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Abstract: We introduce a general conjecture involving minimum-link covering trails for any given
k-dimensional grid n X n X --- X n, belonging to the cubic lattice N*. In detail, if n is above two,
we hypothesize that the minimal link length of any covering trail, for the above-mentioned set of
n* points in the Euclidean space R*, is equal to h(n, k) = ’:f:ll +c-(n—3), where ¢ = k — 1iff
h(4,3) =23, c=1iff h(4,3) = 22, oreven ¢ = 0 iff h(4,3) = 21.
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1 Introduction

In the present preprint we formulate a very general conjecture on the infamous nine-dot problem [5]]
extended to any given n X n X - -- x n grid in the Buclidean space RF.

Let N — {0} be the set of (strictly) positive integers so that, for any k € N— {0, 1,2}, we denote
as N¥ the k-dimensional cubic lattice N := { (21, 2o,...2,) : 7; € NAn > 3}.

Under the well-known nine-dot problem rules [3]], our goal is to visit all the n* nodes of the set
H(n, k) :={0,1,2,..n—1} x{0,1,2,....n—1} x --- x {0, 1,2, ...,n — 1} with a covering trail
(i.e., any polygonal chain joining all the aforementioned points) having the minimum number of
links.

Since this NP-complete problem (see [2], p. 514) has been fully solved only for a few, very
special, cases (i.e., n <3 Ak € Z" [7,9] and n € Z* A k < 2 [4]), we mainly base our approach
on the proven bounds, linking the conjectured formula to recent results and many other evidences
(e.g., combinatorial inference on graphical models, pattern recognition constraints, and case-by-case
analysis [10]).

Let us denote by h(n, k) the minimum link length of any covering trail for the set H(n, k).

Consequently, let us indicate a valid upper bound as h,(n, k) so that h(n, k) < h,(n, k) holds
by definition. Since nf-l o h(n,k) < hy(n, k), Vk > 3 (see [9], Theorem 2.1), let h,(n, k) :=

n—1

(hy(n,3)+1)-n*=2—1 (by [10] Equation 6), so h,(4,3) = 23 = h(4,4) € [85,95] and h,(5,3) =
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36 = h(5,5) € [781,924], while h(n,2) =2 (n— 1), h(2,k) = 3- 272, and h(3,k) = % have
been formally proven in recent years [4,[7,8]].

Now, it is natural to suppose that the general solution follows a simple recursive pattern, as
it has been shown to be true for the lower order k-dimensional grids, so we can single out the
formula for the link length of any optimal covering trail for the set #(n, k) by verifying ex-post that
h(4,3) # 21, arguing a fortiori that Conjecture 2.1 by Reference [9]] always holds.

Thus, in order to finally decide whether to conjecture h(n,k) = % +n—3orh(nk) =
S (k—1) - (n — 3), it would be very helpful to implement an efficient computer algorithm

n—1

which can find (if any) a valid 22-link covering trail for # (4, 3), supporting the strong claim that
h(n k) =2=1 4 n—3.

n—1

In Section [4] of the present preprint, we will describe a theoretical brute force approach that is
possible to take as a starting point, going for a more sophisticated Monte Carlo method.

2 Full table of results

In general, given any pair of strictly positive integers (n, k), what we currently know on the open
problem of covering the set 7 (n, k) with a minimum-link trail, is given by Equations (1)) to (8).

h(n,1) =1,Vn. (1)
h(n,2) =2-(n—1),Yn > 3. (2)
h(1,k) = 1,Vk. 3)
h(2,k) =3-282 vk > 2. (4)
kE_
B3 k) = > . L vk )
3 n—1 n+1 n+2 n
<2 -n?| - — - —1|-nF3- > >

h(n,k:)_({2 nJ { 1 J—FL 1 J { 1 J—I—LLJ—HL 1>n 1,Vn > 3AVE > 3
(6)

(see Equation (5) in Reference [60]).

n*—1

h(n, k) > n_l,VnZ?)/\Vk:. (7
h(n, k) < (hy(n,3) +1)-nF% —1,Yn >3 AVEk > 3. (8)

Lastly, we have that h(4,3) < 23 and h(5,3) < 36 (see Section [3| Figure [1] and Figure

)= | [ - (2] (3] 1) - s

nojwe

respectively), while h(n, k) < | |

a weak upper bound which holds for any n, k € N — {0, 1,2} (see Equation @).

Then, the proven results by Equations (1)) to (8) are summarized in Table 1.



b 1 2 3 4 5 . h(n, k)

n
1 1 1 1 1 1 . h(1,k) =1
2 1 3 6 12 24 | h(2,k)=3-2F2 vk >2
3 1 4 13 40 121 | ... h(3,k) = &1
4 1 6 21,23 | [85,95] | [341,383] | ... | 2L <h(4,k) < hu(4,k)
5 1 8 31,36] | [156,184] | [781,924] | ... | 3L < h(5,k) < hu(5,k)

k
r® | 1 120D sy | hma) | hms) || T S R00E) <hu(nk),
Vn >3 Vn >3

Table 1: Proven bounds for the general
{0,1,2,...,n =1} x{0,1,2,...,n — 1} x -+~ x {0,1,2,...,n — 1} points problem in R,

3 Proof that i(4,3) < 23 and h(5,3) < 36
A covering trail with 23 links for the set #(4, 3) is (3,3,1)-(1,3,1)-(—2,0,1)-(4,0,1)-(3,0, 3)-

(3,3,3)-(0,0,0)-(3,0,0)-(0,3,3)-(0,0,3)-(3,3,0)-(—1, 3,0)-(2,3,3)-(2, =1, 3)-(—1,2,0)-(4, 2, 0)-
(1,—1,3)-(1,4,3)-(4, 1,0)-(=1,1,0)-(3,3,2)-(3, =2, 2)-(0, 7, 2)-(0, 0, 2), Figure[l]

hi(4,3) = 23 2
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Figure 1: Constructive proof that h(4,3) < 23 [10].



A covering trail with 36 links for the set (5, 3) is (2, 3,3)-(—1,0, 3)-(4, 0, 3)-(0, 4, 3)-(5, 4, 3)-
(3,2,1)-(—1,0, 1)-(4,5,1)-(4,0,1)-(0, 0, 1)-(0, 4, 1)-(5, —1, 1)~(3, 3, 3)-(0, =3, 0)-(0, 5, 0)-(4, 1, 4)-
(—1,1,4)-(3,5,0)=(3,0,0)-(—1, 4, 4)-(4, 4, 4)-(4,0, 0)-(4, 4,0)-(0, 0, 4)-(5, 0,4)-(1, 4, 0)-(1, —1, 0)-

(5,3,4)-(0,3,4)-(2, —1,0)-(2,4,0)-(4, 2,4)-(0, 2, 4)-(4, 0, 2)-(0, 0, 2)-(0, 4, 2)-(4, 4, 2), Figure 2}

hu(5,3) - 36 —20

66—

_____END 23 24
[ 1715 3 5
{19-23-25 A
1 17 2013 27 12
25 30 | 22 o
18 21
26 29

3

Figure 2: Constructive proof that i(5,3) < 36 [10].

4 Searching for 1 (4, 3) by brute force

. n2— ) .
Since h(n,2) > "= for any n > 3 by Reference [4] and given the fact that h(3,k) = 3=
7:5__11 + n — 3 should be false for any

by [7]], in the present section we will assume that h(n, k) <
n>3Ak>2sothat h(4,3) = 22V h(4,3) = 23.

Then, we observe how h(n, k) = ’f_’ll implies that each pair of consecutive line segments of any

theoretical 21-link covering trail for #(4, 3) would join at least 6 of its nodes [9]], while, since we
disregard this (very unlikely) possibility here, we need to take into account, as a worst-case scenario,
that an optimal covering trail could consist of 22 links of which at least 19 have to necessarily join
2 or more unvisited points each (e.g., it would be possible to join 4 nodes with the first link, to have
a triplet of consecutive pairs of links visiting 1 + 4 new nodes for three times in a row, and to finally
visit the remaining 45 nodes of #(4, 3) by spending the last 15 line segments available, since we
could use all the 15 residual links to join 3 nodes each time, or to have some of those pairs that visit
2 nodes with one link and 4 nodes thanks to the next one, as exemplified by the polygonal chain
(0,3,0)-(5,3,0)-(—1,0,0)-(5,0,0)-(—1,0,3)-(5,0,3)-(—1, 3,3)-(3, 3, 3)).

The constraint above trivially follows by considering that we cannot visit all the 4® nodes of
H (4, 3) with 22 consecutive links if we spend more than three links to fit only one new point at a
time, since 43> < 4+3-(22—1—2-m) + (1+4) -m if and only if m < 3 (see Reference [9], proof
of Theorem 2.1).



A very basic algorithm, to try to (constructively) find by brute force a 22-link covering trail for
H(4,3), is as follows.

1.

Step 1. Take one by one each pair of elements of the set (4, 3) and draw the (unique) straight
line through those two points. Do the same for every pair of nodes of (4, 3) and denote as
7,(4, 3) the set of all those crossing points.

Now, it is easy to observe that if h(4,3) < 23, then it would necessarily be possible to find
optimal covering trails inside the axis-aligned bounding box (AABB [8]]) [6, 9] x [6, 9] x [6, 9].
Thus, the set Z»(4, 3) has a total of 13307 elements (i.e., |Z5(4,3)| = 13307) and there are
1492 maximal line segments, as shown by Reference [1].

. Step 2. Consider only the polygonal chains of link length ¢ € {1,2,...,22}, having all

the vertices belonging to the set Z5(4,3), and such that each of their links joins at least 2
(unvisited) nodes of (4, 3). Furthermore, from the above-mentioned class of trails, let us
also disregard all the polygonal chains of length ¢ that do not visit at least 3 - ¢ — HJ nodes

7
of H(4,3).

Step 3. From the very efficient polygonal chains returned by Step 2, take only into account
the trails with link length 21 (if we get only a void set of solutions, then abort the process,
since the test is failed). By construction, they visit 60, 61, 62, or 63 nodes (otherwise, we
would have found a 21-link covering trail for the set (4, 3), proving that h(4,3) = 21, and
we do not expect that this could happen).

Step 4. Although Step 3 does not allow us to perform an exhaustive search (and a failed test
cannot prove in any way that h(4,3) = 23), we are now ready to sort the polygonal chains
with 21 links (returned by Step 3) in ascending numerical order basing on how many nodes
of H(4, 3) they visit.

. Step 5.

(a) Case (a). If we have already found a 21-link trail joining 63 nodes, the search is over,
since we will spend the last line segment to join together an endpoint of that optimal
polygonal chain and the last unvisited node of #(4, 3). If not, let us move on to Step 5,
Case (b).

(b) Case (b). If the best polygonal chains returned by Step 4 visit (exactly) 62 nodes, then
we take them and start to check, one by one, whether the line that fits the pair of residual
nodes intersects one of the two lines that include the first&second or the second-last&last
vertices of the 21-link trail that we have originally selected. If there is an external match
with respect to the right half-line containing the first/last link of the selected polygonal
chain, then we have constructively proven that h(4, 3) < 23. Otherwise, let us move on
to Step 5, Case (c).

(c) Case (c). There are 3 (or maybe even 4) unvisited nodes left. If they are not collinear
points, then the test is failed; otherwise, they are collinear and we repeat the same pattern
described in Step 5, Case (b), with only one difference: if there is no right external

5



match between the above mentioned fitting line and the extensions of the first/last link
belonging to the 21-link trail we have selected, then the test is failed and the process
stops.

If the described test fails, then we cannot improve the current bound 21 < h(4,3) < 23, and

nk—1
n—1

also we cannot conjecture that h(n, k) = + (k —1) - (n — 3), since the theoretical existence of

a 22-link covering trail cannot be excluded by a partial search as the above.

On the contrary, if the test has succeeded, returning a 22-link covering trail for (4, 3), then

a general conjecture stating that h(n,k) = h(n, k) = 75:11 + n — 3 would receive a relevant

confirmation.

Lastly, to speed up the algorithm, we point out how it would be possible to run a Monte Carlo
experiment looking for the longest trails with ¢ links that visit a total of 3 - ¢ + 1 nodes of H (4, 3),
and then going forward.

In the meantime, let us state our conjecture on h(n, k) as follows.

Conjecture 1. For any n € N — {0,1,2} and ¥ € N — {0}, we conjecture that
h(n k) ==L 4 n—3 V h(nk)=2=L 4+ (k—1)- (n - 3).

n—  n—1

Time will tell.

5 Conclusion

After a dozen years spent working on this family of problems, basing our deductions on the evidence
discussed in the present preprint, we are finally ready to conjecture that, if n is greater than 2,
then h(n, k) = % +n —3orh(nk) = % + (k—1) - (n — 3), since it seems to be very

n

unlikely the evenience that, while h(n,2) > % if and only if n > 4 [4], at the same time,

n3

h(n,3) is not greater than n:11 for some n > 4 (taking also into account that, for any k € Z™,

h(3,k) =31 =31 1 (3-3) =214 (k—1)-(3-3)).

3-1 ~ 3-1

Consequently, we expect h(n, k) to be % + n — 3 if it will be proven h(4,3) < 23 or,
alternatively, h(5,3) < 35, whereas we can trust in h(n, k) = 72@_—11 + (k—1) - (n — 3) after any
proof that h(4,3) > 22 or h(5,3) > 34.

Even though our solid belief has been clearly stated in the present preprint, the research on

this topic is far from being concluded, and different answers, not previously contemplated, are
conceivable at present.
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