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Time complexity of the Analyst’s Traveling Salesman
algorithm
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Abstract: The Analyst’s Traveling Salesman Problem asks for conditions under
which a (finite or infinite) subset of RV is contained on a curve of finite length.
We show that for finite sets, the algorithm constructed in Schul [22] and Badger,
Naples and Vellis [3] that solves the Analyst’s Traveling Salesman Problem has
polynomial time complexity and we determine the sharp exponent.
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1 Introduction

The (Euclidean) Traveling Salesman Problem (TSP) (Lawler, Lenstra and Rinnooy
Kan [16], Gutin and Punnen [12], and Applegate, Bixby, Chvétaland and Cook [1])
asks to find the shortest path through a set V of n points in RY that starts and ends at a
given vertex vg of V. Apart from its natural applications in itinerary design, and its
influence on operations research, and polyhedral theory, in the last 50 years the TSP
has gained great prominence in computer science due to its immense computational
complexity. For example, it is well known that the TSP is NP-hard, see Garey, Graham,
and Johnson [8] and Papadimitriou [20]; that is, it is at least as difficult as the hardest
problems in NP (the class of all problems that can be solved by a non-deterministic
Turing machine in polynomial time O(n*) for some k € N).

What is the minimum amount of time (depending on n) which is required to obtain
a solution of the TSP? Can it be polynomial (ie O(n¥) for some k € N)? Obviously,
one could simply try all possible paths but that would require time comparable to
(n — 1)! which is far from being polynomial. The Bellman—Held—Karp algorithm
[6, 13] improves the latter bound to O(n*2"). However, it is still unknown whether a
polynomially complex algorithm exists.
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2 A Ramirez and V Vellis

In lieu of the above discussion, “nearly-optimal" algorithms have been explored. That
is, algorithms that produce a path which may not be the optimal one but is comparable
(or even arbitrarily close) in length to the optimal one. The nearest insertion algorithm
(Rosenkrantz, Stearns and Lewis [21]) computes in o(n?) a path which is at most twice
in length of the optimal one; see also Golden, Bodin, Doyle and Stewart [9] and Lin
and Kernighan [17] for heuristics of similar time complexity. Christofides heuristic [7]
computes in O(n?) time a path that is at most 3 /2 times the length of the optimal one.
Grigni, Koutsoupias and Papadimitriou [10] designed an algorithm for planar graphs
that for all € > 0 provides in O (no(l/ E)) time a tour of length at most (1 + €) times the
optimal one. A similar result of O(n®1/9) time was also obtained later by Mitchel [18].
In his celebrated work, Arora [2] constructed an algorithm which, for each ¢ > 0, gives
with probability more than 1/2 a path which is at most (1 + €) times the length of the
optimal one in O (n(log n)(o(\/ﬁ/ 6»Nq) time. Arora’s algorithm can be derandomized
by increasing the running time by O(1n"). See also Bartal, Gottlieb and Krauthgamer
[5] for relevant results.

The Analyst’s Traveling Salesman Problem (ATSP) (Jones [15]) is a generalization of
the TSP where it is asked to find a curve of finite length that contains a given (finite
or infinite) set V. C RY. While the TSP (which is the finite case of ATSP) always
admits a solution, the same is not true in general for the ATSP. For instance, if V is
an unbounded set, then clearly every curve that contains V must be unbounded itself,
hence with infinite length. Perhaps less intuitively, smaller, but still infinite, sets may
not admit a solution. For example, if V is the set of all points in the unit square [0, 1]?
with rational coordinates, it is not hard to see that V is bounded and countable but there
exists no rectifiable curve that contains V.

The classification of sets in RY for which the ATSP can be solved, was done by Jones
[15] (for R?) and by Okikiolu [19] (for higher dimensional spaces). Ever since, this
classification has played a crucial role in the development of geometric measure theory,
and has found applications in many facets of analysis including complex analysis,
dynamics, harmonic analysis and metric geometry. The work of Jones and Okikiolu
provides an algorithm that, for any finite set V C R" yields a tour that is at most C(N)
times longer than the optimal path. Here C(XN) is a constant that depends only on the
dimension N. The Jones—Okikiolu algorithm is based on a local version of the Farthest
Insertion algorithm (Johnson and McGeoch [14]).

Later, Schul [22] provided a modification of the algorithm so that the ratio of the length
of the yielded path over the length of the optimal path is bounded by a constant C
independent of the dimension N. Variation of this algorithm also appears in the work
of Badgers, Naples and Vellis [3]. Here and for the rest of this paper, we refer to any of
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these two variations as the ATSP algorithm. The purpose of this note is to show that the
ATSP algorithm, in the case that V is finite, has polynomial time complexity.

Theorem 1.1 The time complexity of the ATSP algorithm is O(n®).

We remark that although time-wise this algorithm is fast, the ratio constant of the yielded
path over the optimal path has not been computed and is much larger that Christofides’
3/2 ratio. In fact, in our algorithm, the yielded path has length at most (300)°/210g 300
times the length of the smallest spanning tree. Moreover, the exponent 3 in our theorem
is sharp and can not be lowered; see Section 5.4.

An interesting connection to the Jones-Scul algorithm was given by Gu, Lutz and
Mayordomo [11] who classified the sets V' that admit a solution to a computable
extension of the ASTP. This variant of the problem characterizes the sets which are
contained in a rectifiable computable curve. As we are concerned only with finite sets
here, our algorithm already produces computable curves.

1.1 Outline of the ATSP algorithm

Fix aset V = {v,...,v,} C RY. The algorithm (described in detail in Section 5)
computes connected graphs Gy = (Vi, Ex) with k = 1,... m for some m < n, so that
the last graph satisfies V,, = V. First, we compute Ry = 5max{|v| : v € V} which
takes O(n) time. It is clear that V C [—Ry, Ro]". The construction of graphs now is
roughly as follows.

Step 1:
For the first graph we have V; = {v;} and E; = . Weset ny = 1 and U; =V \ V.
If U; = (), then proceed to the Final Step. Otherwise proceed to the next step.

Step £+ 1:

Inductively, we assume that for some k£ € N, we have defined an integer n; € N, two
sets Vi, Uy C V, and a graph Gy = (Vi, Ex) such that Uy = V \ Vi, Uy # (), and Vy
is a maximal (27"*Rg)—separated set. We use results in Section 3 to define an integer
Ng4+1 > ng, aset Vi that contains Vi and is contained in V, and aset Uy = V\ Vg
such that Vi is a maximal (27 "*+!Ry)—separated set and disty(Vi, Viy1) < 27+ Ry.
Here and for the rest of this paper, distg(A, B) denotes the Hausdorff distance between
closed sets A,B C RV:

disty(A, B) = max < sup inf |x — y|, supinf |x —
H(A, B) {XGE)EBI ¥l yegxeAl y}
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4 A Ramirez and V Vellis

Next, using results in Section 4, we define for each v € V; a number « that measures
how “flat” the set V. is around the point v. This notion of flatness is inspired by the
Jones beta numbers in the work of Jones [15] and Schul [22].

Next, following the constructions in Schul [22] and Badger, Naples and Vellis [3], we
create a connected graph Gy41 = (Vii1, Er+1). Roughly speaking, if around some
node v of Gy, the set Vi looks flat (ie the number « is small), then the graph Gy
around v should also be flat; otherwise, we add new edges around v so that the new
graph is connected. We take care so that the total number of new edges is at most twice
the total number of new points.

Final Step:

Arriving at this step, we have created a graph G,,, = (V,,,, E,,) with V,,, = V. Since each
Vi is different than Vj_, we arrive at the final step in at most n steps. We show that
each step above takes O(n?) time, and therefore, we obtain G,, in O(n®) time. Now we
use an algorithm in Section 2.2 to parameterize G,, in O(n°) time.

1.2 Holder curves

It should be noted that the work of Jones [15], Okikiolu [19], and Schul [22] provides
the sets for which a solution exists but not the solution itself when the set is infinite.
That is, they classify the sets which are contained in curves of finite length, but do
not provide the parametrization of the curves. Recently, the second named author
with Badger and Naples [3] constructed an algorithm that, for those sets V that have
a solution in ATSP, produces a solution path f: [0,1] — RY which is at most C
times longer than the optimal path with C independent of N. In this algorithm, one
obtains parameterizations (f;) for all graphs Gy and not just one of them. Moreover,
the parameterizations obtained satisfy the inequality || fi — fit1l/co < 277%+! for all
k. Although this approach is more complicated than the one of Jones and Okikiolu, it
comes very handy in designing Holder parameterizations of sets such as the space-filling
Peano curve. For finite sets, the algorithm of constructing (f;) has also polynomial
complexity (and in fact with the same exponent) but we will not pursue this direction
here.

2 Preliminaries on graphs

A (combinatorial) graph is a pair G = (V, E) of a finite vertex set V and an edge set:
EcC{{v,V}:v,V € Vandv#}
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A graph G’ = (V',E’) is a subgraph of G = (V,E) (and we write G C G')if V' C V
and E' C E. A pathin G isaset v = {{vi,v2},...,{va—1,vu}} C E; in this case
we say that ~ joins vy, v,. A combinatorial graph G = (V, E) is connected, if for
any distinct v, € V there exists a path v in G that joins v with Vv'. A connected
component of a combinatorial graph G is a maximal connected subgraph of G.

2.1 Components of a graph

Given a graph G = (V,E) we describe an algorithm that returns the connected
components of G.

Lemma 2.1 There exists an algorithm that determines the components of G in
(0] ((card V)(card E)z) time.

Proof We fix vo € V and let (V;1,E; 1) = ({vo},0). Assuming that for some
i <card E — 1 we have defined (V1 ;, E1;), there are two possible cases.
(1) If there exists e € E \ E;; such that e has an endpoint in V;;, then we set
Viigi=ViiUe and Eyif1=E ;U {e}
(2) If there does not exist e € E \ Ej; such that e has an endpoint in V; ;, then we
stop the procedure and set V| = Vy; and E| = E\ ;.
For each i, we make sure in O(card V) that no vertex appears twice. The time needed
for the calculation of V| is at most a constant multiple of:
card E|
Z (card V ;) card E = O ((card Vy)(card E)?)
i=1
If Vi # V, we replace (V,E) by (V\ V,E \ E;) and we repeat the process again to
obtain (V3, E;). We continue this way until we exhaust all points of V. Since the V;’s
are disjoint, the sum of their cardinalities is card V. Thus, the total time needed for the
algorithm to complete is at most a constant multiple of:

O((card V;)(card E)?) + O((card V)(card E)?) + - - - = O((card V)(card E)*>) O
2.2 Two-to-one tours on connected graphs
Given a connected graph G = (V, E), we describe here an algorithm that gives a tour

over all edges of G so that each edge is traversed exactly twice and once in each
direction.
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6 A Ramirez and V Vellis

Lemma 2.2 Let G = (V,E) be a finite connected graph and let vo € V. There exists

an algorithm which in O((card V)(card E)?) time produces a finite sequence (a,')izi/ll+l

of points in V with M = card E that satisfies the following properties.
(1) Wehave {ay,...,amm+1} =V with a; = a1 = vo.
(2) Foranyie{l,...,2M}, {aj,ai+1} € E.
(3) For any e € E there exist exactly two distinct i,j € {1,...,2M} such that
{ai,aiv1} ={aj, a1} =e.

Moreover, a; = aj1 and aj = a;y .

Proof Set ap,1 = vo and Ey = E.

Assume that for some odd k € {0,1,...,M — 1} we have defined a set E;x C E and a

finite sequence (ak,i)izf{l with the following properties.

(1) The set {ak71, ... ,ak,2k+l} C V with ax1 = ag k41 = vo.
(2) Foranyie {1,...,2k}, {ax,arit1} € E \ Ex.
(3) Forany e € E\ Ej there exist exactly two distinct i,j € {1,...,n— 1} such that
{ari, ariv1} = {arj, a1} = e.
Moreover, a; = ajy1 and a; = a;41.
Finde € Egandj € {0,1,...,2k+1} suchthat ax; € e. Since G is assumed connected,
such j and e exist and the search for them would take at most O(card E card V) time.
Let v be the unique element of e \ {ay;}. Define now Ei; = E; \ {e} and:
a1 <k<j
Clk+17[ == 1% lfl :]
a2 ifj+2<i<2k+3
The construction of Ej,; and the sequence (ak+1,,~)l.zf{3 takes O(card E) time. By

design and the inductive hypothesis, each edge in E \ Ey4 is traversed exactly twice.
In particular, the properties (1)—(3) above are true for k + 1.

This process terminates when k = M. The total time required is a constant multiple of:
card E (O(card E) + O(card E card V)) = O(card V(card E)2)

Fori=1,...,2M + 1 set a; = ay,;. Note that Ey; = (). By induction, every edge of
E = E\ Ey is traversed twice, once in each direction. Since we traverse every edge of
E, we have that {ay,...,axm+1} = V and the proof is complete. m]
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3 Construction of scales and nets

Given € > 0, we say that a set X C RY is e—separated if for any x,y € X we have
|x —y| > €. Givenaset V. C RN and € > 0, we say that a set X C V is an e-net if it is
a maximal e—separated subset of V.

Recall the definition of Hausdorff distance from Section 1.1. In the next lemma we
describe an algorithm that gives nets for a given set V.

Lemma 3.1 Let V C RN be a set of n elements, let € > 0, let X be an e—net of V,
and let U = V \ X. Assume that U # (). Then, in O(n*) time we can compute an
integer k € N, a 27 %¢)-net X’ of V, and a set U' = V \ X’ such that X C X' C V and:

(3-1) 2 ke < disty(X, X") < 2'7*¢

Proof Assume that X = {x;,...,x} and U = {uy,...,u,—}, with I € {1,...,n},
such that U = V \ X. We first calculate:

d= max min |x; — u]
i=1,en—lj=1,..,1

Since both sets X, U have cardinalities at most n, the computation of d takes at most
O(n?) time. Let k be the smallest integer such that 2k%e < d; the computation of k
clearly takes O(1) time. By minimality of k we have that 2! ~%¢ > 4.

We initiate the construction by setting ¢; = x; for i € {lI,...,I}, ¢; = u; for
jed{l,...,n—1}. Wealsoset X; = {ai,...,aq}, Uy =0,and U/ = {c1,...,cni}.
This requires O(n) time.

Inductively, assume that after m steps, with m € {1,...,n — I}, we have defined three
disjoint sets

X),n:{ah'"’ap}v U;n:{blv"'vbl-i-m—l?—l}» U;;:{Cl,...,cn_l_m_;'_l}

such that (X, \ X) U U}, U U, = U. Conventionally, if [+ m —p — 1 = 0, then we
assume U, = (). If

(3-2) . I?ln |Cnflfm+1 - ai‘ > 27e
=1,...,p

then we set a, 1 = ¢4— ;41 and:
/ ! / / 1! 1
Xerl = Xm U {aP+1}7 Uerl = Um’ Uerl = Um \ {Cn—l—m—H}
Otherwise, we set byym—p = Cp—j—m+1 and:

Xr/n—i-l = Xr,n’ Ur/n—i-l = Ur,n UA{brem—p}, Ur,r/l-i-l = Urlrlz \ {en—i—m+1}
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8 A Ramirez and V Vellis

Note that the calculation of (3-2) as well as the definition of sets X; ., U, ., and Uy, |
requires O(n) time to complete.

Set X' = X, ;41 and U’ = U, _,, ;. The construction of X', U’ takes O(n?) time to
complete. It remains to verify the conclusions of the lemma.

By the definition of d, there exists at least one element u in U such that |x — u| > 27%¢
for all x € X. Therefore, the set X’ \ X is nonempty. Moreover, it is clear that X’
is a (2 e)—separated set. To show that X’ is maximal, assume for a contradiction
that there exists v € V such that |x — v| > 27%¢ for all x € X’. Then, there exists
m € {1,...,n— [} such that x = ¢,_;_,,41. But then, by (3-2), x would end up in
X’ which is false. The lower bound of (3—1) follows from the 2 *e—separability of X’
and the fact that X’ \ X # (). For the upper bound of (3—1) assume for a contradiction
that there exists X' € X’ such that |x' — x| > 2!%e for all x € X. Then, clearly
¥ € V\ X C U and it follows that d > 2! ~*¢. But that contradicts the minimality of k
since k — 1 could also work. d

4 Flatness modules and flat pairs

In this section we examine a notion of local flatness introduced by Jones [15] and further
developed by Schul [22] and Badger and Schul [4]. For the rest of this section we
fix Cop = 300, a finite set V C R" consisting of n elements, an e-net X C V, and a
(27%€¢)-net X’ C V such that X C X’ and:

27 ke < disty(X, X') < 21 e
In [22] Schul defined for each v € X a number that measures the (normalized) thickness
of the thinnest cylinder that contains the set:
B, x = B(v,Co2 *e) N X’

In our case, the numbers that we define measure the same thing with one difference; we
will only consider a finite set of cylinders that contain B, x- (as opposed to all cylinders)
and we will choose the thinnest one. Nevertheless, the two flatness modules are close to
each other; see Lemma 4.2.

4.1 Flatness modules

For the rest of this section, L is an integer with L > 40Cov/N — 1 and G =
{-2L,...,2L}". Given two distinct points y;,y, € RN, we denote by £(y;,y>)
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the unique line that passes through y, y> and define the normalized distance:
D(y1,y2) = max 2% dist(z, £(y1,y2))
ZEB, yr
Given v € X, define

Q,x = min min D(x,y)
v XEH(G) yed(G)\{x} Y

where ¢(z) = Co2 KeL™ 1z +v. Essentially, «, x» measures the smallest distance of
the set B, x/ to all lines going through a fine grid of the cube v + Co2!~*e[—1, 11V
normalized by 27 %¢. We set ¢, x' to be the line passing through points x,y € ¢(G) with
x # y that minimize the quantity D(x,y).

Lemma 4.1 Number o, x» and line ¢, x» can be computed in O(card X') time.

Proof We start by constructing the sets B, x/. We check over all points u € X" whether
or not |[v — u| < Cyp2Ke. Then the total time needed to construct the set B, x is
O(card X’). Since the set G is finite and independent of 7, the calculation of o, x and
of £, xr takes O(1) time. This completes the proof of the lemma. O

Remark 4.1 Since for each v € X we have to go through the entire set X’ in order to
construct B, x+, the computations of the preceding lemma are sharp; that is, there exists
universal C > 0 such that it takes at least C card X’ time to compute B, x.

Lemma 4.2 If there exists a line £ such that max,ep, ,, dist(x, £) < (1 / 20)2*e, then
a,x < 1/16.

Proof Suppose that ¢ is a line with maxyep, dist(x, ¢) < (1/20)27ke. Without loss
of generality, we may assume that / intersects the cube v + Co2%¢[—1, 1]V ; otherwise
we replace ¢ by a line parallel to ¢ that intersects the boundary of the cube and is closer
to the set B, x/. Then, £ intersects the boundary of the cube v+ Co2! ~*¢[—1, 1]V on two
points p1, p, which have distance at least 2/2Cy2 7. Now, we can find p/, p, € ¢(G)
such that for i = 1,2:

pi — il < VN —1C2 7 FeL ™ < 527 %¢
By the choice of L, we have that p| # p),.
Fix x € B, x'. Then, by the choice of L:
dist(x, £(p], ph)) < dist(x, £) + max pi — Pjl < 27"

Therefore, a, x < 2ke™! maxqep, ,, dist(x, Upl,ph) < 1/16. m|
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10 A Ramirez and V Vellis

4.2 Flat Pairs

Following Badger, Naples, and Vellis [3, Definition 2.4], for each v € X we define the
set of flat pairs Flat(v, X, X’) to be the set of {v,v'} C X such that
(1) e<|v—V|< C2* e, and
2) oy <1 /16 and there exists an orientation of the line £, x such that V' is the
first point of X N B(v, Co2 ¥~ ¢) to the left or to the right of v with respect to
the given orientation.
Note that if k is large, then the first condition fails immediately and no flat pairs exist.
Here and for the rest of the paper, given a point x € R, we denote the first coordinate
of x by (x);.

Lemma 4.3 The set Flat(v, X,X") can be computed in O(card X') time.

Proof We first compute the set
B,y :=XNB,C2 7" e

v

and as in Lemma 4.1, it is easy to see that B’v7 « can be computed in O(card X’) time.
Next we compute «, x» which also takes O(card X’) time.

If B’WX contains only v, or if o, x» > 1/16 then we set Flat(v, X, X") = 0.

Assume now that B, y contains more than v and that o, x» < 1/16. Having the line
¢, x» from the previous subsection, we apply an isometric affine transformation

¥RV 5 RV, T(x) = A(x —v)

such that A is an orthogonal matrix, U(v) = 0, and ¥ maps the line generated by
¢, x onto the line passing trough the origin that is parallel to the x;—axis. The matrix
A can be generated in O(1) time. We compute the set {(¥(v)); : v € B, x} and
enumerate them from lowest to highest. By Badger and Schul [4, Lemma 8.3] no two
first coordinates can be equal.
* If there exists V' € B y with (¥(v')); < 0, then choose the point V' € B], y, with
the highest first coordinate that is negative, and place {v,v'} in Flat(v, X, X’).
* If there exists V' € B] y with (W(v')); > 0, then choose the point V' € B, y with
the lowest first coordinate that is positive, and place {v,v'} in Flat(v, X, X").
Since o, x» < 1/16 and since B, y, \ {v} is nonempty, at least one of the two cases
above must hold. If both hold, then we perform both actions.

Since X is e—separated, the cardinality of B’WX depends only on N, and the above
computations can be done in O(1) time. Hence, the computation of Flat(v, X, X’) can
be done in O(card X’) time and the proof is complete. |
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S ATSP algorithm and proof of Theorem 1.1

Before starting the algorithm, we calculate Ry = 5max{|v| : v € V}. This takes O(n)
time. Here and for the rest of this section, all constants depend only on the dimension
N.

5.1 Step 1:

Weset ny =1, Vi = {v;},and U; = V \ {v;}. These definitions take O(n) time. If
U, = (), then we move to the Final Step; see Section 5.3. Otherwise, we apply the
algorithm of Lemma 3.1 for X = V) and € = 27 'R, and we obtain in O(n?) time an
integer ny > 1 and a (272 Rp)—net V; along with a set U, = V \ V,. Now, we apply
the algorithm of Lemma 4.1 to obtain in O(n) time a number v, v,. If o, v, > 1/16,
then we set N1 = {v;} and F; = (). Otherwise, we set F; = {v;} and N1 = (). We
also set E; = () and G| = (V1, E}). Step 1 takes O(n?) time.

52 Stepk+1:
Suppose that for some k& € N we have produced

* aninteger ny > 1,

¢ a (27™Rp)-net Vj and a nonempty set Uy = V \ Vg,

e two disjoint sets Ny, Fr C Vi with N U Fr = Vi,

* aconnected graph Gy = (Vi, Ey) such that card £y < 2 card Vp,

* aninteger ngy; > ng, and

o a (27™+1Ry)-net Viyy andaset Upyp =V \ Viyg.
If Uyt = (), then this paragraph can be skipped. Otherwise, we apply the algorithm of
Lemma 3.1 with X = V| and € = 27"%+! Ry and we obtain in O(n?) time an integer
Mgt > Mgyl @ (27"+2Rg)—net that contains Viy1, and a set Ugip = V \ Viyo.

Next, we produce three new families Fy11, Nii1, Exr1-

5.2.1 Families N, and Fy

We perform this part of Step k + 1 only if U1; # (), otherwise we omit it. For each
v € Vi1 we compute oy, y,,, and

* if oy y,,, > 1/16, then we place v in Ni4;
 if oy y,,, < 1/16, then we place v in Fryq.

By Lemma 4.1, the constructions of sets N1, Frt1, takes a total of O(n?) time.

It remains to construct Ej 1. The new edges will come from three sources; from old
edges in E, around points in Fy, and around points in N.
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12 A Ramirez and V Vellis

5.2.2 Edges coming from E}

Recall from Section 4 that Cp = 300. For each element e = {u,u’'} € Ey, we compute

|u — u'| and the two numbers o, y,,, and oy y, ., .

If |u—u'| > Co2~"+1~ IRy, or if both vy, and ayy, ., are more than 1/16, then
we place e in E,(cl_gl This case takes O(n) time. We set Vj.y1(e) = ); this set will not

play a role in the algorithm but we define it for consistency.

If [u—u'| < Co2~™+1~1Ry and at least one of QuVesrs Qv (S2Y Q) is less or
equal to 1/16, then we calculate B, y,,, UBy y,,, and £, y, . We also calculate an
isometric affine map W that takes u to the origin, takes u’ to a point with positive first
coordinate, and takes the line £, v, onto the x;—axis. Then we determine those points

Ui, ..., u € Byy,,, UBy y,,, such that the first coordinates satisfy:

0= (T) < (T < - < (V@) < (V@)

By Badger and Schul [4, Lemma 8.3] we know that no distinct points W(u;), ¥(u;)
have equal first coordinates so the inequalities above are justified. We set V1 (e) =
{uy,...,uw;} and we add the edges {u,u1},...,{u;,u'} in E,({lil
' Visr » @8 well as the calculation of By, ,, By y,,, takes O(n) time.
The calculation of Z, y, ., ¥, and the subsequent ordering takes O(1). (However, [ is
bounded by a constant independent of N; see [3, Remark 3.2]). Therefore, this case

takes O(n) time.

The calculation of
Vi and «,,

In total, the computation of E,(Clil takes O(n) card E;, = O(n?) time, with the associated
constants depending only on N. Moreover:

(5-1) card E,(cljzl <cardE; + 2 Z card Vi1 (e)
ecEy

Remark 5.1 Let e, e’ € Ej satisfy the assumptions of the second case. Then by [3,
Lemma 3.3], Vir1(e) N Vigi(e') = 0.

5.2.3 Edges coming from points in F;

For each element u in F; we calculate the closed ball B, v, , and the associated line
£u,v,., which takes O(n) time. Calculate an isometric affine map W : RN — RY that
takes the line 4,y , to the x| —axis, and u to a point with zero first coordinate. This takes
O(1) of time. If there exists u',u” € By, , N Vi such that (U(u')); <0 < (¥(u")),
then no new edges are obtained from u# and we move to the next element of F;.
Otherwise, we work as follows.
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(1) If there exists no u’ € B, y,,, N Vi such that (U(x')); < 0, then enumerate the
points w1, . ..,u; € B(u, 27"+ Ry) such that

(W(u))1 < -+ < (Y(up)1 < 0= (VW)

and add the edges {u;,uz}, - ,{w,u} in E,(jzl
(2) If there exists no u’ € By y,,, N Vi such that (¥(«')); > 0, then enumerate the

points u1, ..., u; € B(u,2' ~"+1Ry) such that
(Uup))y > - > (Y@u)) > 0= (¥(w),

and add the edges {u;,uz},--- ,{w,u} in E,(Czll

If none of the above is true, then no new edges are obtained from # and we move to the
next element of F. If both are true, we perform both of them. By [3, Remarks 3.4 and
3.5], we have that [ < 6. Therefore, the computation of points u;, their enumeration,
and addition of edges takes O(1) time. The set of all the points in Vi \ Vi coming
from both of these cases above (if any) is denoted by Vyy1(u).

We repeat the same process for all points in F; and the construction of E,(izl is done in

(card F;)O(n) = O(n*) time. Moreover:

(5-2) card E,gzl <2 Z card Vi1 1(u)

ueFy

Remark 5.2 By Badger, Naples, and Vellis [3, Lemma 3.6], if u,u’ € Fj, then
Vie1(w) N Vir1 (') = 0. Moreover, if e € Ex and u € Fy, then Vi 1(u) N Viri(e) = 0.

Before proceeding to the final set E/gﬁ

N =Aur,...,u}

1 We enumerate:

5.2.4 Edges coming from N : first step

Define the set:
Vig1(u) = Buy, Co2 ™™ Ro) N Viyy

The construction of this set requires O(n) time and its cardinality is O(1). We now go

over the set E,(Cljzl U E,(jzl formed above and if a point v € V;_;(u1) is contained in an
edge of E,(CIJ:I U E1(<2+)1 , then we remove it from the set V;_,(u1) and in this way we form

the set Vi 1(u;) in O(n) time. By the doubling property of RV, card V4 1(u) = O(1).
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Moreover, from the previous subsections we already have that every point in Vj is

already contained in an edge of E1(¢21 U E,(ﬁl . Therefore:

Vir1 ) € Vi \ | Veu | Vi@ u | Vi)
ecEy UE Fy

If the set Vi 1(u1) is empty, then we are done with u; and we move to u,. Otherwise,
we construct the set:

Flat(k + 1,u) = | ) Flat(u, Vi, Vi)
u€Vig1(uy)

Since there are O(1) points in Vi1 1(u), by Lemma 4.3 it takes a total of O(n) time
to determine Uuer+l () Flat(u, Vi, Vi4+1). We make sure that the latter set does not
contain the same edge twice and we denote it by Flat(k 4 1, #;). Since the cardinality of
Flat(k + 1,u;) is O(1), this can be done in O(1) time. Define V. {(u;) to be the union
of V,i 11(u1) and the set of all points in Vi that belong to an edge in Flat(k + 1, u).

Next, we form the graph Gy ((u1) = (Vk+1(u1), Flat(k+1, u1)). We apply the algorithm
of Lemma 2.1 which in O(1) time returns the components of Gy 1(u;). If there is only
one component, then we set Ey41(u;) := Flat(k + 1, u;) (making sure in O(1) time
that no edge appears twice) and we add all edges of Ej1(u;) (if any) in E,(f_gl and we
move to uy. If there are p components with p > 2, then we fix a point u; ; in each
component and we set

Epp1(uy) == {{ur,m2}, .o {urp,u1,} ) UFlat(k 4 1,u;)

and we add all edges of Ej1(u1) in E,gl .

Recall that each pointin Vj1(u1) can be in at most 2 edges of Flat(k+ 1, u;). Therefore,
it is not hard to see that:

card(Eg41(u1)) < 2card(Viy1(uy))

If [ = 1, then the definition of E,g:l is complete we move to Section 5.2.6; otherwise
and we move to u;.

5.2.5 Edges coming from N : inductive step

Suppose that we have already added edges to E,(i)l from vertices uy, ..., u, | with

p < l. The definition of the set Vj(u,) is the same as with Vi (u;) with one
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important exception: this time we go over the set E,((L)l U E,((i)l U E,(il instead of just

E,(CIJ: U E,gll Therefore,
p—1
(5-3)  Viga () C Vigr \ | ViU | Vi@ U | Vi@ U | Vi)
eckEy UEFy i=1

The rest of the construction is verbatim the same as before and we add to E,(;:l anew

(possibly empty) set of edges Ejy1(u,) with
(54 card(Ej+1(up)) < 2 card(Vi1(up)).

5.2.6 Definition of E; |
Going over the entire set of Ny, we finally define E,(jg] in O(n?) time. From Remark 5.1,

Remark 5.2, and (5-3), we have that the three sets E,(CIJZ 1 E,(CZJZ 1 E,(jzl are mutually
disjoint and by estimates (5-1), (5-2) and (5-4):

card(Eing1 U E,(jgl U E,(f_gl) < card Vj + 2 card(Vyy; \ Vi) < 2card Vi4q

We now set Ep| = E,(cl_gl U E,(jgl U E,(:ﬁl (the enumeration takes O(n) time) and the
inductive step is complete.

5.3 Final Step:

To finish the proof of Theorem 1.1, we remark that for the final graph G,, = (Vj,, Ejp)
that we obtained, we have that V,,, = V and card E,,, = O(n). Therefore, the algorithm
of Lemma 2.2, produces the desired tour in O(n®) time. This completes the proof of
Theorem 1.1.

5.4 Sharpness of exponent 3

Here we discuss why the time complexity O(n?) is sharp. We will do this by analyzing
the computations of the flat pairs and flatness modules. Note that the complexity of
O(n?) appears during many other steps of the algorithm as well (e.g. Lemma 2.1 and
Lemma 2.2).

Let n be a positive integer and suppose that for all i € {1,...,n} , cardV; = i.
At step k, we perform the calculation of sets Flat(v, Vi, V1) for each v € Vj
which, by Remark 4.1, requires Ccard V4 time for each such v, and for some
fixed constant C > 0. Therefore, the computation of all flat pairs at step k requires
C(card Vi )(card V1) computations. Therefore, our total computations over all steps
are:

n—1 n—1 N2 n 1’13
- > Mt _ o
C;(carde)(cardeH) C;k(k—l— > C(z) S=c%
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Since the calculation of the flatness modules for each net V; is but a part of the algorithm,
the total computation time is at least a fixed multiple of n°.
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