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—— Abstract

The Euclidean Steiner Tree Problem (EST) seeks a minimum-cost tree interconnecting a given
set of terminal points in the Euclidean plane, allowing the use of additional intersection points.
In this paper, we consider two variants that include an additional straight line v with zero cost,
which must be incorporated into the tree. In the Euclidean Steiner fixed Line Problem (ESFL),
this line is given as input and can be treated as a terminal. In contrast, the Euclidean Steiner Line
Problem (ESL) requires determining the optimal location of 4. Despite recent advances, including
heuristics and a 1.214-approximation algorithm for both problems, a formal proof of NP-hardness has
remained open. In this work, we close this gap by proving that both the ESL and ESFL are NP-hard.
Additionally, we prove that both problems admit a polynomial-time approximation scheme (PTAS)
by demonstrating that approximation algorithms for the EST can be adapted to the ESL and ESFL
with appropriate modifications. Specifically, we show ESFL <ppas EST and ESL <ptas EST, i.e.,
provide a PTAS reduction to the EST.
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1 Introduction

The Euclidean Steiner Tree Problem (EST) is a fundamental optimization problem that
involves finding the shortest tree to interconnect a given set of n points in the Euclidean plane.
In contrast to the Minimum Spanning Tree Problem, additional intersection points, known
as Steiner points, may be introduced to further shorten the tree. The problem finds many
real-world applications, for example, in pipeline layout [5] or telecommunication systems [18].
The first exact algorithm for the EST was introduced by Melzak in 1961 [16]. In 1977, Garey
et al. [6] showed that the EST is NP-hard; however, many good approximations exist. Even
a simple Minimum Spanning tree has been conjectured by Gilbert and Pollak [7] to provide
a % ~ 1.1547 approximation. While no counterexample to this conjecture is known, the
best proven approximation factor is 1.214, as shown by Chung and Graham [4]. Arora [2]
and Mitchell [17] were the first to propose randomized polynomial-time approximation
schemes (PTAS), which obtain a (1+&)-approximation in time O(n(logn)°(*)) and O(n°®))
respectively. Rao and Smith [19] later improved this runtime to O((1/¢)°)n + nlogn).
Finally, Kisfaludi-Bak et al. [9] reduced the dependence on ¢ to O(2°(:)n + poly(L)nlogn).

In this work, we consider two variants of the EST, which include an additional straight-
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line v with zero-cost that has to be incorporated into the tree. In the Euclidean Steiner Line
Problem (ESL), the optimal location of this line has to be determined. Conversely, in the
Euclidean Steiner fixed Line Problem (ESFL), the line v is provided as input along with the
set of terminal points. Here, the line can be regarded as an additional terminal, requiring it
to be connected to the tree at least at one point. In practical applications, this line could
be an internet cable that is already in place and now needs to be last-mile connected to
individual homes. The ESL could find applications in determining the optimal location of a
straight highway, minimizing the length of additional roads that must be built to interconnect
a set of cities. Both problems were introduced by Holby [8], who proposed a heuristic for the
ESFL without proving any theoretical approximation guarantees. The first approximation
algorithm was presented by Li et al. [13], who demonstrated that similar to the EST, a
simple minimum spanning tree constructed on the graph defined by the Euclidean distances
between all terminal-terminal and terminal-line pairs achieves a 1.214 approximation for the
ESFL. They further proved a conjecture by Holby [8], stating that there is always an optimal
solution to the ESL, where the line passes through at least two terminal points. Hence, any
approximation algorithm for the ESFL carries over to the ESL, simply by applying it to
each of the (Z) possible placements of the line and selecting the best resulting solution. This
allows us to focus on the ESFL when designing our PTAS, as results for the ESL follow
directly.
Formally, we define the Euclidean Steiner fixed Line Problem as follows:

» Definition 1 (ESFL).

Input: Finite set of terminals R = {v; € R? | i € {1,...,n}} and a line v = {(z,y) €
R?|a-2+b-y=c}

Feasible solutions: Tree T = (V, E) such that V.= (RUSU{v}), where S = {s; € R? |
i€{1,...,m}} is a finite set of points, called Steiner points.

Objective: minimize ), ,\ep d(v, w)

Note that in the above definition, v is treated as a node in the tree T, and d represents
the Euclidean distance between point-point and point-line pairs. The Euclidean Steiner Tree
Problem (EST) can be obtained from this definition by omitting 7. The Euclidean Steiner
Line Problem (ESL) is defined similarly to Definition 1, except that «y is part of the solution
rather than part of the input. We refer to the additional points in V' \ (RU {v}) as Steiner
points.

Our contributions

In this work, we prove a conjecture by Holby [8], establishing NP-hardness for both problems
through a reduction from a special case of the EST that is known to be NP-hard. Furthermore,
we resolve an open question posed by Li et al. [13] by proving that the ESFL, and thus also
the ESL, admits a PTAS. Specifically, we show ESFL <prags EST, i.e., provide a PTAS
reduction from the ESFL to the EST.

In the following section, we prove NP-hardness for both the ESL and the ESFL:

» Theorem 2. The ESFL and the ESL are NP-hard.

In Section 4, we present a PTAS for the ESFL. We begin by establishing a lower bound
on the optimal solution value in the ESFL. Next, we introduce a straightforward method to
transform an ESFL-instance into an EST instance that can then be solved using a PTAS for
the EST. We demonstrate that from the resulting solution, we can construct a solution to
the original ESFL-instance that preserves certain approximation guarantees:
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» Theorem 3. There exists a randomized polynomial-time approzimation scheme for the
ESFL with runtime O (20(9 -2+ poly () Zlog (Z) + (2)3).

From the observation of Li et al. [13] (Lemma 5), it then immediately follows that:

» Corollary 4. There exists a randomized polynomial-time approximation scheme for the
ESL with runtime O (n2 . [20(5) - 2 + poly (%) Zlog (%) + (E)SD

€

Related problems

Over the past five years, significant progress has been made on problems closely related to
the ESL and ESFL, with several constant-factor approximation algorithms being proposed.
Li et al. [11] studied variants of the ESFL and ESL under the rectilinear metric instead of
the Euclidean metric. They presented 1.5-approximation algorithms for both problems, with
respective runtimes in O(nlogn) and O(n3logn). In another work, Li et al. [10] considered a
generalization of the ESFL and ESL, where the terminals are line segments instead of points,
and presented a 1.214-approximation algorithms for both problems, again with respective
runtimes in O(nlogn) and O(n3logn). Althaus et al. [1] studied a similar generalization of
the ESFL that permits multiple line segments of arbitrary lengths. They developed an exact
algorithm based on GEOSTEINER [21], a fast software package for solving the EST.

Li et al. [14] also analyzed a variant of the ESFL with a modified objective function.
In this variant, a constant K is provided along with the terminal points and the line ~,
restricting the sum of the lengths of all edges not lying on the line to a maximum of K.
Furthermore, all Steiner points must be placed on the line, and the objective is to minimize
the number of Steiner points. They proposed a 3-approximation for this problem with a
runtime in O(n?logn). Liu [15] considered a related variant where Steiner points are not
constrained to the line, and instead of the total sum, each edge not lying on the line is
constrained to a maximum length of K. They presented a 4-approximation with runtime
O(n?).

Another related problem setting is the line-restricted Steiner problem. Here, the input
consists of a set of terminal points and a line -y, with the restriction that all Steiner points
must lie on the line. For the design of exact algorithms, it is helpful to consider the variant,
where only up to k Steiner points may be placed, namely the k-line-restricted Steiner problem.
Bose et al. [3] considered a variant of this problem, where v does not shorten the edge
lengths, i.e., the length of each edge is simply the Euclidean it spans. They presented
an exact algorithm for k& > 1 with runtime O(n*) as well as an algorithm for k = 1 with
runtime O(nlogn). Li et al. [12] considered a variation of this, the line-constrained bottleneck
k-Steiner tree problem, where edges on the line have zero-cost and instead of the total length
of the tree, the length of the largest edge has to be minimized. They presented an exact
algorithm with runtime O(nlogn + n* - f(k)), where f(k) is a function only dependent on k.

2 Preliminaries

We begin with some basic definitions for the EST, proposed by Gilbert and Pollak [7].
The topology of a tree refers to its combinatorial structure of nodes and edges, independent
of any geometric representation, i.e., the position of the nodes. A Steiner topology is the
topological representation of a feasible solution for the EST, where the terminals have at
most degree 3, and the Steiner points have exactly degree 3 (degree condition). A Steiner tree
is a geometric realization of a Steiner topology, where no two incident edges form an angle
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of less than 120°, and the three incident edges of each Steiner point meet at exactly 120°
(angle condition). We extend those definitions to the ESFL and the ESL, building on the
work of Li et al. [13]. In these problem settings, the degree condition for points in a Steiner
topology remains unchanged, but the line v can have an arbitrary number of connections.
For a Steiner tree, the angle conditions for the points are preserved, but edges incident to -y
must be perpendicular to it.

Based on the degree condition, Gilbert and Pollak [7] demonstrated that a Steiner tree
contains at most n — 2 Steiner points. If a Steiner tree has exactly n — 2 Steiner points, it
is referred to as a Full Steiner Tree (FST). We consider two useful properties for the EST,
proven by Gilbert and Pollak [7], and extend them to the ESFL and ESL. The first property
states that any optimal Steiner tree can be decomposed into a union of FSTs of subsets of
the terminals: Every Steiner tree 7' that is not an FST itself can be decomposed as follows:
Replace every terminal x € (RU{v}) with k = dp(x) > 2, where dp(z) represents the degree
of x in T, by k copies of the terminal, each at the same geometric position. Assign each
copy as the endpoint of one of the original edges of x. This divides T into k smaller trees,
where each copy of x now has degree 1. By iteratively applying this process, we obtain a
decomposition of T' into trees where each terminal has degree 1, i.e., into FSTs.

Another well-known property for the EST is the wedge-property. It states that in an
optimal solution, any open wedge-shaped region with an interior angle of 120° or greater
that contains no terminals will also contain no Steiner points. Similarly, we will show for the
ESFL that in an optimal solution, any open wedge-shaped region W with an interior angle
of 120° or more, which contains no terminal points and does not intersect -, also cannot
contain any Steiner points.

~ .

Figure 1 Illustration of a wedge W (shaded in gray) that does not contain any terminals and has
no intersection with . Let s be the Steiner point in W with the largest y-coordinate. As at least
one edge of s faces upwards and cannot leave the wedge, we arrive at a contradiction, proving that
in any optimal solution, W does not contain any Steiner points.

Consider such a region W, as illustrated in Figure 1. Without loss of generality, we can
assume that W opens symmetrically upwards, as otherwise, it would be possible to rotate
the instance to satisfy this property. Suppose that W contains at least one Steiner point. Let
s be the Steiner point in W with the largest y-coordinate. Due to the angle-property, the
edges of s must meet at an angle of 120°. Thus one of these edges must leave s in a direction
within £60° of the positive y-axis. This edge cannot leave W, therefore its endpoint cannot
be a terminal. Consequently, its endpoint must be another Steiner point in W with a larger
y-coordinate, resulting in a contradiction.

Another useful result, specifically for the ESL, was conjectured by Holby [8] and later
proven by Li et al. [13]:
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» Lemma 5 (Li et al. [13]). Given an instance I = {v1,...,v,} for the ESL, there exists an
optimal solution in which v passes through at least two terminal points.

In our PTAS reduction, we will make use of a result by Kisfaludi-Bak, Nederlof, and
Wegrzyc [9]. Their algorithm is currently the fastest known PTAS for the EST.

» Theorem 6 (Kisfaludi-Bak et al. [9]). There exists a randomized polynomial-time approx-
tmation scheme for the EST that runs in O (20(%)11 + poly (é) nlog(n)) time.

For the proof of Theorem 2 we need the following technicality. It can be shown by a simple
case distinction that is included in the Appendix.

» Observation 7. For any a € R it holds that |5a + 3| + [3a + 5| > 5v/a? + 1.

3 NP-hardness

Rubinstein et al. [20] showed that the EST remains NP-hard when all terminals are restricted
to two parallel lines, a variant we refer to as PALIMEST (Parallel Line Minimal Euclidean
Steiner Tree). We reduce PALIMEST to the ESFL and the ESL to show the following
result:

» Theorem 2. The ESFL and the ESL are NP-hard.

Proof. We begin by proving the NP-hardness of the ESFL and then demonstrate how this
proof can be adapted for the ESL. For the proof, we consider the respective decision variants
of these problems, where an additional parameter k is provided, and it must be determined
whether a Steiner tree of length < k exists.

NP-hardness of the ESfL

We show PALIMEST <, ESFL: Given an instance I = (R C R?, k) for the decision variant
of PALIMEST, we may assume without loss of generality that the two lines are horizontal,
all points have non-negative coordinates, and (0,0) € R. For an instance I of PALIMEST,
we construct an instance I’ of the ESFL as follows:

Let M be the length of a minimum spanning tree (MST) of R. Define v := {(z,y) € R? |
x +y = —2M?}, which is a line with slope —1 passing through the point (=M, —M). Using
this, we construct the ESFL-instance I’ = (R, v, k' = k + v/2M). We prove that there is a
solution for I with a cost of at most k if and only if there is a solution for I’ with a cost of
at most k' = k + v/2M. The high-level idea behind this construction is that the distance
between the line and the terminal points is sufficiently large to ensure that the line only
has a single connection. We will further argue that this connection is precisely the edge
{7,(0,0)} with length /2M. It then follows that OPT; = OPTy + +/2M. An illustration
of the construction is depicted in Figure 2.

To show OPT; < OPTy ++/2M, let T be a solution for I with cost OPTy. Then Ty =
T U{{7,(0,0)}} is a solution for I’ with cost OPTy ++/2M. Thus, OPTy, < OPT;++/2M.

To show OPTy > OPT; + v/2M, it suffices to prove that in any optimal solution of I’,
the line v must be directly connected to the point (0,0): First, we show that the line ~
has exactly one incident edge with length at most v/2M. Suppose v has multiple incident
edges. Then, v would belong to at least two different full Steiner trees (FSTs) included in
the solution. However, the weight of each FST is at least VoM , since the closest terminal
point to the line is at a distance of v/2M. This would imply OPT; > 2v/2M, which
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I

yiy=—x—2M

(a) A PALIMEST-instance I with an optimal solu-  (b) An ESFL-instance I’ obtained by adding the
tion. Without loss of generality, the two parallel line v :y = —x — 2M to I. The optimal solution

lines are horizontal, all coordinates are non-negative contains the edge {7, (0,0)}, while the rest of the
and I includes the point (0, 0). solution remains identical to an optimal solution
for I.

Figure 2 Illustration of the construction we use for reducing PALIMEST to the ESFL. Terminals
are depicted in black and Steiner points in green.

contradicts OPTy +v/2M > OPTy: since OPT; < v/2M. Therefore, v has only one incident
edge e = {v, A}, where A is the adjacent point of v. Further note that c(e) < v/2M, as
e could otherwise be easily replaced with the edge {7, (0,0)} with ¢({,(0,0)}) = v2M,
contradicting the optimality of the solution.

Next, we show that in any optimal solution of I’, the line v must be directly connected
to the origin terminal, i.e., A = (0,0). Suppose A # (0,0). Then, A must have either a
negative x-coordinate, a negative y-coordinate, or both; otherwise, the edge length would
exceed /2M. Without loss of generality, suppose A has a negative z-coordinate (if not, the
entire instance can be reflected about the axes’ bisector). Thus, A cannot be a terminal point
and must be a Steiner point with three edges meeting at 120° angles. Let v; be the vector
representing the direction of the edge from A to 7, and let vo represent the direction of the
next edge in clockwise direction, pointing in positive y-direction and negative x-direction.
Specifically, v; = (=1, —1) and v = (—1,tan 75°). Define H = {(z,y) € R? | 2 < A, } as the
set of points with z-coordinate smaller than A, (see Figure 3a), and let C' # A be the point
in H with the smallest z-coordinate. Since H contains no terminal points, C' cannot be a
terminal. Therefore, C' must be a Steiner point. Due to the 120° angle property, C' must
have a neighbor within H with a smaller x-coordinate. However, this is impossible since
there are no terminal points in H and no Steiner points with a smaller x-coordinate than C.
Since 7 has only degree one and already shares an edge with A, it cannot also be adjacent to
C. Thus, such a point C' cannot exist, implying that there are no Steiner points in H. In
particular, there are no points on the ray {A 4+ r - vy | 7 > 0}, so A cannot have a neighbor
in that direction. We arrive at a contradiction, showing that A = (0,0).

To conclude, let T7, be an optimal solution for I’. Since the only incident edge of v is
{7,(0,0)}, the tree Ty = T}, [V (T},) \ {7}] is a solution to I with cost OPT; — v/2M. Tt
follows that OPT; > OPT; + /2M.

Therefore, there is a solution for I with cost at most k if and only if there is a solution
for I’ with cost at most k' = k + v/2M and we can conclude that the ESFL is NP-hard.
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H U2,

e V1

yiy=—x—2M

(a) In the ESFL-instance I’, y cannot have a connec-
tion to a Steiner point A with a negative coordinate
due to the angle property of A. Otherwise, there
would need to exist a Steiner point in the direction
of w2, but since there are no Steiner points in H,
we arrive at a contradiction.

YopT i Y = —% — 2JV\I\\

N

(b) Extension of the reduction to the ESL by
adding the points p and ¢ that enforce yopr to be
y = —x — 2M (dashed line). Assuming v does not
pass through p or ¢, it could be shifted down to the
origin as the sum of distances from p and ¢ to 7
can only decrease. We show this sum exceeds the

upper bound, leading to a contradiction.

Figure 3 Illustration of the NP-hardness proofs presented in Theorem 2 for the ESFL and ESL,
respectively.

Extension to the ESL

We now demonstrate that the reduction can be adapted to prove NP-hardness of the ESL.
Instead of adding a fixed line v, we introduce two terminals, which enforce that the placed
line is y = —x — 2M in any optimal solution. Specifically, we add the points p = (—5M,3M)
and ¢ = (3M, —5M), constructing an instance I’ = (RU {p, ¢}, k' = k + v/2M) for the ESL.
Due to the remote positions of p and ¢, the line passing through any other pair of points
than p and ¢ would result in the solution length exceeding the upper bound.

Using the same argument as for the ESFL, it holds that OPT;, < OPT;+ V2M. Observe
that to show OPTy > OPTy + +/2M, it suffices to demonstrate that v = {(z,y) € R? | y =
—x — 2M}, as the rest immediately follows from the proof for the ESFL.

Suppose, for contradiction, that v # {(z,y) € R? | y = —x — 2M} in an optimal
solution, i.e., the line does not pass through p and g. We assume that p and ¢ would not be
connected when removing 7, as otherwise, the solution length would be at least d(p,q) =
V128 M. This would lead to a contradiction, as in this case v/128M = d(p, q) < OPTy, but
OPTyp < (1 + +/2)M. Further, we can assume that the placed line is not vertical; otherwise,
d(p,v) + d(q,7) would be at least 8M because the horizontal distance of p and ¢ is exactly
8M. Since d(p,v) + d(g,y) < OPTp < (1 + +/2M), this would lead to a contradiction.
Therefore, v can be written in the form y = ax + b.

Next, we observe that the line must pass through the second and fourth quadrants and
include some points with non-negative coordinates (in both dimensions). If v would not
include points with non-negative coordinates, then by Lemma 5, it would need to pass
through p and ¢, as these are the only two terminals with a negative coordinate. This
would contradict our original assumption. If v would not pass through the second or fourth
quadrant, then either d(p,~) or d(q,~) would be at least 3M, yielding another contradiction,
as OPT < (1+ \/§)M Hence, we can assume that b > 0.
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The distance between a line y = ax + b and a point (zg,g) is given by %. To

arrive at a contradiction, we now show that d(p,v) + d(g,~) exceeds gM We introduce
a new line 7/ := {y = ax}, which has the same slope as v but a y-intercept of 0 instead
of b. As b > 0, v cannot lie below both p and ¢, and shifting down the line from y-
intercept b to 0 cannot increase the sum of the distances to p and q. It therefore holds that
d(p,y") +d(q,7") < d(p,v) + d(q,7) (illustrated in Figure 3b).

Using Observation 7, we obtain

| —5M-a—3M| |3M-a+5M|

d(p,y') +d(q,7') =

a?+1 a?+1
_ M(|5a+3|+|3a+5|)
a?+1
Obs. 7 5
2

As d(p,v') + d(q,7’) is larger than gM, so is d(p,vy) + d(q,7), contradicting OPT} <
(1++/2M). We conclude that v = {(x,y) € R? | y = —z — 2M}. Using the same reasoning
as in the proof for the ESFL, we deduce that OPTy > OPT; + /2M, thereby establishing
the NP-hardness of the ESL.

<

4 PTAS

As outlined in the introduction, this section primarily focuses on the ESFL, as approximations
for the ESFL extend to the ESL with an additional runtime factor of O(n?).

Let I = (R C R% vy :={(z,y) € R |a-z+b-y = c}) be an instance for the ESFL
with n := |R| terminal points and the line 7. Without loss of generality, in the following
we assume g = ¢ = 0, giving a horizontal line at y = 0. Furthermore, we assume that all
terminal points lie above the line, i.e., have a non-negative y-coordinate; otherwise, the
subproblems with terminals above and below the line could be solved independently. In this
context, we define w(P) := max(, ) 2,y )ep [T — 2’| as the width and h(P) := max(, ,yep ¥y
as the height of a point set P C R? with respect to the line. We further denote W; := w(R)
as the width of the instance 1.

4.1 Lower bound

To achieve a desirable approximation factor for the ESFL, we must first establish a lower
bound on the optimal solution. In contrast to the EST, we cannot simply use the width of the
instance as a lower bound, as terminals may lie arbitrarily far apart from each other while still
incurring only small costs if they are close to the line. To address this, we will demonstrate
that in such cases, the instance can be decomposed by splitting it into subinstances and
solving them independently. Using this approach, we derive a lower bound for optimal
solutions that depends solely on the width of the instance.

» Lemma 8 (Decomposition). For an instance I = (R,v = {(2,0) | x € R}) of the ESFL

with the terminal set R = {(x1,y1),-..,(Tn,Yn)} sorted in non-decreasing order by x;, we
can assume without loss of generality, that for all i € {1,...,n — 1}, it holds that
Yj : Y
ma. T+ ——x) > min Tj;— ————
je{l,.?ﬁi}( it tan(30°)) - je{i+1,...,n}( J tan(SOo))
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as otherwise, the instance could be split at these points, and the subinstances could be solved
independently.

Proof. Assume that for some i € {1,...,n — 1}, it holds that a := max;cq1,. (25 +
tncoey) < Mijefiv,..n}(T5 — magosy) = b Let jo € {1,...,i} and j, € {i+1,...,n}
be the respective indices where the maximum and minimum is achieved. Let @ be the line
through the points (a,0) and (z;,,y;,), and similarly, let b be the line through (b,0) and
(ij’yjb) (See Figure 4)'

There can be no terminal (xy,yx) with & € {1,...,i} lying above @, as yx > y;, —

tan(30°)(zg —x,,) would imply =4+ tan?(% > x5, + 5 which contradicts the maximality

Yja
tan(30° -
of j,. Similarly, there is no terminal (z;,y;) with { € {i +1,...,n} lying above the line b.

Figure 4 Illustration of the decomposition in Lemma 8. If a symmetric wedge with apex on
the line can be drawn without enclosing any terminals, it cannot contain any Steiner points, nor
can there be an edge {p, ¢} connecting two points lying on a different border of the wedge because
directly connecting both p and ¢ to the line would shorten the tree. Thus, both sides of the wedge
can be solved independently.

We show that in any optimal solution, the terminal sets R, := {(x1,91),..., (2, yi)}
and Rp := {(2i41,Yi+1),---» (Tn,yn)} are only connected via the line. Since a < b and all
terminals lie below @ or b, there exists a symmetric wedge with apex at (‘IT“’, 0), opening
upwards with an internal angle of 120° containing no terminals. Using the wedge-property
(see Section 2), we know that no Steiner points lie inside this wedge. Suppose there are
connections above the line between terminals to the left and right of the wedge. In that case,
there would be an edge crossing both borders of the wedge. If p and ¢ are these crossing
points, then

tan(§0°) and tan?goo) are their respective horizontal distances to the center of the

wedge. Since m > 1, the cost of the solution could be reduced by replacing the edge
{p, ¢} with the edges {p,~} and {q,~}.

This contradicts the optimality of the solution, implying that the terminal sets R, :=
{(x1,91)s .-, (x5,9:)} and Ry := {(@i41, Yit1)s- - -, (Tn, yn)} are only connected via the line.
Thus, the instances (R,,7y) and (Rp,7y) can be solved independently, and their solutions
combined to obtain an optimal solution for I. The Lemma follows by recursively applying

this decomposition to R, and Rj. This proof is illustrated in Figure 4. <

» Lemma 9 (Lower Bound). Let I be an instance of the ESFL with set of terminals
R={(z1,1),.--,(Tn,yn)} sorted in non-decreasing order by x; and satisfying the property
of Lemma 8. Then, it holds that

W; = w(R) < (1 + . OPT;.
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Proof. Let T = (V 2 (RU{~}), E) be an optimal solution for the instance I, and consider the
connected components C1, . . ., Cy of the graph T[V\{~}]. For a component C' € {C,...,Ci},
let ro = argmax;cy (o) (%) + Gaigoey) and lo = argmin;cy (o) (¥ — gaigey)> Where V(C)
is the set of vertices in the component. We define

P<C) = {(m,y) € R? | y=>0, y <y, —tan(30°)(ac - mlc)a Y < Yrec +tan(30°)(x _‘TTC)}

as the pyramid of C (see Figure 5). Here, l¢ lies on the left boundary, r¢ on the right
boundary, and all other points in C' lie on the boundary or within the pyramid.

rc

30° 1

- = (©) - %

Figure 5 Depiction of the inner pyramid P(C) and outer pyramid P5(C) for a connected
component C from Lemma 9. The edge that connects the component to v is shown dashed. The
width of P(C) is bounded by w(C) 4+ —22)

tan(30°) *

We first show that the pyramids of all components fully cover the line between z; and
Z, (see Figure 6). Consider two arbitrary consecutive terminals z; and z;4;. By Lemma
8, it holds that a := max;eq .. iy (75 + tan?#o)) > minjegiq1,. 0y (25 — tani’%) =:b. The
terminals j, and jp, which attain the respective maximum and minimum, each belong to
a component. Since z;, < x; and x;, > x;41, the left boundary of the pyramid for the
component of j, lies to the left of x;, and the right boundary of the pyramid for the component
of jp lies to the right of ;1. If j, and j; are in the same component, its pyramid trivially
covers the segment between x; and z;41. If j, and j, are in different components, their
pyramids must intersect due to a > b, thus fully covering the segment between z; and x;41.

Next, we establish an upper bound for the width of the pyramid P(C) for each component
C'. Consider the axis-aligned rectangle with size w(C) x h(C) that encloses C and touches
the line, i.e., a downwards-extended bounding box of C'. We observe that the pyramid
Po(C), defined by the upper corners of this rectangle, fully contains P(C) and therefore has
a width at least as large as that of P(C'). Since the horizontal distance of the rectangle to
the boundary of P5(C) is % on each side, the total width of P(C) is w(C) + tj:((?f)l)'
This, therefore, serves as an upper bound for the width of P(C).

Since the line between x; and z,, is fully covered by pyramids, the width w(R) of the
instance is bounded by the sum of the widths of all pyramids. Given that Zle w(C;) < OPT;
and E?Zl h(C;) < OPTy, we conclude that

k
w(R) < Zw(P(Ci)) <> (w(Ci) + tizgi%))) < (1 + tan(230)> -OPTy.
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AR /LF - T
w(l)

Figure 6 The line between the leftmost and rightmost terminals is fully covered by pyramids.

Therefore, the width of the instance is bounded by the sum of the widths of all pyramids.

4.2 Algorithm

For transforming an ESrFL-instance into an EST-instance, we use the straightforward
approach of replacing the line with a sufficient number of terminal points.

» Definition 10. For an ESFL-instance I = (R = {(z1,91),-.-,(@n,yn)},7) and € > 0,
let I. := (RU L) be an instance for the EST, where L is a set of [Z] + 1 points, equally
spaced along v between the leftmost and rightmost terminals. Thus, the distance between
neighboring points is given by d := Wi /[2]. More precisely, L = {l; | i € {0,...,[Z2]}, where
li == (Tmin +1-d,0) and xpm = ming erz. We refer to L as the set of line points,
R as the set of real terminals, and S as the set of Steiner points in a given solution.
Finally, we call edges between line points line segments, and the absence of a line segment
is referred to as a hole.

See Figures 7 and 8 for reference. Real terminals are shown in black, Steiner points in green,
and line points are depicted with a black border and white interior throughout the paper.

real terminal

line segment line point

Line hole

Figure 7 I with optimal solution Figure 8 I. with optimal solution

» Remark 11. Unfortunately, the naive approach of simply replacing the line with many
terminal points and then using a PTAS for the EST is insufficient, as the resulting solution
to the ESFL can still be very poor. As illustrated in Figure 9a, the EST approximation
lacks any incentive to use edges that run on the line v, i.e., the line segments. Note that
since we are using a black-box EST-PTAS, the approximate solution does not have to meet
any specific structural properties, particularly not the angle condition. Even with arbitrarily
tight approximations guarantees for the EST, the algorithm may output a solution that
completely disregards the line. This is problematic because line segments are cost-free in the
ESrL-instance, so the solution should contain as many of them as possible.

Luckily, using some post-processing on the solution, we can reduce the number of holes
and bound it linearly in the number of real terminals in Lemma 14. This routine, called
FIiLLHOLES (Algorithm 4.2), employs two main strategies to fill holes without increasing the

11
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EST-solution weight. The first strategy involves inserting a previously missing line segment
and removing the longest edge of the resulting cycle (see Figure 10). The second strategy
computes local optima on specific substructures (see Figure 9). Each time a hole is filled, the
algorithm restarts from the beginning to ensure a particular solution structure. Although this
makes it not immediately clear that the algorithm terminates, we will use these properties to
prove its termination and analyze its runtime in Lemma 12, leveraging structural insights
from Lemma 13.

We arrive at Algorithm 4.1, which begins by constructing the EST-instance I. by
incorporating the line points L. It then uses a EST-PTAS A to obtain an approximative
solution T; to this instance. This solution is then further refined by FILLHOLES to ensure it
contains a sufficient number of line segments (as outlined above). Next, all line points are
then contracted to -, and any cycles introduced during this process are removed. Finally,
the resulting solution is returned.

N 4 AY 4 A 4
A 4 ?;:\ ij A .

(a) A possible approximation (b) In Step 4, a path of 5 Steiner (c¢) The redundant Steiner

of I. that needs to be post- points, where each point has an points are replaced by the local
processed. edge to a line point, is found, optimum of subinstance J. The
and a subinstance J is construc- algorithm jumps back to Step 1
ted (highlighted in blue). to remove the two Steiner points

with degree 2.

Figure 9 An illustration of FILLHOLES (Algorithm 4.2), post-processing a potential approximate
solution for I. to reduce the number of holes.

A AN AN

(a) A possible approximation (b) In Step 3, an edge is replaced (c) In Step 1, the resulting
of I. that needs to be post- by a shorter line segment. Since Steiner points with degree 2 are
processed. a hole was filled, the algorithm removed.

jumps back to Step 1.

A A

(d) In Step 3, another edge is replaced by a (e) Finally, the resulting Steiner point with de-
shorter line segment (— goto Step 1). gree 2 is removed.

Figure 10 An illustration of FILLHOLES (Algorithm 4.2), post-processing a potential approximate
solution for I. to reduce the number of holes.

» Lemma 12. FiLLHOLES (Algorithm 4.2) preserves the tree property of T. and does not
increase its weight. Under the assumption that T, initially does not contain any Steiner
points with degree less than 3, the runtime of FILLHOLES is bounded by O((2)?).

Proof. Since we are working in the Euclidean metric, Steps 1-3 clearly preserve the tree
property and do not increase the weight of T.. After Step 2, we can assume that each Steiner
point in 7} has degree 3. Note that Step 3 retains this property, as each time Step 3 modifies
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Algorithm 4.1 ESFL approximation scheme

Input: ESFL-Instance [ = (R C R?,v = {(2,0) | z € R}) and ¢ > 0; EST-PTAS A

1.

Construct I. = (RU L) and obtain (1 4 ¢)-approximation 7. = (V =RULUS, E)
using algorithm A.

2. T, := FiLLHOLES(T;)

Constract all line points L in T; to 7.

4. Delete any cycles and return the resulting ESFL-solution:

return 7' = Mst(7T;)

Algorithm 4.2 FILLHOLES

Input: T. where V(T.) are the nodes, S(T;) C V(T:) the Steiner points, L(T;) the line
points, and E(T%) the edges of T.

1.
2.

5.

Delete all Steiner points with degree 2 and connect their neighbors directly.
Split Steiner points with degree greater than 3 into several points, each with degree 3:
while Jv € S(T;) with |§(v)| > 3 do
Let {v,w1},{v,we} € 6(v) and v = (x4, y»)
Let u = (z,,y,) be a new Steiner point
S(T:) = S(T:) U {u}
E(T.) = (B(T2) U {{u, v}, {u, w1}, {w, wal 1)\ {{v, w1}, {o,ws}}
Try to fill holes by swapping a missing line segment with a non line-segment that has
larger or equal length (see Figure 10):
for i:=0to [2] —1do
if {l;,l;11} ¢ E(T:) then
Choose the largest edge €4, of the cycle in the graph
G' = (V(T.),E(T:) U {{li, li+1}}) (in case of equality, let e,,q, be an edge
that is not a line segment)
if enar @s not a line segment then
E(T:) = (E(T:) U {{li; li+1}}) \ {emaa}
goto Step 1 // A hole was filled
Remove paths of Steiner points of length 5, where each Steiner point shares an edge
with a line point, by computing a local optimum (see Figure 9):
if 3 Path P = (s1,...,s5) in T, with s; € S(T%) and distinct line points
Ih,...,l5 € L(T;) such that {I},s;} € E(T.) for i € {1,...,5} then
Consider the EST-subinstance J = (I},... 1, s1,85)
Compute an optimal solution T* to J by using Melzak’s algorithm [16].
T. =T [V(T:)\ {s2,...,84}]
S(T:) := S(T:) U S(T*)
E(T:) := E(T.) U E(T*)
goto Step 1 // A hole was filled

return 7.
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the tree, it jumps back to Step 1. Consequently, when the Steiner points so,...,s4 are
removed and replaced with an optimal solution to the subinstance J = (I{,... Ik, s1,s5) in
Step 4, T, remains a tree and does not increase in weight.

For analyzing the runtime of FILLHOLES, we first bound how often goto Step 1 is invoked.
Observe that no step can introduce a new hole and before every invocation of goto Step 1,
at least one hole is closed: Step 1 and 2 can only delete Steiner points as well as their incident
edges and therefore cannot introduce a new line segment. Step 3 modifies the tree only
if emaz is nOt a line segment. Since, in this case, the line segment {l;,1;11} is added, the
number of holes decreases by one before jumping back to Step 1. Step 4 only removes Steiner
points and their incident edges, so it also cannot introduce any new holes. Additionally, since
$1,...,85 form a path and 7 is a tree, none of I1,...,I; can share a line segment. As we will
show in Lemma 13, the local optimum T™* contains at most 4 edges connecting points above
y = 0 to points on y = 0. Therefore, T* must include at least one line segment, ensuring that
Step 4 always closes at least one hole before jumping back to Step 1. We conclude that no
step introduces a new hole and before every invocation of goto Step 1, at least one hole is
closed. Since the initial number of holes is bounded by |L| —1 = [2], each step is executed
at most [2]+ 1 times.

We now establish an upper bound on the size of T.. As introduced in Section 2, a solution
with n terminals, where all Steiner points have degree 3, can include at most n — 2 Steiner
points. We can safely assume that 7. initially does not contain any Steiner points with a
degree less than 3, as such points could easily be removed as a final step of the EST-PTAS
without increasing runtime and solution weight. Since Steiner points with degree greater than
3 can be split into Steiner points with degree 3, the initial number of Steiner points in T} is
bounded by the number of terminals. Every time 7T, is modified, the algorithm revisits Steps
1 and 2 to ensure that this property is maintained. Consequently, the maximum number of
Steiner points with degree less than 3 in T is two. Specifically, two points with degree 2
may be present right after Step 3 (the incident nodes of €4, ) or after Step 4 (s and/or s5).
Therefore, at any given time, the number of nodes and edges in 7% is bounded by O(Z2).

It follows that when the graph is represented as an adjacency list, Step 1 and 2 can
be easily implemented in time O(%). Step 3 runs for at most {2] iterations, where each
iteration can be implemented using a Depth First Search. Therefore, the runtime of Step 3 is
bounded by O((2)?). The challenging aspect of Step 4 is finding the specific substructure in
T. or concluding that none exists. For this, we consider the subgraph 7" of T, induced by all
Steiner points that share an edge with a line point. In 7, we find all connected components
using Depth First Search. Since each node in T has degree 3 and each node in 7" has at
least one edge to a line point, every node in T” has at most degree 2. Thus, each connected
component of 7" forms a path, allowing us to find suitable paths of size 5 in linear time.
Once a suitable path is found, computing the local optimum requires only constant time
using the algorithm of Melzak [16], as the size of the subinstance J is constant. Given that
the runtime of each step is bounded by O((2)?) and each step is executed at most [2] 4 1
times, the overall runtime of FILLHOLES is O((2)%). <

In the proof of Lemma 12, we relied on the fact that computing the local optimum in
Step 4 always introduces at least one new line segment, i.e., closes a hole. To show this, we
now establish a structural property of EST-solutions for instances that only contain line
points and two real terminals. Specifically, we demonstrate that any optimal solution for
such instances includes at most four edges connecting line points to non-line points.

» Lemma 13. Let T be an optimal solution to an instance of the EST that consists of
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two terminals with y > 0 and all other terminals at y = 0. Then, T has at most 4 edges
connecting points with y > 0 to points at y = 0.

Proof. Consider an instance with the terminal set R = {¢,r} U P with g, > 0, r, > 0 and
vy =0 for all v € P. Let T" be an optimal solution to I. In the following, we assume that all
edges are oriented downward while horizontal edges remain undirected. Note that T satisfies
the degree and angle conditions for Steiner points, meaning each Steiner point is incident to
exactly three edges that are equally spaced at 120°-angles. We introduce the notations of
strongly and weakly downward-directed edges: Edges whose smallest angle to the horizontal
is greater than 60° are called strongly downward-directed. Edges whose smallest angle to the
horizontal is less than or equal to 60° and greater than 0° are called weakly downward-directed.
Edges with an angle of 0° are called horizontal. From the degree property of Steiner points,
it follows that if a strongly downward-directed edge hits a Steiner point from above, this
Steiner point is the source of two weakly downward-directed edges (11a). Conversely, when
a weakly downward-directed edge hits a Steiner point from above, it either combines with
another weakly downward-directed edge to give rise to a strongly downward-directed edge
(11b) or splits into one weakly downward-directed edge and one horizontal edge (11c). Note
that each edge in T classifies as either strongly or weakly downward-directed or horizontal
(see Figure 11).

(@) Onme strongly downward- (b) Two weakly downward- (c) One weakly downward-

directed edge splits into two directed edges unite into one directed edge splits into one

weakly downward-directed edges. strongly downward-directed edge. weakly downward-directed edge
and a horizontal edge.

Figure 11 Illustration of the effect of Steiner points on the number of downward-directed edges.
Red: strongly downward-directed edges. Green: weakly downward-directed edges.

Observe that every edge connecting a point with y > 0 to a point in P is downward-directed.
Since Steiner points always have an edge incoming from above, every downward-directed edge
can be traced upward to a terminal. Therefore, to determine how many downward-directed
edges can reach P, it suffices to consider the number of downward-directed edges originating
from ¢ and r and analyze how the addition of Steiner points affects this count.

Because terminals also satisfy the angle condition, each terminal can give rise to either
one strongly downward-directed edge or two weakly downward-directed edges. Steiner points,
in turn, can influence the count of downward-directed edges reaching P in the following ways:

One strongly downward-directed edge splits into two weakly downward-directed edges,

increasing the count by one (see Figure 11a)

Two weakly downward-directed edges unite into one strongly downward-directed edge,

decreasing the count by one (see Figure 11b).

One weakly downward-directed edge splits into one weakly downward-directed edge and

a horizontal edge, leaving the count unchanged (see Figure 11c).

It follows that the maximum count of downward-directed edges reaching P is achieved by
splitting all strongly downward-directed edges into weakly downward-directed edges. Hence,
with only two terminals above y = 0, this count is at most 4. <
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Having shown that FILLHOLES terminates, we now demonstrate that it sufficiently reduces
the number of holes. Since holes can only be introduced when the respective line points are
connected through edges that do not lie on the line, we analyze paths running above the line
to establish an upper bound of 10n on the number of holes, where n denotes the number of
real terminals.

» Lemma 14. After the termination of FILLHOLES, T. contains at most 10n holes.

Proof. Consider a connected component C' of the tree 7. excluding the line points, i.e., of
T.[V(T.) \ L]. We will argue that if C' contains k real terminals, then after termination of
the FILLHOLES routine, there can be at most 10k holes between the leftmost and rightmost
line points connected to this component in T.. We prove the lemma by summing over all
these components.

Let I be the leftmost and I/, the rightmost line points connected to C' in T.. Assume,
without loss of generality, that I # I/ ; if there is only one connection, it is obvious that
no holes appear. Between I} and I/, there are m — 2 line points and m — 1 line segments,
spanning a distance of (m — 1)d. We aim to show that there are at most 10k holes between
I4 and 1/,,. To analyze this, consider the path from I} to I/, that, except for I} and I/, only
contains points from the component C. After Step 3 of FILLHOLES, all edges on this path
must have length less than d, as we will first prove: Suppose there exists an edge e on the
path with c¢(e) > d. As ] and [
Removing e from 7T, would split T into two connected components, with I} and I/, residing
in different connected components. Since every line point in between belongs to either one or
the other connected component, there must exist two consecutive line points, I and I,

1, are the only line points on the path, e is not a line segment.

that lie in different components. The edge {[},;;} would reconnect these two components
and has length d. Thus, e would have been replaced by {i}, [
assumption. Therefore, all edges on the path from [} to I/, are shorter than d. This implies
that this path must contain at least m edges.

Now, consider the subpath P = (p1,...,pp) with {l},p1} € E(T%) and {p,1,,} € E(T%)
and p; € V(C) for i € {1,...,b}. Observe that P contains at least m — 2 edges, so we can
write b > m — 1. We partition P into consecutive blocks of size 5, ignoring any leftover points.
This results in exactly L%J blocks. After the termination of FILLHOLES, each block must
contain at least one point that is either a real terminal or does not share an edge with a line
point. Otherwise, Step 4 would have identified five consecutive Steiner points, all sharing an
edge with a line point, and the algorithm would have replaced them with a local optimum,
destroying this specific substructure. Therefore, we know that each block contains either a
real terminal or it contains a Steiner point s that does not share an edge with a line point.
In the latter case, we examine the subtree we examine the subtree branching off from P at s.
This subtree always exists and is unique because, after Step 2, all Steiner points have degree
3. Since s does not share an edge with a line point, this subtree must either contain more
than one line point or a real terminal. As T is a tree, the subtrees branching off from P are

i41) in Step 3, contradicting our

disjoint.
Let
p be the number of points in P that are either real terminals or are Steiner points that
have a real terminal in their branching-off subtree,
7 be the number of Steiner points in P that share an edge with a line point,
7 be the number of Steiner points in P that have no real terminal in their subtree but at
least two line points.
Since every point on P belongs to exactly one of the three classes, it holds that 7+ 7+ p =b.
An example of this classification is shown in Figure 12.
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y.

/\)/
10

Figure 12 Example illustrating Lemma 14. The path P is represented by green edges. Green
points are Steiner points on P that share an edge with a line point (7 = 3). Red points are real
terminals on P or are Steiner points on P with at least one real terminal in their branching-off
subtree (p = 6). The blue point represents a Steiner point on the path with at least two line points
and no real terminal in its subtree (m = 1). The remaining Steiner points, terminals, and line points
not on the path P are gray, black, and white, respectively. In this example, m = b = 10.

From these definitions, we make the following observations:

ptm= {gJ (1)

as each of the L%J blocks contains at least one of the following: a real terminal, a Steiner

point with a real terminal in its subtree, or a Steiner point with two line points in its subtree.

k>p (2)

as for each Steiner point on P with a terminal in its branching-off subtree, at least one real
terminal must exist (there are k real terminals in the component). These subtree-terminals
are distinct as the subtrees branching off from P are disjoint.

m—2>2n+71 (3)

since there are only m — 2 line points between I{ and I/, and the subtrees branching-off from
P are disjoint. Using b > m — 1, we deduce

(3)
T+7+p=b>m-—-1>2n+7+1 = p>n+1l

Using this, we derive

@b 1 b
20> p+m+12> E +1 = pzi Zl4+1),
which simplifies to

1|b+5
> | >
SHESE
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Since there can be at most m — 1 holes between I} and I/, it follows that when a component

has k real terminals, there can be at most m — 1 < m < 10p (2 10k holes between their
leftmost and rightmost connected line point.

Note that the solution can only contain holes where the respective line points are connected
through edges that do not lie on the line, i.e., are part of a component. Because components
are disjoint, they do not share any real terminals. Thus, we can sum over all components to
obtain an upper bound of 10n on the number of holes in T, where n is the number of real
terminals in 7. <

Now that we have shown that FILLHOLES sufficiently reduces the number of holes, we
can combine all the results and prove that Algorithm 4.1 retains approximation guarantees
for the ESFL. Specifically, we will argue that introducing the zero-cost line to the EST-
instance reduces the solution cost of 7. by almost the entire width W of the instance.
Since OPT;, — Wy provides a lower bound on the ESFL solution value, this yields a tight
approximation factor.

» Theorem 3. There exists a randomized polynomial-time approximation scheme for the
ESFL with runtime O (20(%) 2 +poly (1) Zlog (2) + (%)3)
Proof. Given an instance I and a parameter € > 0, we will first show that Algorithm 4.1
runs in polynomial time for a fixed . Using the PTAS of Kisfaludi-Bak et al. [9] we can
achieve Step 1, namely a (1 + ¢)-approximation to the EST-instance I. with n + [2] +
—O(n : T o) . n 1 .

1= O(%) terminals, in time O (2 ). 2 +poly(2)Z log(g)) The FILLHOLES subroutine
(Algorithm 4.2) has a runtime of O((2)?), as shown in Lemma 12. Since Step 4 and 5 of
Algorithm 4.1 can easily be implemented in time O((2)?), we achieve a total runtime of
0 (201 2 4 poly(H) 2 log(2) +(2)°).

It remains to analyze the approximation guarantee. Denote the cost of the solution 7.

after the termination of FILLHOLES by ¢(7%), the cost of the final solution T" by ¢(T"), and
the costs of the respective optimal solutions by OPT;. and OPT;. It holds that

OPT;. < OPT; + W, (4)

because an optimal solution T for I can be transformed into a valid solution for I. by adding
all edges along the line and removing any cycles. This is true since 7% is a tree containing
all real terminals and at least one point on the line. Thus, the cost of T increases at most
by the cost of all line segments, which is W7j.

For the distance between line points d, it holds that

s

W] g
T S =
=] = n

g

d= -Wr.

Let W’ = ¢(T:) — ¢(T) denote the cost savings resulting from adding the cost-free line
to the tree T., replacing all line segments. According to Lemma 14, there are at most 10n
holes in T, which implies

W' > Wy — 10nd > Wy — 10n%W, = (1 10¢) - W
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Therefore, it holds that
c(T)= o(T.)—-W'
< (14¢)OPT;. — (1 —10e)W;
= OPT]E + €OPT[E — Wi 4+ 10eW;

OPTT + EOPT]E + 10eW;

< OPIT; + E(W[ + OPT]) + 10eW7
= OPT; +eOPT; + 11eWy

Lemma 9

22
< OPIT+eOPTr+ |11+ —/—— | eOP1Iy
tan(30°)

(1 + 50.106¢) - OPT;

<
< (1+5le)- OPTy.

Although this approach yields a (1 + 51e)-approximation instead of a (1 + £)-approximation,
we can easily adjust the algorithm as follows: Given the parameter €, we define ¢’ := ¢/51
and use Algorithm 4.1 to achieve a (1 + 51¢’)=(1 + ¢)-approximation in

oLy n 1\ n n ny\3
0 (2 - 5+ poly () Slos(5)+(5) )
3
sy 51 1\ 51 1 1
o <2o<5> ey (1) 210 (1) (30) )
g e g € e
1 3
~- 0 (20<i> 2 poly <> Ztog (2) + (2) ) :
g € 3 3 g

where the factor of 51 disappears in the constants of the O-notation. |

Together with Lemma 5 and Theorem 3, we can also settle the existence of a PTAS for the
ESL.

» Corollary 4. There exists a randomized polynomial-time approximation scheme for the
ESL with runtime O (n2 . [20(5) 2+ poly () Zlog (Z) + (%)1)

Proof. According to Lemma 5, there always exists an optimum solution to the ESL in which
~ passes through at least two terminal points. Therefore, it suffices to apply our ESFL-PTAS
to each of the (72’) ESFL-instances where the line passes through two distinct terminal points
and select the best resulting solution. This results in an additional runtime factor of n2. <

5 Conclusion

In this work, we established the NP-hardness of both the Euclidean Steiner Line Problem
(ESL) and the Euclidean Steiner fixed Line Problem (ESFL). Additionally, we proved that
both problems admit a polynomial-time approximation scheme (PTAS) by employing a
PTAS-reduction to the classical Euclidean Steiner Tree Problem (EST). Using the fastest
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currently known PTAS for the EST by Kisfaludi-Bak et al. [9], we obtain a runtime of
0 (20(%) -2 4 poly (1) Zlog (2) + (%)3) to compute a (1 + ¢)-approximation to the ESFL.

Further research could include improving the runtime of the PTAS. Specifically, we believe
that developing a more sophisticated FILLHOLES routine could reduce its cubic dependence
on the number of terminals.

Another promising direction for future work is generalizing our results to the problem
variant introduced by Althaus et al. [1], where terminals can be line segments of arbitrary
length. In this context, a key challenge would be establishing a sufficient lower bound on the
optimal solution, analogous to Lemma 9. Furthermore, it would be interesting to analyze the
complexity of the Steiner Line Problem, defined on other uniform orientation metrics such
as the rectilinear or the octilinear metric. One could also investigate adapting the PTAS to
these metrics.
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Appendix
» Observation 7. For any a € R it holds that [5a + 3| + |[3a + 5| > 5va? + 1.

Proof. Consider g(a) := [5a + 3| + [3a + 5| — 3v/a® + 1. We use a case distinction to show
g(a) > 0. First, note that g(—3) > 0 and g(—2) > 0.

For a < —3, g is given by g(a) = —5a — 3 — 3a — 5 — 2v/a? + 1. For the first derivative
of g, it holds that

dg——8—5a<—8+‘5a’<—8+5<0
da 2WaZ+1 "~ 2WaZ +1|~ 2 '

Since g(—2) > 0, it follows that g(a) > 0 for a < —32.

For a > —2, g is given by g(a) = 5a + 3 + 3a+ 5 — 2v/a® + 1. For the first derivative of
g, it holds that

d9_8_5a>8_‘5a‘>8_5>
da 2vVa? +1 "~ Va2 +1|7 2
Since g(—2) > 0, it follows that g(a) > 0 for a < —2.

Finally, for =2 <a < —3, g is given by g(a) = =ba — 3 + 3a + 5 — 2v/a?> + 1. For the
second derivative of g, it holds that

0.

d2
da? 2(a%+1)2

Since g is concave and both g(—2) > 0 and g(—2) > 0, it follows that g(a) > 0 for
—S<a< =3,
3>20>75

<
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