greater (if they’re
not equal), simply by comparing the coefficients. However, it is useful here to
introduce another notion. We will say that one expression is “practically greater”
than another if it is greater in all concrete cases that can actually arise, i.e., if it is
greater for all = g(k) where k is such that it supplies enough threes to meet the
minimum requirements for each. (k that is 0 mod 3 supplies k/3 threes; k that is
2 mod 3 supplies (k — 2)/3 threes; k # 1 that is 1 mod 3 supplies (k — 4)/3 threes,
though we can consider 1 as supplying —1 threes if we want.) Note that this notion
depends on the actual expressions, not just their values. Note being practically
greater in particular implies being eventually greater.

We can now define the unpruned abstract g(k) tree as the tree of paths starting
from 3%, 2-3% or 4-37 as appropriate (the tree will only depend on k& modulo 3)
via the transformations above with the restrictions above, where 3%~" is considered
equivalent to 34~"~™3™ for any m > 0, and where every 37! or non-type-0 o~ !
is stage j for some j, where value for the purposes of a~! is compared by eventual
value, and where any clump is not considered as one factor, but as infinitely many.
We will define the pruned abstract g(k) tree to be the same, but with never applying
a~1s at a product containing a clump. (Note this makes irrelevant some of the
requirements about a~! in the unpruned tree.)

The unpruned tree has two important properties: Firstly, if we pick any k # 1 of
the appropriate congruence class mod 3, we can extract its number of 3s and plug
this in for Z, simply dropping the nodes where this is less than the minimum number
of 3s required, or less than the minimum for some ancestor, and this will result in
the g(k) tree. Secondly, each node is practically greater than all its children, each
stage j + 1 S~! is practically less than some stage j 87!, each stage j +1 a~!
is practically less than some stage j o~ !, and each non-type-0 a~! at a product
and each type-0 a~! immediately below it is practically less than each 37! at
that product. In short, the inequalities that make the algorithm above work, still
hold, and if we were to specify Z, the algorithm would go exactly the same except
possibly for some nodes being excluded, and comparisons not necessarily going the
same way.

Note the finiteness requirement made above - each 87! is stage j for some j,
similarly for o '; in other words, there is no splitting of 3% into 3%/2 + 34/2 or
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anything similar. Of course, such a thing does not even make sense in this frame-
work, as we only allow for clumps of the form 34~". However, it is important to
note that such possibilities are, in fact, irrelevant. This follows from the fact that a
stage j transformation is always practically more than a stage j+ 1 transformation,
so we always want to do stage 1, then stage 2, then stage 3, etc., i.e., the stage
when instantiated never depends on the concrete Z, and so we can always assume
a constant finite stage in the abstract case. Furthermore, we need never apply an
a~! at a product containing a clump, as there, we can apply 8~ 's of arbitrarily
high stage, and we will never reach the point of applying an a !, so it suffices to
use the pruned tree.

Suppose, then, that we apply this same algorithm, using eventual greatness for
comparison. When the algorithm terminates, all nodes not in the tree we have built
are each practically less than some node in this tree, and so are all possibilities with
clumps of other forms, which are not even in our abstract g(k) tree at all. Hence
our final result, the rth-greatest node in the tree by eventual greatness, is, in fact,
eventually the rth-greatest possible number constructible with & ones (for k in the
appropriate congruence class), and we have our hy, , and I ,.

In fact, each Iy , will be zero. This is because applying the transformations above
will not change the fact that, firstly, the expression as a whole is a product, and
secondly, that the unique clump is in this top-level product. This is because the
clump starts out in the top-level product, and the only way to make it otherwise
would be either through a 8! that pulled the whole thing out of the top-level
product — impossible as we only do finite S~'s — or through an a~! at that
product. Even if we do an a~! at the product containing the clump due to the
crudeness of our algorithm, it cannot be relevant and will never be marked, as we
can do 3~ 's of arbitrarily large stage at such a product.

To find a concrete K ,, we want two conditions. Firstly, K should be large
enough to supply enough 3s for at least one node of value hy .z + li ., and for at
least one node of each of the r —1 values eventually greater than it. (The value must
itself be constructible; and all those above it must be, or else it would be higher
than rth-highest. Note, we will define T} , to be the minimum number of threes
to make that value, and Tlg)r to be the smallest K of the appropriate congruence
class supplying that many threes. If we really want to find the minimum, we can go
out to r + 1; this will ensure that we have found all the nodes of rth-highest value,
and we can check all of them for number of threes required. In the next section,
though, we will see that it turns out that the number of threes required never varies
among different expressions for the same value for those values that can actually
be marked at some point.) Note that none of the marked nodes will have a clump
added to anything, so the only case where we will have to add 1 to the number of
3s taken out of the clump is when the expression is of the form 3%—".

Secondly, we want K to be large enough that this value is, in fact, less than the
r — 1 that are eventually greater than it; and also large enough that it is greater
than the remaining nodes in the tree we have generated which are eventually less
than it. We do not need to worry about nodes not in the tree we have generated, as
such a node A can be compared to its parent B, which it is practically at most. If
A was made by any method other than a type 0 a™!, it requires at least as many 3s
as B; so if there are enough 3s for B, A is irrelevant, and if there are not enough 3s
for B, A is irrelevant. If A was made by a type 0 o™, it may require fewer threes
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than its parent, but it is always less than B, not just practically at most B, so it is
still irrelevant. However, since any node A appearing in the tree which has nonzero
constant term will never be marked, and the same comparison to its parent applies,
these too are irrelevant. This means we only need to compare against nodes with
zero constant term - which means that this restriction in fact imposes no restriction
at all.

Therefore, we can take for K, , the minimum K of the appropriate congruence
class needed to make the r eventually-highest values. And because all of these
values have constant term 0 and the ordering between them is always strict for
x > 0, only that particular function can make that number (anything with nonzero
constant term will be strictly less at this point, remember) at that point and so
this is always the smallest K of that congruence class we can pick.

This proves that the algorithm is correct, and proves Theorem 3.1.

4. RESULTS OF THE ALGORITHM

There are, in fact, infinitely many nodes of the each of the abstract gi trees with
value always greater than (2/3)z. This can be seen by considering the following
families of nodes: For & = 0 (mod 3), 32~""1(1 + 2 - 3"); for other k, multiply
by 2 or by 22 as appopriate. This yields a value of (2 - 3"t 4+ 1)x/37*! > 22/3.
Therefore, for all r and k, h, > 2/3.

Furthermore, for £ = 1 (mod 3), we can find infinitely many nodes with value
greater than (3/4)x; consider the infinite family 32-"(1 + 3"*1), of value (37! +
1)a/4-3m.

So the question becomes: How low does h,; go? As it turns out, I, is always
zero, and h, i tends to a limit of 2/3 if £ = 0,2 (mod 3) and 3/4if k =1 (mod 3).
We show this by slightly modifying (again) the algorithm described above. Define
A tobe 2/3if k=0,2 (mod 3) and 3/4if k =1 (mod 3).

First, here is a list of a few infinite families of nodes that always have value
greater than A\px:

(a) k=0 (mod 3):
(1) Forn > 1,3%2="=12(1+3") of value (2-3" +2)x/3"*! requiring n+1 threes
(2) For n > 0,327"71(1 4+ 2-3") of value (2-3" + 1)z/3"*! requiring n + 1
threes (including when n = 0)
(b) k=2 (mod 3):
(1) For n > 1,327"7122(1 4 3") of value (2 - 3" + 2)z/3""! requiring n + 1
threes
(2) Forn > 1,3%2-"=14(1+3") of value (2-3" +2)x/3"*! requiring n+1 threes
(3) For n > 0,32=""12(1 + 2. 3") of value (23" + 1)z/3"*! requiring n + 1
threes (unless n = 0, then only 0 are required)
(4) For n > 0,327 "=1(1+4223") of value (4-3" +1)z/(2-3"*1) requiring n + 1
threes
(5) For n > 0,3%7""1(1 +4-3") of value (4-3" + 1)2/(2-3n + 1)) requring
n + 1 threes
(¢) k=1 (mod 3):
(1) For n > 0,3Z7-"(1 + 3"*1) of value (3"*! + 1)x/(4 - 3") requiring n threes

I claim that, in fact, for each k, there are only finitely many nodes of the abstract
gi tree not falling into one of the above families. We prove this algorithmically. We
can modify our earlier algorithm as follows. Firstly, when computing children of a
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node, we exclude any falling into the infinite families above, except for those that
simplify further. (Note that if certain strange infinite families were to be excluded,
we might have to further modify the algorithm to ensure that there is nothing lying
outside these families or their descendants that it fails to hit because it lies it is
at a higher stage than something in the appropriate family, and 3,,! at some stage
returns nothing, preventing us from continuing; however, this problem does not
actually come up, as can be seen by looking at how the infinite families above can
actually be generated, as we will do shortly.) Secondly, instead of marking the node
of highest value, we mark all nodes of value greater than Apx. Thirdly, instead of
stopping when a given number of values have been generated, we stop when we find
no leaves to mark, i.e., when the last expansion generated nothing of value greater
than A\px.

As for just how each infinite family can be generated, the first element of each
infinite family (except 32-"~1(1 4 223")) simplifies further, but the rest can only
be generated by a 87'. Applying 3 to these expressions in all possible ways, we
see that the ways of generating these are as follows:

(1) For k=0 (mod 3):

(a) 327"=12(1 + 3") comes from 34724 -2

(b) 32="=1(1 +2-3") comes from 34724 -2 or 3%
(2) For k=2 (mod 3):

(a) 327"=122(1 + 3") comes from 37724 .22

(b) 3Z27"714(1 + 3") comes from 37242

(c) 3277712(1 42 3") comes from 34724 - 22 or 372

(d) 327"71(1 + 223™) comes from 37724 - 2% or 372

(e) 327"~1(1 +4-3") comes from 347242 or 32715
(3) For k=1 (mod 3):

(a) 327"(1+ 3"+1) comes from 374

And so when expanding on any of these latter expressions, we do not generate
anything of the former form. (Note that those that “simplify further” are pre-
cisely those that would only be generated by a stage-1 3!, so we do not have to
specifically exclude those cases, as the algorithm already excludes them for us.)

It is not clear a priori that this algorithm will terminate; however, if it does,
then that means the expressions it has output of value greater than A\yz are all
such expressions aside from those in the excluded families, and their descendants.
As it happens, the algorithm, when run, does terminate, for each of the three
possible values of k — see the accompanying implementation of this algorithm in
Haskell. Furthermore, we can check by hand that all children of the given infinite
families, other than those of members which simplify further, are too low in value.
Therefore, the only nodes of value greater than A\px are the infinite families listed
above, and the finitely many exceptions returned by the algorithm. Furthermore,
as the infinite families above all have \px as the infimum of their values, and there
are only finitely many others, it follows that as r goes to infinity, A, ; approaches
Ak

The actual results of the algorithm are as follows:

(a) k=0 (mod 3):

(1) 3% of value 1z requiring 1 three

(2) 327223 of value (8/9)x requiring 2 threes
(3) 32724 2 of value (8/9)x requiring 2 threes
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(b)
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4) 327426 of value (64/81)x requiring 4 threes

5) 32744 . 2% of value (64/81)x requiring 4 threes

6) 37744222 of value (64/81)x requiring 4 threes

7) 327443 of value (64/81)x requiring 4 threes

8) 327322(1 + 22) of value (20/27)x requiring 3 threes

9) 3%734(1 4 22) of value (20/27)z requiring 3 threes

0) 3273522 of value (20/27)x requiring 3 threes

1) 347354 of value (20/27)z requiring 3 threes

2) 327629 of value (512/729)x requiring 6 threes

3) 32764.27 of value (512/729)z requiring 6 threes

4) 32764225 of value (512/729)x requiring 6 threes

5) 32764323 of value (512/729)x requiring 6 threes

6) 3276442 of value (512/729)x requiring 6 threes

7) 327123(1+4 3 - 2) of value (56/81)x requiring 4 threes

8) 32744.2(1 + 3 - 2) of value (56/81)x requiring 4 threes

k=2 (mod 3)

(1) 322 of value 12 requiring 0 threes

(2) 32722% of value (8/9)x requiring 2 threes

(3) 3272422 of value (8/9)x requiring 2 threes

(4) 347242 of value (8/9)x requiring 2 threes

(5) 32715 of value (5/6)z requiring 1 threes

(6) 347427 of value (64/81)x requiring 4 threes

(7) 3274425 of value (64/81)x requiring 4 threes

(8) 32744223 of value (64/81)z requiring 4 threes

(9) 3274432 of value (64/81)z requiring 4 threes

10) 327323(1 + 22) of value (20/27)x requiring 3 threes

11) 32734 2(1 + 22) of value (20/27)x requiring 3 threes

12)

13) 327354 -2 of value (20/27)z requiring 3 threes

14) 3276219 of value (512/729)x requiring 6 threes

15) 34764 .28 of value (512/729)z requiring 6 threes

16) 372764226 of value (512/729)z requiring 6 threes

17) 32764324 of value (512/729)x requiring 6 threes

18) 32764422 of value (512/729)x requiring 6 threes

19) 327645 of value (512/729)x requiring 6 threes

20) 327424(1 + 3 - 2) of value (56/81)x requiring 4 threes

21) 34744.22(1 4+ 3-2) of value (56/81)z requiring 4 threes

22) 3%2744%(1 + 3 - 2) of value (56/81)z requiring 4 threes
=1 (mod 3):

(1) 3222 of value 1z requiring 0 threes

(2) 374 of value 1z requiring 0 threes

(3) 327225 of value (8/9)x requiring 2 threes

(4) 3272423 of value (8/9)x requiring 2 threes

(5) 3472422 of value (8/9)z requiring 2 threes

(6)

(7)

(8)

(9)

1
2
3
4
)
6
7
8
9
0
1
2) 3%2735.23 of value (20/27)x requiring 3 threes
3
4
)
6
7
8
9
0
1
2

(
(
(
(
(
(
(
(
(
(
(
(
(
k

32715 .2 of value (5/6)x requiring 1 threes
32712(1 + 2 - 2) of value (5/6)z requiring 1 threes
32428 of value (64/81)x requiring 4 threes
32744 .26 of value (64/81)z requiring 4 threes
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(10) 34274422 of value (64/81)z requiring 4 threes

(11) 34744322 of value (64/81)z requiring 4 threes

(12) 3%2744% of value (64/81)z requiring 4 threes

(13) 327222(1 4 3 - 2) of value (7/9)x requiring 2 threes
(14) 3%2724(1 + 3 - 2) of value (7/9)z requiring 2 threes

We now have our full list of hj ., being simply the hj . that have come up above,
sorted in descending order. Finally, though not relevant to what will follow, we can
determine Kj .. This requires just the information on numbers of threes needed
listed above, as noted earlier. (Note, also, that if we knew the above table of
exceptions in advance, we could verify it by hand by checking that the children of
each entry were either too small, or already listed (either as an exception or in one
of the infinite families).)

To summarize, then, the list hj , that occur and Ty, for each is:

(A) For k=0 (mod 3):
(a) Forn>1, (2-3"+2)/3""! requiring n + 1 threes
(b) Forn >0, (23" + 1)/3"*! requiring n + 1 threes
c¢) 64/81 requiring 4 threes
(d) 512/729 requiring 6 threes
(B) For k=2 (mod 3):
(a) Forn >1, (2-3"+2)/3""! requiring n + 1 threes
(b) For n >0, (23" + 1)/3"*! requiring n + 1 threes
(c) For n >0, (43" +1)/(2-3""!) requiring n + 1 threes if n # 0 and 0
threes if n =0
d) 64/81 requiring 4 threes
e) 512/729 requiring 6 threes
(C) For k=1 (mod 3),k # 1:
(a) Forn >0, (3" +1)/(4 - 3") requiring n threes
(b) 8/9 requiring 2 threes
(c) 64/81 requiring 4 threes

T o

—_—

Note that, happily, the number of threes required for a given fraction is, with
the exception of 1 when £ =0 (mod 3), always exactly the same as the number of
threes appearing in its denominator. This also shows that the K}, , resulting from
numbers of threes is the smallest such we can pick.

This gives us:

Theorem 4.1. The table of hy , and their corresponding Ky, , is as follows:

(1) For k=0 (mod 3):
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r hk:,r Kk,r
1 1 3
2 8/9 6
3 64/81 12
4 7/9 12
5 20/27 12
6 19/27 12
7 512/729 18
8 56/81 18
9 55/81 18

10 164,/243 18
11 163/243 18
n>6,2n 2/3+2/3" 3n
n>62n+1 2/3+1/3" 3n
(2) For k=2 (mod 3):

r hk,r Kk,r
1 1 2
2 8/9 8
3 5/6 8
4 64/81 14
5 7/9 14
6 20/27 14
7 13/18 14
8 19/27 14
9 512/729 20
10 56/81 20
11 37/54 20
12 55/81 20
13 164/243 20
14 109/162 20
15 163/243 20
n>6,3n -2 2/3+2/3" 3n+2
n>6,3n—1 2/3+1/(2-3""1) 3n+2
n>6,3n 2/3+1/3" 3n+2
(3) For k=1 (mod 3) (note here, unlike before, we are allowing k = 1):
r hk,r Kk,r
1 1 1
2 8/9 10
3 5/6 10
4 64/81 16
5 7/9 16
6 41/54 16

n>4n+3 3/4+1/(4-3") 3n+4

5. MAIN RESULT AND INTERPRETATION

Define a number to be k-canopy if it can be written as hy »g(k) for some r with
k> T,Q_VT. Define a number to be canopy if it is k-canopy for some k. So, combining
the information in the tables above, a number is canopy if and only if it can be
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written in either of the following forms: 293™ with a < 10, 2%(2°3" 4 1)3™ with
a+b < 2; and it is k-canopy with k equal to 2a 4+ 3m (for the first form) and
2(a+b)+3(n+m)+1 (for the second form), except that 1 is 1-canopy rather than
0-canopy. If we want to determine the k-canopy numbers for a specific k, we can
either use our tables of hj, and T}, above, or we can use our this classification
of canopy numbers together with this computation of their complexity. Note that
any g,(k) with k > Kj, , is necessarily k-canopy, but the converse is not necessarily
so; for instance, 10 is 7-canopy, but is not g,(k) for any r and k as above.

Lemma 5.1. n is k-canopy if and only if f(n) <k and n > A\pg(k).

Proof. The forward direction has already been proven. For the reverse direction,
because n > Ayg(k), we can pick r such that n > h,,g(k). Pick | such that
k+3l > K., and let &' = k + 3l and n’ = 3'n. Note g(k') = 3'g(k), h,pr =
bk, Ko jo = Ky son' > hy o g(K'); as k' > K, g, it follows that n’ > g, (k). As
fn) <k, f(n') <K, ie., n can be made with k' ones. Thus as n’ > g,.(k'), we
must have n' € {g1(k’), g2(k'), ..., 9-—1(K')}. Hence, in particular, for some s < r,
n' = hgsg(K') as for s < r k' > Ky, > Ky s, and so n = hy 49(k). Finally,
k > T,;s because n is an integer and T} s is equal to the number of 3s in the
denominator of hy s; the only exception to this is when s = 1 and £ = 0 (mod 3),
but in this case it is automatic as k # 0. Hence, n is k-canopy. (Note, it does not
follow that n = gs(k) for some s such that k > K}, 5.) O

Now note that for k > 2, A\, = g(k — 1)/g(k). Hence we can write:
Theorem 5.2. n is k-canopy if and only if n > g(k — 1) and f(n) = k.

That this remains true when k = 2 is easily checked; the statement as written
does not quite make sense when k = 1, but is true if instead we state it as “n is
k-canopy if and only if f(n) = k and n > g(I) for all ] < k7. Thus in general, we can
write that n is canopy if and only if it is greater than all numbers of strictly lower
complexity; combined with our classification of canopy numbers at the beginning
of this section, this yields Theorem 0.1.

6. USE AS A LOWER BOUND ON f

First, let us review what is already known. The fact that n > g(k) implies
f(n) > k yields the standard bound f(n) > 3logsn. If we split this condition
n > g(k) up into cases based on k¥ modulo 3 and solve, we find, more specifically,
that the following holds:

(i) If [3loggn + (4 — 6logg 2)] =2 (mod 3), then f(n) is at least this quantity.

(i) If [3logsn+ (2 —3logs2)] = 0,2 (mod 3), then f(n) is at least this quantity.
(iii) f(n) > 3loggn.

(This variant proves, for instance, that f(21°3™) = 20+3m), whereas the straight
3logs n bound does not.)

The multiple possible congruence conditions comes from noting that 4—6logs 2 >
2 —3log;2 > 1, so when the condition for 0 mod 3 is satisfied, the condition for 2
mod 3 is also satisfied, and when the condition for 1 mod 3 is satisfied, it works for
any congruence class.

I’d like to make a note on equality holding in these inequalities. If we write them
without the ceilings, then equality holds for (i), (ii), and (iii) precisely when n can
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be written as 4 - 3™, 2. 3™, and 3™, respectively (excepting the case of n = 1).
However, if written with ceilings (in all three cases), equality holds precisely when
n is canopy (1 excepted), provided we restrict the second to when the quantity is 0
mod 3 and the third to when the quantity is 1 mod 3, as n is canopy if and only if
f(n) is the smallest &k such that g(k) > n.

Hence, whenever n is not canopy, f(n) must be at least 1 higher than this.

Theorem 6.1. Suppose n is not canopy. Then:
(1) If [3logsn+ (5—61logz 2)] =0 (mod 3), then f(n) is at least this quantity.
(2) If [3logg n+(3—3logs 2)] = 0,1 (mod 3), then f(n) is at least this quantity.
(3) f(n) > 3loggn + 1.

In this case, assuming we leave off the ceilings, equality can never hold in any of
these except when n = 1, so we do not have to worry about strict versus nonstrict
inequalities.

7. REDUCING THE LISTS OF EXCEPTIONS

Since the canopy numbers do not necessarily obey Theorem 6.1, here we check
how to compute f of these numbers, and check whether they obey the results above,
allowing us to pare down our list of exceptions.

Of course, we know from above that the canopy numbers will definitely fail
Theorem 6.1 under the right conditions; if [3logsn + (4 — 6logs 2)] = 2 (mod 3),
or if [3loggn + (2 — 3log;2)] =0 (mod 3), or if [3loggn] =1 (mod 3). However,
Theorem 6.1 was written a bit more generally, to allow 2 in the second case and any
congruence class in the third case, so we would like to test when this generalized
version holds.

We know that 243™ a < 10 is 2a + 3m-canopy and so f(2*3™) = 2a + 3m for
a < 10. And for a + b < 2, 29(2°3" 4+ 1)3™ is 2(a + b) + 3(n + m) + 1-canopy and
so f(27(2°3" +1)3™) =2(a +b) + 3(n +m) + 1.

Now we check which of these obey Theorem 6.1; note that we certainly do not
count as exceptions those cases where the condition of the results are not met.
Also, because multiplying these by 3™ increases f by 3m, it suffices to consider
the cases when m = 0. For those of the first sort, this is just computation. For
those of the second sort, to determine [3log;(2%t?3" + 29)], we can note that
3log; (29703 4+29) — 3n = 3logs(291° +29/3"), which goes to 3log; 297 as n goes
to infinity. Thus, we can compute this for low n, and once we find N such that
3log4 (2970 4 29/3N) < |3logs(2970) | + 1, the ceiling will stabilize.

Applying this, we find that the pared down lists of exceptions to the three parts
of Theorem 6.1 are, respectively, as follows:

(1) 16 - 3™ 128 - 3™ 1024 - 3™, (4 - 3" + 4)3™ for n > 1,(4 - 3™ + 2)3™ for
n>1,(4-3"+1)3™

(2)2-3m, 5.3 8-3"13-3™,14-3™,16 - 3™,38 - 3™,40 - 3"™,64 - 3,128 -
3m 512-3™ 1024 - 3™, (23" +2)3™ for n. > 1,(2-3" +1)3™ for n > 1

(3) 223™ for a < 9 (except when ¢« = m = 0), (3" + 1)3™,5-3™,7-3™,13 -
3m,14-3™,19-3™,20-3™,38 - 3™,40- 3™

In particular, if we make part (3) nonstrict, we can restate it as

Theorem 7.1. f(n) < 3loggn + 1 if and only if n can be written in one of the
following forms: 243% for a <9, (3™ +1)3% 5-3% 7-3% 13-3% 14 -3¥19.3% 20 -
3k, 38 3%,40 - 3%,
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8. COROLLARIES AND COMMENTS

From inequality (1) of Theorem 6.1 it follows that f(2!83™) = 36 + 2m for any
m, and thus that f(2*3™) = 2a + 3m for a < 18 (except when a = m = 0). Note
inequality (3) does not suffice for this. If we prefer to stick to integer calculations,
we can note that g(34 +3m) = 236196-3™ < 262144 -3™ = 2183™ and since 283™
is not canopy, we must have f(2'83™) > 36 + 3m. This was previously known
for a < 2 [G], and we pointed out earlier that it is true for a < 10 simply because
g(1943m) = 972-3™ < 2103™_ Indeed, the original motivation behind the methods
used here was an attempt to extend that proof from 10 to higher a, but 18 is as
high as that goes.

The usual proof of the value of g(k) is inductive [G, SS]. Now that we know the
value of g,(k) for k > K, (and the value of K} ,), it may be possible to prove
those inductively as well, which would presumably be much simpler than the proof
above, though it would probably not get the other results described here.

The smallest k-canopy number is the smallest n such that f(m) > k for all
m > n, and can be computed, from the above tables, to be g(k — 1) + 1; of
course, this is also easy to see from the characterization of k-canopy numbers as n
satisfying f(n) = k, g(k) < n; and that g(k — 1) + 1 is the smallest n as such that
m >n = f(m) > k is obvious from the definition of g.

Joshua Zelinsky has shown that [Z] for any k, there is some c¢(k) such that
there are at most O((log N)**)) numbers n < N satisfying f(n) < 3logsn + k;
Theorem 7.1) is the k = 1 case of that, done in detail; in particular it shows that
this number is asymptotic to §(logs N)2. (For k = 0, as noted above, this holds if
and only if n is of the form 3™ for some m # 0, and so the number is asymptotic
to logs N.) It is equivalent that for any k, there is some d(k) such that there are at
most O((log N)¥*) numbers n < N satisfying n > g(f(n) — k), and so Theorem 0.1
can be regarded as the k = 1 case of that, done in detail; this function is asymptotic
to 3(logz N)2. (For k = 0, it is asymptotic to 3logs N.)
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