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Abstract

In the Buclidean traveling salesman and buyers problem (TSBP), we are given a set of
convex regions in d-dimensional space, and we wish to find a minimum-cost tour that visits
all the regions. The cost of a tour depends on the length of the tour itself and on the distance
that buyers within each region need to travel to meet the salesman. We show that constant-
factor approximations to the T'SBP and several similar problems can be obtained by visiting
the centers of the smallest enclosing spheres of the regions.

1 Introduction

The Euclidean traveling salesman and buyers problem (TSBP) is a generalization of the classical
Euclidean traveling salesman problem (TSP). A salesman wants to meet potential buyers, who are
scattered in k disjoint convex regions Ry, Ry, ..., Ry of d-dimensional space. The salesman chooses
a market-place p; in each region R;, where the buyers living in that region will meet him to do
business, and a tour visiting all k market-places in turn. We call the maximum distance from all
possible buyers in region R; to the market-place p; € R; the mazimum travel distance td(pi,Ri)
of region R;. The cost of a tour is then defined as

k
C+y ) tdlpi,Ri)

i=1

where { is the Euclidean length of the tour itself, and v > 0 is a parameter that determines the
cost of the buyers’ travel relative to the salesman’s.

The salesman wants to find a set {p1,...,px} of market-places and a tour visiting them that
minimizes this cost. The usual Euclidean TSP is the special case where each region is a single
point, and so the TSBP is NP-hard. The Euclidean T'SP with neighborhoods (TSPN) [1, 6, 3] is
the special case where vy = 0: the cost of a tour is simply the length of the tour itself, regardless
of the maximum travel distances.

The TSPN in the plane has been studied recently by Dumitrescu and Mitchell [3], who presented
a PTAS for the case of disjoint unit disk neighborhoods, and a constant-factor approximation
algorithm for arbitrary (possibly overlapping) connected (not necessarily convex) regions with the
same diameter. No approximation results appear to be known in more than two dimensions, except
for the case of disjoint unit spheres.
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We show that a constant factor approximation for the TSBP for any fixed v > 0 and any
dimension d > 2 can be obtained by choosing the market places at the center of each region,
which we define as the center of its smallest enclosing sphere.

As the first step in proving this result, we consider the case k = 2. We are given two disjoint
convex regions that we need to connect using a bridge, such that the diameter of the (now con-
nected) union of the two regions is minimized. The planar case of this mintmum diameter bridge
problem (MDBP) has been first considered in the literature for two convex polygons [2]. Kim and
Shin [5] gave a linear time algorithm for this case. Given two convex polyhedra in 3-dimension,
Tan [9] gave a quadratic-time algorithm. Recently Tokuyama [10] adapted the parametric search
technique [7] to solve min-max optimization problems, and applied this to obtain a linear-time
algorithm for the MDBP for convex polytopes in any fixed dimension d > 2. Due to the complex-
ity of the method, this algorithm has presumably only theoretical value. It is also unclear how it
could be applied to non-polyhedral convex regions.

We show that the bridge that connects the centers of the two regions has cost at most /2 times
the optimal cost, for any fixed dimension d > 2.

We then consider two variants of the T'SBP studied by Tokuyama [10]. Tokuyama gave linear
time algorithms for these variants based on parametric search as well.

In the geometric network-base location problem (GNLP), the cost of a set of market places
P1,-..,Pk (here called “network-bases”) is

k
‘MST(]:” P vpk)‘ + Z td(pi)Ri)v

i=1

where [MST(-)| is the length of a minimum spanning tree for the points p;. We prove that choosing
the centers of the regions as network-bases results in a cost at most 3v/2 the optimal.

The mintmum diameter spanning tree problem (MDSTP) for k disjoint convex regions is a
generalization of the minimum diameter spanning tree problem [4] for points. The task is to
construct a spanning tree of regions: a node of the tree corresponds to a region, and each edge
in the tree connects two regions. The addition of these “bridges” turns the union of regions into a
simply-connected set. We wish to choose the bridges such that the diameter of this resulting set
is as small as possible. We prove that a solution with cost at most 2v/2 times the optimal cost
can be obtained as follows: first construct a minimum spanning tree on the centers of regions, and
then build bridges along the edges of this tree.

Our proofs use only the convexity of the regions. If the center of the smallest enclosing sphere
for each region is known, no further computation involving the region is necessary to compute
an approximate solution to each problem. Note that the smallest enclosing sphere for a convex
polytope can be computed in time linear in the number of vertices, in any dimension [11]. Conse-
quently, for a set of k disjoint convex polytopes, all our approximations can be computed in time
linear in their total complexity using standard techniques, and we will not discuss algorithms in
this paper at all.

2 Preliminaries

For a region A in d-dimensional space, we denote by int(A), cl(A), and 0A the interior, closure,
and the boundary of A, respectively. We use |- | to denote the length of a line segment or path,
and the total length of all edges of a tour or tree.

Throughout the paper, R denotes a compact convex region in d-dimensional space. The center
of the smallest enclosing sphere of R is called its center, and denoted c(R). Likewise, we define r(R)



to be the radius of R’s smallest enclosing sphere. Given a point p € R, we define the farthest point
f(p) = fr(p) as the lexicographically smallest point q € R that maximizes |pq|. Note that since
R is uniquely determined by the point p, we will usually suppress the subscript. The mazimum
travel distance for p in R is defined as td(p,R) := |pfr(p)l-

3 The minimum diameter bridge problem

The minimum diameter bridge problem is formally defined as follows:

Problem MDBP: Given two disjoint convex regions Ry and R;. find points p; € R;,
i=1,2, such that

M(p1,p2) == td(p1,Ry) + [p1p2| + td(p2,R2)
is minimized.

A 2-approximation. Cai et al. [2] showed that the shortest bridge between two convex polygons
in the plane has cost at most two times the cost of the optimal bridge. This is in fact true for
convex regions in any dimension, as we quickly prove now.

Lemma 1 Given two disjoint compact convex regions Ry and R, in d-dimensional space, the
shortest bridge between them is a 2-approzximation to the MDBP.

Proof. Let p;p, be the shortest bridge for the two regions, and let p1p, be any bridge. Let C;
be the sphere with center p; and radius |pif(pi)|- By definition, R; is contained in C;, and so

Pif(Pi)l < 2lpif(pi)l- Since [pyP,| < [p1p2l, we have IT(py,P,) < 2MM(p1,p2)-

A V2—approximation. We now prove that the bridge connecting the centers of Ry and R, has
cost at most /2 the optimal cost. We start with a simple lemma.

Lemma 2 The center of a compact convex region R lies in R.

Proof. Let S be the minimum enclosing sphere for R. Assume that the center ¢ of S is not in R.
Then there is a plane h containing ¢ but not intersecting R. Since R lies completely in the interior
of one half-space bounded by h, we can translate S into this half-space such that R is completely
contained in its interior. This contradicts the assumption that S is a minimum enclosing sphere
for R.

The following lemma is the core of all our results.

Lemma 3 Let p1p2 be a bridge for Ry, Rz, let ¢i :=c(Ry), 11 :=71(Ryi), and let p{ be the point
on cicy closest to pi, fori=1,2. Then

1
eipil < zﬁ' pif(pi)l, (1)
leipil+7 < V2 Ipif(pi)l. (2)



Figure 1: The cross section containing cq, ¢z, and p1.

Proof. Let S; be the smallest enclosing sphere for R;. Figure 1 (b) shows a cross section of the
situation containing cy, c¢2 and p;. By Lemma 2 we have ¢; € R;. Without loss of generality, we
prove the inequalities for i = 1 only.

Let D be a (d — 1)-dimensional disk of radius 17 centered at ¢y and orthogonal to picy. The
disk D divides S; into two hemi-spheres S (containing p1) and S; as in Figure 1 (b). Let y be
any point on 0D. Since S is a smallest enclosing sphere of Ry, there must be a point z € Ry on
cl(S7). We have

1yl < Iprzl < Ipaflpr )l

Let y' € Sy be such that Zcociy’ = 90°. Consider the right triangles Apjciy and Apjciy’. Since

[c1y’l = leqyl and |e1pi] < leipal, we have [p1y'I < Ipyl < [paf(pq)l.
Let « := Zciy'py. Since pj lies inside or on the sphere S1, we have 0 < « < 45°, and so
sinx < %ﬁ Therefore

. 1 1
e1pil = (sina) - Ipiy’I < 5V2-Ip1y'| < V2 prf(p)),
proving the first inequality. Furthermore,
picil+ 71 =Ipjcil+lery’| = (sine+cos ) - Ipjy'| < V2 Ipiy'[ < V2 Ipf(p1)],

which completes the proof.

The main result of this section is the following theorem.

Theorem 1 Let pip> be a bridge for Ry, Ry, and let c¢i := c(Ry). Then M(c1,c2) < V2 -
M(p1,p2). In other words, the bridge connecting the centers of the two regions is a /2-
approzimation to the MDBP. The bound s tight.

Proof. Let p/ be the point on cycy closest to py, for i = 1,2. We have [pip5| < [p1p2/. We can
now apply equation (2) as follows:

M(cy,c2) = 71 +lcical+m2

= 11+ (lerpil+p1p3l +Ipscal) + 12
V2 lpif(p1)| + p1pal + V2 - [paf(pa)|
V2 -Ti(p1,p2).

N IN



Figure 2 shows a lower bound example that proves that this bound is tight. Here Ry and R, are
tetrahedra in 3-space such that their centers lie on the midpoint of the longest edge of Ry and R»,
respectively. We assume the radii of two spheres to be unit, and their distance to be an arbitrarily
small € > 0. The optimal bridge is p*q*, its cost is at most 2v/2 + €. The bridge connecting the
two centers has cost 4 + €.

Figure 2: A tight lower bound example.

Obviously, the endpoints of the optimal bridge for two convex regions must lie on the boundaries
of the two regions. This leads us to a heuristic improvement to our approximation method: Instead
of connecting the two centers directly, we use the bridge p1p2, where p; is the intersection of the
segment cico with the boundary of R;. Clearly the cost of this bridge is no worse than that of
c1¢2, and so it is again a v/2-approximation to the MDBP.

4 The traveling salesman and buyers problem

We now generalize our approximation result to problems involving more than two regions. We
start with the Fuclidean traveling salesman and buyers problem (TSBP):

Problem TSBP: Given a set of disjoint compact convex regions R; fori =1,2,... Kk,
find points p; € Ri, i =1,...,k such that

K
Mr(p1,p2, .., Px) =TSP (p1,p2,...,PK)l +YZ td(pi, Ri)

i=1

is minimized. Here vy > 0 is a parameter defining the relative weight of the salesman’s
and the buyers’ travel, and |TSP(-)| is the cost of an optimal T'SP for the points.

Since the TSBP is a generalization of the Euclidean T'SP for points, it is NP-hard. The traveling
salesman problem with neighborhoods (TSPN) is the special case where y = 0.

Theorem 2 Let ci :=c(Ry), fori=1,...,k, and let p; € Ry, i=1,...,k. Then
Mr(c1,c2,...,¢ck) < Cy -TIx(p1,P2, .-+, PK),

where C,, = YV2/2 fory > 2 and C, = 3v2/min(2,2y) fory < 2. In other words, the shortest
TSP tour of the region centers ts a constant factor approzimation to the TSBP for any fized
vy > 0.



Proof. Let T be the optimal TSP tour of py,...,px. We assume without loss of generality that
T visits the points in the order py,p2,...,Pk,P1- Let now T’ be the tour visiting cq,cz,...,ck,C1
in this order. To simplify the notation, we let Ry 1 := Ry, px41:=p1, ck41 :=c1. We distinguish
two cases.

If vy > 2, we employ Theorem 1.

k
Mr(er,c2,...,cx) = |TSP(C1,Cz,...,Ck)|—I-‘}/th(ci,Rl)
k
< T+y) tdlei,Ri)
i=1

I
I\/IK‘

(% td(ci, Ri) + Iciciqt] + %td(ci+1 yRit1 ))
1
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\/z<td(pi,Ri) + lpipit1l + td(pit1, Rig ))
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Y1 Z( i, Ro) + pipie + 3 tdpsin Ron )

= E\/Z'HT(T)])pZ)-'-)pk)

/N

If, on the other hand, v < 2, we employ equations (1) and (2) directly. Let p; and p{ be the

points on ciciy1 closest to p; and piy 1, respectively, and recall that [p/p{'| < [pipit1l.

K
Mrler,ca,..ve) < T4y td(ci,Ri)

i=1
k
= Z <Y7fd(0i,Ri) +lciciy >
i=1
k
< max(l,y Z<n+cml+lp 1”+Ip{’ci+1|>
i=1
- 1
< max(1y) Y (VERfpol + il + spienflpinl)
i=1 \/z
3
= max(l,y Z( f+— )td(ps, R )+Ipm1+1>
i=1
\/— k
< max(1,y) 2— Z(Ytd pi,R +D1D1+1>
3v2
= —F I ces
Zmln[],y) T(p]» )pk)
Here we've used that 1 < 3v/2/2y for y < 2.



The most interesting cases are probably 'y = 2 (taking into account that buyers need to make
a roundtrip) and y = 1. The approximation factors for these cases are C, = V2 ~ 141 and
C; = 1.5v/2 =~ 2.12. Note that we do not obtain a constant approximation factor for the case
v =0 (the traveling salesman problem with neighborhoods).

Figure 3 shows a lower bound example for the TSBP problem: There are three right-angled,
isosceles triangles in the plane. The three right-angled vertices x1,x, and x3 are very close to each
other. The minimum enclosing sphere for each triangle is a unit circle. The centers cq,c2,c3 are
the midpoints of the long edges of the triangles. We have

Mr(x1,%2,%3) = 3yV2+e,
Mr(ci,c2,c3) = 3V3+3y,

and so the approximation factor is at least 1.93 for y =1 and 1.31 for y = 2.

Figure 3: An example giving lower bounds for the TSBP and the GNLP.

5 The geometric network-base location problem

The geometric network-base location problem is defined as follows:

Problem GNLP: Given a set of disjoint compact convex regions R; fori =1,2,...,Kk,
find points p; € Ri, i =1,...,k such that

k
TN (P1,P2, - Pi) = IMST(p1,p2, ..., Pi)l + ) td(pi, Ri)

i=1

is minimized. Here MST(-)| is the cost of a minimum spanning tree of the points.



Theorem 3 Let c; :=c(R;), fori=1,...,k, and let p € R;, i=1,...,k. Then
HN(C1)CZ)'-')CK) < 3\/Z'HN(p1)p2)'-')pk)-
In other words, a MST of the region centers is a 3v/2-approzimation to the GNLP.

Proof. Let T be a tour of py,...,px such that [T| < 2IMST(pq,...,px)|. Such a tour can be
obtained from an Euler tour of the MST [8]. Without loss of generality, we assume that T visits
the points in the order p1,p2,...,Pk,P1, and we define T’ to be the tour visiting cq,c2,...,cCk,C1
in this order. We apply the argument from the proof of Theorem 2 for y = 1:

K
Mn(er,..oe) < T+ ) td(eq, Ry)
i1

3V2 .
< — td(pi, Ri
< 3 (me X atvemo)
< 32 2|MST( )H—itd( L Ri)
X 2 P1,..-,Pk P Pi, Ki
< 3WV2.-TIn(pr,-. ., pi)-

The example of Figure 3 also serves as a lower bound for our GNLP approximation. We have

nN(X],Xz,X3) = 3\/z+€,
Mni(cy,c2,c3) = 2\/§+3+€,

and so the approximation factor is at least 1.52.

6 The minimum diameter spanning tree problem

The minimum diameter spanning tree problem (MDSTP) is a generalization of the problem for
points considered by Ho et al. [4]. It is defined as follows.

Problem MDSTP: Given disjoint compact convex regions R, i =1,...,k, find a set
S of k — 1 bridges connecting pairs of regions such that U(S):=SU U{Q:] R; is simply
connected and such that

Ms(S):= max |ns(p,q)l,
P,qeU(S)

is minimized, where 7ts(p, q) is the shortest path in U(S) connecting p and q.

In other words, the nodes of the tree to be build are the regions, and an edge in the tree
connects two regions. Different bridges incident to a region can have different end points.

Theorem 4 Letc; :=c(Ry), fori=1,...,k. Forj=2,...,k, build a bridge connecting Ry and
R; along the line segment cicj. The resulting tree is a 2V/2-approzimation to the MDSTP.



Proof. Let S be the set of bridges constructed, and let p, q € U(S) be such that TTs(S) = |7ts(p, q)/.
Assume p € Ry, q € Rj, and let p1pi, q1g; be the minimum diameter bridges for the pairs (Rq, Ry)
and (R1,Rj), respectively. By Theorem 1 we have

ms(per)l < V2(prf(pa)l + papil + Ipif(po)l) < V2 TTs(SY)
Ims(gen)l < V2(laif(an)l+laras;] + la;f(a;)) < V2 - TIs(S¥),
where S* is an optimal solution to the MDSTP. It follows that |7ts(pq)| < 2v/2 - TTs(S*).

The reader may be surprised that our approximation simply connects all regions to the one
region Ry, creating a tree of link diameter 2 (where the link diameter is the maximum number
of edges of a path in the tree). The construction is less surprising if one knows that the optimal
MDST for a set of points has link diameter 2 or 3 [4].
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