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chy of Figure 7. Recall from Figure 14 that three monotone polygons can sequentially interlock and
four can interlock under simultaneous general motions. It is conjectured that three unimodal poly-
gonsare sequentially separable and four are always separable under simultaneous general motions.

Consider the problem of detecting and computing a translation ordering in a specified direc-
tion B of agiven set of polygonsIP={P;, P,,..., Py}, €ach of which containsn vertices. It isshown
intheorems 4.10 and 4.11 that the detection and computation problems, respectively, can be solved
in O(min(M?n, Mn log Mn)) and O(min(M®3n, M?n log Mn)) time. These upper bounds are ob-
tained by a ssmple combination of existing algorithms. Thus it is reasonable to expect that these
bounds can be improved.

Consider the problem of tranglating circles and spheres. In reference [20] it is shown that giv-
en acollection of circlesC = {C4, C,,..., C}, @l thecirclesin C that can be trandlated to infinity
individually without disturbing the others can be identified by taking each circle C; in turn and ap-
plying the circle-reachability algorithm described therein. This produces O(n) sets of circles for
which the Laguerre VVoronoi diagram is computed O(n) times |leading to the O(n2 log n) complexi-
ty. Can this complexity be reduced? Perhaps this problem can be solved in O(n log n) time if the
Laguerre VVoronoi diagram [50] is computed only once on C and thereafter each circleistreated in
O(log n) timein aquery type mode. Another open problem is of course determining all the spheres
that can be so trandlated in a collection of spheresS={S,, S,,..., S;} in 3dimensions. Thereis no
conceptual difficulty in applying the two-dimensional technique to this case. In fact, fast hidden
sphere agorithmsfor intersecting spheresin 3 dimensions exists[51]. However, it isan open ques-
tion how fast we can compute the Laguerre Voronoi diagram in 3 dimensions, or otherwise com-
pute the contour-surface of the union of n spheres.

Theorem 5.7 states that two polyhedra P and Q strongly monotonic with respect to PL(I,) and
PL(l,), respectively, are separable with a single trandation when I = |,. It is an open problem
whether thisistrue for I{ Z |,. More generally, Dawson [27] has shown that any finite collection
of star-shaped polyhedra are separable under simultaneous trandations. It is not known whether
this also holds true for strongly monotonic polyhedrain 3-space.

Section 5.3 illustrates some solutions to problems concerning the passing of a convex poly-
hedron P through a convex hole W in a “thin” wall. Theorem 5.5 gives a solution to the problem
of determining whether P can be passed through W with asingle translation and no pre-positioning.
It is an open problem how fast this can be determined if one translation is aso allowed for pre-
positioning.

Finally, it is not yet known how fast we can determineif a convex polyhedron can be passed
through a convex hole when arbitrary motions are allowed.
7. References

[1] L. Moser, “Problem 66-11: Moving furniture through a hallway”, S AM Review, vol. 8,
1966, p. 381.

[2] M. Goldberg, “A solution of problems 66-11: Moving furniture through a hallway”,
S AM Review, vol. 11, 1969, pp. 75-78.
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Figure 20 illustrates two polyhedra P sQongly monotonic with respect to PL(z). It is taken
from [44] and is known in Japanese carpentry as the “Ari-Kake” joint. Note that because of the
“dove-tail” P and Q can only be separated with a translation in the z direction. It is proven in [39]
that such polyhedra are always separable if they share a common direction

Theorem 5.7: Two polyhedra P, Q both of which ateongly monotonic with respect to PL) are
separable with a single translation in direction

b5.6: Satin and Twills: The Computational Geometry of Weaving

Another class of movable separability problems occurs in the design of fabrics, i.e., weaving
[47]. We give a brief description of one such problem but for details the reader is referred to [47]
- [49]. We borrow some definitions from (rtbaum and Shephard [47].

The wordfabric will be used in a mathematical sense to mean, roughly speaking, two layers
of congruent strands in the same plane E such that the strands of different layers are nonparallel
and they “weave” over and under each other in such a way that the fabric “hangs together”. To be
precise, “weaving” means that at any point P of E which does not lie on the boundary of a strand,
the two strands containing P have a stateling, that is to say, one strand is taken to have pre-
cedence over the other, and this ranking is the same for each point P contained in both strands. This
concept may be conveniently expressed by saying that one passaslover the other, in accor-
dance with the obvious practical interpretation. By saying that the fadngs together we mean
that it is impossible to partition the set of all strands into two nonempty subsets so that each strand
of the first subset passes over every strand of the second subset.

It is convenient to let the plan E be the xy plane in 3-space and to consider translations of the
strands in the z direction. Note that it is not necessary that the strands be ideal in the sense of having
zero or negligible thickness. See, for instance, [46] for examples of “polyhedral fabrics” such as
tabbies and twills. Here th&rands are convex weakly-monotonic polyhedra. If the set of all
strands admits a translation ordering in the z direction the fabric “falls completely apart”. Thus is
our terminology determining whether a faldnangs together is equivalent to determining if there
exists a translation ordering of strict subsets of strands in the z direction.

A fabric can be represented by a matrix of 1's and 0’s and for this representation efficient
algorithms for determining whether a fabric hangs together are given in [48] and [49].

If we are given a “polyhedral fabric” we can first obtain the matrix representation of the fab-
ric by solving the hidden surface problem for all strands taken together in the z direction.

6. Conclusion

We conclude by discussing some open problems in this area. It was mentioned in section 3
that a score of different families of polygons have made their appearance in the computational geo-
metry literature. As we see in section 4, movability properties are knows for a few classes of poly-
gons; convex, star-shaped, and a monotone being noteworthy examples. Consider thaicase of
modal polygons. One would expect unimodal polygons to experience a greater degree of freedom
of motion than monotone polygons since unimodal polygons are closer to rectangles in the hierar-
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Figure 19: Two polyhedra weakly monotonic with respect to a common direction can interlock
under all motions.

N

Figure 20: Two polyhedra strongly monotonic with respect to PL(2).
This example istake from[44] and illustrates the “ Ari-Kake” joint in Japanese
carpentry. The only way to separate this pair of polyhedraisto trandate either
Por Q inthe z direction.
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Fact: Two polyhedra P, Q weakly monotonic with respect to a common direction | can interlock
under all motions.

Consider the two polyhedrain Figure 19. P is an “isothetic coil” and Q an “isothetic cross’.
They are weakly monotonic with respect to adirection parallel to the x axis. By thickening the four
“arms’ of the “cross’ until they touch the “coil” we cannot subsequently move one without the
other. Thisholdstruefor all possible trandations, rotations, and screw motions, i.e., sSimultaneous
trang ations and rotations.

Another characterization of monotone polygons in the plane follows from the definition of
directional convexity. A polygon P is monotonic in direction | if for every pair of pointsa, b L1 P,
such that the line L(a,b) through aand b is orthogonal to |, the line segment [a,b] liesin P. Alter-
nately, we say the polygonisdirectionally convex with respect to | + TV2. Severa possibilities exist
for generalizing this notion to higher dimensions.

Definition: A polyhedron P isdirectionally convex with respect tol, if there existsadirection |
such that for every pair of pointsa, b [ Pwith L(a,b) parallel tol, the line segment [a,b] liesin P.

Fact: Two polyhedraP, Q directionally convex with respect to acommon direction | can interlock
under all motions.

The example of Figure 19 illustrates the point. Both P and Q are directionally convex with
respect to they axis.

Note that if a polyhedron P is directionally convex with respect to | it does not necessarily
follow that P is weakly monotonic with respect to al directions orthogonal to |. Polyhedron P in
Figure 19 isdirectionally convex with respect to they axis but it is not weakly monotonic in the z
direction. In the above definition only one direction | was used for convexity. We can obtain dif-
ferent families of directionally convex polyhedra by increasing the number of directions used. One
way of doing thisisto consider al directionslying on a plane, asin the following definition.

Definition: A polyhedron P is directionally convex orthogonal to |, if there exists a direction |
such that for every pair of pointsa, b L] P lying on a plane orthogonal to I, the line segment [a,b]
liesinP.
Note that such a polyhedron must be weakly monotonic with respect to | in the convex sense.
Under all three definitions above we have seen that two polyhedra can interlock under all mo-
tions. Now we introduce a class of polyhedra which we call strongly monotonic which possesses

some movability properties anal ogous to monotone polygonsin the plane. Let PL(I) denote aplane
orthogonal to adirection .

Definition: A polyhedron P is strongly monotonic with respect to PL(]) if there exists a direc-
tion| suchthat all planesparallel to that intersect Pform astheir intersection with Pasimple poly-
gon that is monotonic in direction orthogonal to .
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the cones in D gives another cone which is the set of directions for simultaneous translation
of all the p;, and hence of P. Each cone can be computed in O(m) time and thus al cones can
be found in O(mn) time. All the cones can be translated to D in O(mn) time. All that remains
Isto compute the intersection of al the cones. Now, each cone can be viewed as the intersec-
tion of m half-spaces determined by the planes co-planar with the m faces of each cone. The
interior half-space contains the cone. Therefore the solution coneisthe intersection of all the
interior half-spaces determined by all the conesin D. Now, the intersection of k half-spaces
in 3-dimensional space can be computed in O(k log k) time using an algorithm of Preparata
and Muller [45]. Therefore the solution cone can be obtained in O(mn log mn) time. Q.E.D.

5.4: Separating star-shaped polyhedra

The results of section 4.3 on star-shaped polygons in the plane extend to three dimensions.
Let P={Py, P,,..., Py} beacoallection of M non-intersecting star-shaped polyhedrawith n vertices
each. Dawson [27] has shown that P can always be separated with simultaneous trandations. L et
K; be the kernel of P, and let k; be apoint in K;. Let x be any point in 3-space. The vector xk; de-
termines the velocity and direction of trandation for P, in avalid set of simultaneous trand ations.
Since the linear programming algorithm of Dyer [24] runsin linear time in 3 dimensions as well,
we have the following theorem.

Theorem 5.6: Let P be a collection of star-shaped polyhedra. A set of trandations for simulta-
neous separation of P can be determined in O(nM) time.

5.5: Interlocking monotone polyhedra

In the previous section we observed that some of the movability properties of star-shaped
polygons in the plane carry over exactly to star-shaped polyhedra in 3-space. The definition of
monotone polygons, on the other hand, does not generalize straightforwardly or uniquely to three
dimensions. In this section we explore several families of “monotone” polyhedra and consider
some of their separability properties.

One common definition or characterization of monotone polygonsis as follows. A polygon
P is monotonic in direction | if for every line L orthogonal to | that intersects P, the intersection
L n Pisaline segment (or point). We generalize this definition to 3-dimensional space to obtain
afamily of monotone polyhedrawe call weakly monotonic.

Definition: A polyhedron P is weakly monotonic in direction | if there exists adirection | such
that each plane orthogonal to | that intersects P, yields a simple polygon (or aline segment or point).

Note that there exists a score of rather well-known special classes of simple polygons [17],
[42] - [43]. By substituting these for the word simple in the above definition we obtain a score of
families of weakly monotonic polyhedra. Thus we say that if all the intersections are convex, we
have aweakly monotonic polyhedron in the convex sense. Figure 18 illustrates aweakly monotonic
polyhedron in the monotonic sense, i.e., with monotonic polygons as intersections.

In [35] it was shown that two monotonic polygons in the plane, even if they do not share a
common direction of monotonicity, can always be separated with a single tranglation. In three di-
mensions, on the other hand, weakly monotonic polyhedralose al their freedom of motion, even
if they share acommon direction of monotonicity, as we now demonstrate with an example.
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Theorem 5.3: Given aconvex polyhedron P=(py, py,..., pp) @nd aconvex window W = (wq, w,...,
Wp,,) on a plane H, whether P can pass through W by a single translation orthogonal to H, after
prepositioning with only a single translation, can be determined in O(n + m) time.

Notethat if SH(P, 8), where 0 is orthogonal to H, cannot be contained in W it is still possible
that P can pass through W by a single trandlation after pre-positioning with only a single transla-
tion.

Chazelle [41] has also shown that given two convex polygons Q(n) and R(m) whether Q can
be contained in R by trandlations and rotations can be determined in O(nmz) time, and wetherefore
have.

Theorem 5.4: Given aconvex polyhedron P= (py, p,..., pp) @nd aconvex window W = (wq, W,...,
W) on aplane H, whether P can pass through W by asingle translation orthogonal to H, after pre-
positioning with arbitrary translations but rotations only with respect to axes of rotation orthogonal
to H, can be determined in O(nm?) time.

A related problem asks for the smallest, in some sense, window W on a plane H through
which a given convex polyhedron P can be passed with a single trandlation orthogonal to H after
pre-positioning P with arbitrary translations and rotations. This problem is directly related to find-
ing the smallest shadows. McKenna and Seidel [37] give an O(nz) algorithm for computing the
minimum-area shadow of a convex polyhedron with n vertices.

Asafinal example of thistype of problem, we can ask whether there exists a direction for a
polyhedron to pass through a hole by a single trandation without pre-positioning. Let
P = (p1, P2.---» Pr) be aconvex polyhedron arbitrarily positioned, on one side of a plane H, with
respect to a convex window W = (wyq, Ws,..., Wy, in H. Then we obtain the following lemma.

Lemma5.3: P can pass through W with a single tranglation in direction 8 if, and only if, each
vertex of P can be passed through W with a single translation in direction .

Note that this no longer holds true for non-convex holesin H.

Lemma 5.3 allows us to solve the above problem. In fact we can do more; we can compute
all directionsfor passing P through W with a single translation and no pre-positioning. Alternately,
we can view this problem as computing all the shadows SH(P, 6) on H that can be contained in W.

Theorem 5.5: Given aconvex polyhedron P = (pq, po,..., p,) abitrarily positioned on one side of
aplane H, with respect to aconvex window W = (w4, Ws,..., W,y,) in H, al directionsfor translating
P through W can be computed in O(mn log mn) time.

Proof: By lemma 5.3 we can restrict ourselves to computing all directions for simultaneously
translating the vertices of P through W. Consider vertex p;. All directions for translating p;
fromitsinitial configuration through W are defined by all the vectors emanating from p; and
intersecting H in W. Therefore the cone determined by the half-lines from p; through w;,
] =1,... mspecifiesall such directionsfor p;. Denote such acone by CONE(p;, W). Construct
a 3-dimensiona euclidean direction space D and translate all the cones CONE(p;, W),
=1, 2,.., minD such that the p; all overlap with the origin of D. Then theintersection of all
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Dawson [27] has shown that given a collection of n spheresin 3-space at least min{ n, 4} of
them can be trandated to infinity without disturbing the others. Lemmas 5.1 and 5.2 allow us to
sharpen this result.

Let CH(O) denote the convex hull of O = {04, 0,,..., 0} and let H be the number of sphere
centersthat lie on vertices, edges, and faces of CH(O). We then have the following theorems[20].

Theorem 5.2: Given S={S,, S,,..., §;}, then the number of spheres that can be translated to in-
finity without disturbing the othersis at least H and they can be identified in O(n log n) time.

5.2. Trandating convex polyhedra

Consider first the isothetic case. It turns out that four isothetic rectangular polyhedra can be
arranged such that for some directions in 3-space no translation ordering exists. The example due
to Guibasand Yao [8] isreconstructed in Figure 17. A more surprising result isthat if we relax the
isothetic requirement we can find sets of rectangular polyhedrathat do not admit a translation or-
dering in any direction. Therefore, convex polyhedrain 3-space do not exhibit the translation or-
dering property. An example of twelve convex polyhedrathat do not admit an ordering in any di-
rection is given in [39]. In the example in [39], two polyhedra can be moved to infinity for some
chosen directions. An even more surprising result dueto Dawson [27] isan exampl e of twelve con-
vex polyhedra none of which may be translated in any direction without disturbing the others. A
similar example with only six objects was discovered by Post [40].

5.3: Passing a convex polyhedra through a window

A generalization of the problem illustrated in Figure 8 asks for whether a convex polyhedron
P can be passed through a convex window W. Here W may be acircle, arectangle, or an arbitrary
convex polygon. Let H be a plane not intersecting P and assume a light source at infinity some-
where on the same side of H as P.

Definition:  The shadow of P, denoted by SH(P), isaconvex polygon determined by the projec-
tion of P onto H, i.e., the portion of H not illuminated. If B is the direction of the “light rays’ we
will also use SH(P, 0) to denote the shadow of P in direction 8.

One would hope for a theorem analogous to theorem 4.1 relating SH(P) to the window W.
Unfortunately thisis not the case. Whileit istruethat if there exists adirection of projection 0 such
that SH(P) fitsinto W, then P can be passed through W (a single tranglation will do), there exists
cases where no shadow of P on any plane H fitsinto W and yet P can still be passed through W by
some sequence of displacements [21]. Nevertheless, the shadow concept is still relevant to the
problem of separability, in particular if we areinterested in separation with asingletrandlation after
initial positioning. We can also limit theinitial positioning displacementsto translations only. Let
P = (pq, P2;..-, Pp) beaconvex polyhedron and let W = (w4, Ws,..., W,y,) be the convex window on
aplane H. Chazelle [41] has shown that given two convex polygons with n and m vertices, respec-
tively, whether the first can be fitted into the second with transglations only can be determined in
O(n + m) time. Furthermore, given a polyhedron P in 3-space and a direction 8 orthogonal to a
plane H, the SH(P, 8) can easily be computed in O(n) time. We thus have the following theorem.
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Figure 17: A set of isothetic convex polyhedrathat does not allow translation ordering in some directions

suchasx +vy.
\

Figure 18: lllustrates a weakly monotonic polyhedron with monotonic intersections.
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ideawith the following example. Recall from Figure 14 that three star-shaped polygons can be se-
guentially interlocked. If on the other hand the polygons are isothetic then any number of them are
sequentially separable.

Theorem 4.12: A collection of M isothetic star-shaped polygons admits atranslation ordering in
the x and y directions.

Proof: First we note that if an isothetic polygon is star-shaped then it is monotonic in the x and
y directions [38]. The result then follows from lemma 4.1 and theorem 4.9. Q.E.D.

5. Separability in Three Dimensions
5.1: Trandating spheres

In section 4.1 it was pointed out that the line-sweep heuristic is successful in determining a
trandlation ordering in the x and y directions for a collection of isothetic rectangles. It is clear that
the arguments carry over to three dimensions (x, y, z directions) for isothetic rectangular solids. It
turnsout that it also works correctly for sets of spheres of equal radii [20]. Furthermore, avariation
of line sweep will work for unequal spheres[20]. (Actually, a plane-sweep in 3-D)

Let S={S, S,,..., S} denote a set of n non-intersecting spheres in 3-space with centers
O={04,0y,..,0,}, Where S is specified by the cartesian coordinates of o;, namely (x;, y;, z;), and
theradiusr;. A great circleon asphere S isacircleon the surface of S that partitions S; into two
hemispheres. Consider asphere S and assumethereisalight source at infinity casting rays of light
in direction |. The shadow tunnel of S in direction |, denoted by ST(S, |) is that subset of space
not illuminated by the light source along with its boundary.

Lemma5.1: GivenS={S}, S,,..., S}, § can be trandated to infinity in direction | without dis-
turbing the other spheresif, and only if, no point of Sj ,j=1,2,..,n,j#iliesintheinterior of

ST(S,, I).

Let HS(S', I) denote the open half-space determined by the plane orthogonal to | that cuts
Sat agreat circle and contains ST(S,, ). Similarly let HS(S, |) denote the complement of the
union of HS(S', I) and the cutting plane. These half-spaces will be referred to as closed when the
cutting planeisincluded in the set.

Lemmab5.2: GivenS={S, S,,..., §}, if thereexists a direction | and a sphere S, such that the
0,j=12..,njZiallieinclosed HYS", I) then § can be trandated to infinity in direction |
without disturbing the other spheres.

Lemmas 5.1 and 5.2 imply that if we apply plane-sweep to the centers of the spheres rather
than the spheres themsel ves we can obtain avalid translation ordering. We thus obtain the follow-
ing two theorems proved in [20].

Theorem 5.1: Given S={S,;, S,,..., S;}, for all directions| there exists an ordering on Ssuch that
the spheres can be trand ated by some common vector in direction | one at a time without collision
and such an ordering can be computed in O(n log n) time.
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Theorems 4.7 and 4.9, together with existing solutions to certain geometric problems[30] -
[32], [36] offer immediate algorithms for solving the problems of detecting and computing trans-
lation orderings for sets of simple polygons.

The Detection Problem

Theorem 4.10:Given a collection of M simple n-gons P = {Py, P,,..., Py} and a direction 6,
whether or not atranslation ordering exists can be determined in time O(min(M2n, Mn log Mn)).

Proof: From theorems 4.7 and 4.9, it follows that we can first compute the visibility hulls
VH(P,,0),i =1, 2,..., M and subsequently determine if any pair intersects. The first step can
be done in O(Mn) time [30] - [31]. The second step can be done in two ways. Since the
VH(P;,0) are monotonic polygons with acommon direction of monotonicity 0 + T72, it fol-
lows that whether any pair intersects can be determined in O(n) time. Testing all such pairs
yields O(M?n) time for this method. The second method is to consider the M n-gons as a set
of Mn line segments and to use the method of Shamos & Hoey [32] to yield a complexity of
O(Mnlog Mn). Q.E.D.

Note that which method is faster depends on whether M or n dominates in a given problem.
If M is a constant we have O(n) versus O(n log n); if nis a constant we have O(M<) versus
O(M log M).

The Computation Problem

Theorem 4.11:Given a collection of M simple n-gons P = {P;, P,,..., Py} and adirection 0 that
admits a trandation ordering of P, then such a trandation ordering can be computed in time
O(min(M3n, M2n log Mn)).

Proof: Two approaches are immediately obvious.

Method 1: For every top vertex construct ahalf-linein direction 8 and determineif it intersects any
of the remaining Mn-1 edges. This can be done in O(M2n) time. Now in O(M) time we can deter-
mine which polygon is the first to move. We repeat this for the remaining polygons until none re-
main for atotal complexity of O(M3n).

Method 2: Considering the M polygons as a set of Mn line segments, we can compute the next-
element subdivision in direction 8 in O(Mn log Mn) time [36]. From this structure we can pick out
the first polygon to move in O(M) time. Repeating for the remaining polygonsleadsto atotal com-
plexity of O(M?n log Mn). Q.E.D.

Note that, as before, which method is faster depends on whether M or n dominates. Hossam
ElGindy has reduced the complexity of both the above problemsto O(Mn log M).

4.6. Isothetic polygons

In some applications areas such as VLSI [8] the collection of polygons is isothetic with re-
spect to acommon pair of orthogonal direction (say thex andy axes). Onewould expect movability
to enjoy some additional freedom as compared to the case of arbitrary polygons. Weillustrate this
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RCH(P;)

Figure 16: The monotone chain with the lowest illuminated top vertex can always be moved out first.
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Theorem 4.8: Given two simple n-gons P and Q, and a direction 8, whether or not P and Q are
separable by a single translation in direction 8 can be determined in O(n) time.

Proof: Fromtheorem 4.7 it follows that it is sufficient to compute the visibility hulls of Pand Q
in the direction 6 and then determine if the hulls intersect. The first step can be donein O(n)
timewith either of the algorithms of El Gindy and Avis[30] or Lee[31]. The second step can
be donein O(n) time with aslight variation of the “slab” method of Shamos & Hoey [32] for
intersecting convex polygons. Q.E.D.

Theorem 4.9: A set of polygonsIP={P;, P,,..., P} admitsatransation ordering in direction 0
if, and only if, every pair of polygons, viewed in isolation, is separable with asingle trandation in
direction .

Proof: Without loss of generality let 8 be the x axis. First consider the case when a tranglation
ordering exists. L et each polygon betranslated in order by some fixed magnitude and assume
we have just translated P;) from position A to position B. Clearly Py;) is separable from each
polygon in the set { Py, P(2),....P.1)} . Furthermore, P;y can be translated back to A from B.
Therefore P;) is separable from each polygon in the set { P11, Pj+2).---.Pow)} - Sincethisre-
mainstruefor all i it followsthat every pair of polygonsis separable with asingle trandation
in direction 0. Next, consider the case where every pair of polygons, viewed in isolation, is
separable with a single tranglation in direction 6. We must show that P admits a trandation
in direction 6. From theorem 4.7 it follows that for al i and j int[VH(P,,0)] n int[VH(P,,0)]
= (. Thusit issufficient to show that if we are given M non-intersecting polygons monotonic
in a common direction © + TU2, then they admit a translation ordering in direction 6. Let
RCH(P,) denote the right chain of P,, i.e., RCH(P,) = (p!, p} . 1.---» P},) where p} and p}, are
the vertices with maximum (top) and minimum (bottom) y coordinates, respectively. Clearly,
apolygon can be tranglated in direction 0 if, and only if, its right chain can be so translated.
Hence, we need only consider the right chains. Now imagine a light source at x = + o and
mark all thetop vertices of the chainswhich areilluminated (see Figure 16). To establish that
atrandation ordering exists it is sufficient to show that one of these monotonic chains can
always be trandated to x = + oo without disturbing the others. It turns out that the chain with
the lowest (minimum y coordinate) marked top vertex can always be moved out first. Let
RCH(P;) be the desired chain and assume it cannot be translated to x = + 00, This means that
there must be another chain, say RCH(P)), blocking RCH(P,). Two cases arise depending on
how RCH(P,) blocks RCH(P)).

Case 1. p{ lies above pt Because the monotonicity of the chains it that follows if RCH(P) isto
block RCH(P;) then p/cannot be illuminated, a contradiction.

Case2: p| lies below p|. Because of monotonicity it follows that if RCH(P)) is to block RCH(P))
then p} must lie above p}, and to the right of RCH(P;). Now p] cannot be |Ilum| nated sinceit is
below p} and would lead to a contradiction. Therefore p) must be blocked by some third chain
RCH(Py). Furthermore, using similar argumentsto the above p{ must liein between pt and p}. But
this in turn requires an unlimited number of additional blocking chains. Since we onIy have M
available we eventually obtain an illuminated vertex lower than p|, a contradiction. Q.E.D.
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Sep 4: Compute VH(Q,0 + T72).
Sep 5: If Pintersects VH(Q,0 + T72)
then EXIT with ) — @+ TU2
dse EXITwith ) — 8+ 702
End

Theorem 4.6: Algorithm SEPARATE determines a direction of separability for two monotone
polygons P and Q in O(n) time.

Proof: The correctness of the algorithm follows from theorem 4.5. Thuswe turn to the complexi-
ty. Steps 1-3 can be performed in O(n) time using the algorithm in [29] by Preparata and
Supowit. Computing the visibility hull of Q in step 4 can be done in O(n) time with avariety
of hidden line algorithms [30]-[31]. Finally, step 5 can be performed in O(n) time using a
simple modification of the slab method of Shamos and Hoey [32] for intersecting two convex
polygons. This follows from the fact that P and VH(Q,0 + TU2) are two polygons monotonic
in direction B and therefore their intersection can only contain alinear number of pieces. See
for example Guibas and Stolfi [33]. Q.E.D.

Just as star-shaped polygons can be sequentially interlocked but any number of them are al-
ways separable under simultaneous translations, so we can ask this question for monotone poly-
gons. Dawson [34] has shown that three monotone polygons are separable with simultaneous trans-
lations but four can interlock under simultaneous general motions (see Figure 15).

45. Simple polygons

Since arbitrary simple polygons may or may not interlock in avariety of senses, it isinterest-
ing to determine if a configuration of polygons does or does not interlock in any of these senses.
We illustrate some results along these lines.

Theorem 4.7: Two simple polygons P and Q are movably separable by a single trandation in di-
rection 0 if, and only if, intfVH(P,0) n int[VH(Q,0)] = @where @isthe null set.

Proof: (sufficiency) In this case we have two polygons, the interiors of which do not intersect,
and which are monotonic in a common direction 6 + TU2. Thus the result follows from the
lemma4.1. For necessity four cases suffice:

(@) A point z L1 int(Q) liesin the interior of apocket of VH(P). In this casg, if z istrandated
in direction B it cannot exit the pocket through itslid since thelid is parallel to 6. Therefore z must
collide with P and so must Q.

(b) A point z L1 int(Q) but z [J intVH[Q] liesin a pocket of VH(P). In this case if z is trans-
lated in direction O it must collide either with P or Q. In the former sub-case we are done. In the
latter sub-case let z collide with Q at Z' L] Q. But now case (a) applies with Z'. The last two cases
where z L1 int[VH(P)] are similar. Q.E.D.
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Note that theorem 4.3 provides additional ways of separating the configuration of Figure 6
by simultaneous trandlations. Since P; [J P, and P3 [J P, make up two star-shaped polygons that
can be separated with one trandation. Since all four polygons are themsel ves star-shaped two more
translations will separate P, from P; and P from P,.

Theorem 4.3 also implies that two star-shaped polygons can be separated by translating both
P and Q simultaneously in some pairs of directions with respect to an arbitrary fixed point in the
plane. It is sufficient to guarantee that the relative motion between P and Q is correct. Accordingly,
let a* and b* be any pair of pointsin the plane such that L (a*,b*) intersects K(P) and K(Q). Let x
be any reference point on the plane, and consider the vectors xa*, xb* and a*b*. We can see now
that if wetranslate P and Q in the directions of xa* and xb* with vel ocities proportional to the mag-
nitudes of xa* and xb*, respectively, the correct relative motion between P and Q is maintained.
Different pairs of points a*, b* only change the relative velocity of separation. An aternate, very
elegant, proof of this result for the restricted case in which a [ K(P) and b* [] K(Q) was given
by Dawson [27].

So much for two polygons - what about three star-shaped polygons. It turns out that as few
asthree star-shaped polygons can sequentially interlock. One such exampleis shown in Figure 14.
A surprising result, however, due to Dawson [27] is that any finite collection of star-shaped poly-
gons can still be separated by simultaneous translations.

4.4. Monotone polygons

Examination of Figure 14 reveal s that the three polygons are monotonic in addition to being
star-shaped, and thus three monotonic polygons can be sequentially interlocked. Furthermoreform
lemma4.1 we know that two monotonic polygons are separable with the restriction that they share
a common direction of monotonicity. This restriction is removed in [28], [35] with the following
theorem.

Theorem 4.5: Given two polygons P and Q monotonic in direction 8 and (, respectively, then P
and Q are separable with asingle tranglation in at least one of the two directions 6 + 112, @ + TU2.

Thistheorem immediately suggeststhe following al gorithm for determining adirection of se-
parability for two monotone polygons.

Algorithm SEPARATE

Input: Two non-intersecting monotone polygons P = (p4, py,..., Py) @nd Q = (qy, do,..., Op)-
Output: A direction Y for separating P and Q.
Begin
Sep 1. Compute the directions of monotonicity for P and Q.
Sep 2: If Pand Q have acommon direction of monotonicity
then EXIT with ) — { + TU2

Sep 3: Pick two directions of monotonicity for P and Q, say 0 and @ respectively.
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Figure 14: Three sequentially interlocking star-shaped polygons.

Figure 15: Four monotonic polygons interlocked under simultaneous general motions
(From Dawson [34]).
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The visibility deficiency polygons or “pockets’ are of two types. lower pockets and upper
pockets. Let p; be a vertex of P that determines some pocket. If p;_; and p;,, do not lie above the
line collinear with the lid of the pocket then the pocket is alower pocket. Similarly if p;_; and pj+q
do not lie below the lid line then we obtain an upper pocket. (We assume here without loss of gen-
erality that 8 isin the direction of the x axis.)

Lemma4.3: If L, isastraight linein the direction 8 through a point z [1 K(P) then int[VD(P,0)]
isnot visible from any pointon L, N ext{VH(P,0)].

Proof: (Refer to Figure 12) First we note that a pocket whose lid is above L, is alower pocket.
For if it were an upper pocket it would imply, by Jordan curve theorem that P was not star-
shaped from z, a contradiction. Similarly, a pocket whose lid is below L, must be an upper
pocket. It follows that any point x in int(upper pocket) can only see pointsy lying below L,.
Similarly, any point x in int(lower pocket) can only see pointsy aboveL,. Q.E.D.

Theorem 4.3: Two star-shaped polygons are movably separable with a single trandation.

Proof: (Refer to Figure 13) Let P and Q be two non-intersecting star-shaped polygons. Let
alJ K(P) and b [J K(Q) and construct aline L(a,b) through a,b. Let 6 be the direction of this
line. Now construct VH(P,8) and VH(Q,0). Since P [ VH(P,8) and Q I VH(Q,0), it is suf-
ficient to show that the visibility hulls can be separated. First we note that VH(P,8) and
VH(Q,0) are star-shaped with respect to aand b, respectively, by lemma4.2. Next we show
that the interiors of VH(P,0) and VH(Q,0) do not intersect. For, let x [ int(Q). Then clearly
x cannot liein P. Furthermore, if x liesin apocket of P then by lemma3 x isnot visible from
L(ab) N ext{ VH(P,0)] and thus not visible from b which contradicts the star-shapedness of
Q. Ontheother hand if x liesin apocket of Q it cannot liein Pasit would contradict the star-
shapedness of Pwith respect to a. Neither canit also liein apocket of P asit would contradict
the star-shapedness of VH(Q,0) with respect to b. Similar arguments hold for the case where
x L int(P). Thus, VH(Q,0) and VH(P,0) are two non-intersecting polygons monotonic in a
common direction 68+, and by lemma 4.1, the result follows. Q.E.D.

Theorem 4.3 also provides us with an algorithm for finding a direction of trandation. All we
need to doisto find apoint a L1 K(P) and apoint b [J K(Q). This can be done with the linear-pro-
gramming agorithm of Dyer [24].

Theorem 4.4: Given two star-shaped n-gons, a direction for separating them can be determined
in O(n) time.

Actually, all directions of separability by translation determined by pointsin the kernels can
be found in O(n) time. Since the kernels are convex polygons, all directions determined by two
pointsa [l K(P) and b I K(Q) liein acone defined by the critical lines of support between K(P)
and K(Q). The kernels can be computed in O(n) time with the algorithm of Lee and Preparata[25],
and the critical lines of support can be found in O(n) time using the “rotating calipers’ [22]. It is
obvious that the above set of directions for separability is not the complete set. All directions for
separating two arbitrary simple polygons by asingle translation can however be determined in O(n
log n) time [26].
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Figure 12: Illustrating the proof of lemma 3.

Figure 13: Two star-shaped polygons are separable with a single trandlation.
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Figure 10: Illustrating the proof of lemma 2.

Figure 11: The visibility hull of Pin direction theta.

-14 -



Theorem 4.1: (G. Strang [21]) A convex polygon P can passthrough adlit of length L, if and only
if, w< L.

We remark here that the width of a convex n-gon can be computed in O(n) time using the
“rotating calipers’ [22], [23] and thus we obtain the following theorems.

Theorem 4.2: Given aconvex n-gon P and adlit | of length L, whether or not P can pass through
| can be determined in O(n) time.

We are now ready to show that two compl etely externally visible polygons can interlock. One
such exampleisillustrated in Figure 9. First we construct a polygon P with alarge deficiency poly-
gon compared to itslid of length L. Thelid plays therole of the dlit in Figure 8. Next we construct
a convex polygon of width w > L in the interior of the deficiency polygon. From Theorem 4.1 it
followsthat P and Q are interlocked. Thus we see that in terms of movable separability completely
externally visible polygons offer no additional freedom over arbitrary simple polygons in this
sense.

4.3. Star-shaped polygons

We can ask the same question asin section 4.2 for star-shaped polygons. It turns out that two
star-shaped polygons are always separable with a single trandation, which we now prove.

The following lemmais proved in [12].

Lemma4.1: Two polygons monotonic in acommon direction 0, are movably separable with asin-
gletrangation in adirection orthogonal to 0.

Lemma 4.2: If P is star-shaped with respect to a point z and if x,y are two points on bd(P) such
that (x,y) L] ext(P), then the polygon P* = P[] R, where R isthe bounded exterior of Pisalso star-
shaped with respect to z.

Proof: (Refer to Figure 10) Let w be a point in R and construct the half line emanating from z
and passing through w, denoted by ray(z,w). Since z liesin the kernel K(P), ray(z,w) canin-
tersect bd(P) only at one point, say w'. Now, the creation of P* involves substituting the
boundary of P between x and y by [x,y]. That for all w [ R, the corresponding w' must lie
on this section of bd(P), follows from the fact that x and y are visible from z. Sincew’ isre-
moved in the creation of P* it followsthat w isvisible from z in P*. Since thisistrue for all
w, P* remains star-shaped with respect to z. Q.E.D.

Definition:  Given a simple polygon P and a direction 6, the visibility hull of P in direction 6,
denoted by VH(P,0), is the set obtained by taking the union of P with all line segments [a,b] par-
alel to O such that a,b [1 P. Note that VH(P,8) is monotonic with respect to a direction orthogonal
to 0. The visibility hull of Pisthe union of P with some “pockets’ asillustrated in Figure 11, and
can be interpreted as the region bounded by the portions of P visible from % oo in direction 8. Note
that VH(P,0) may have new vertices which are not vertices of P.

Definition:  The visibility deficiency of P, denoted by VD(P,8), in direction 6 is the closure of
the set-difference between P and the visibility hull of P.
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Figure 8: Passing a convex polygon through a dlit.

Figure 9: Two completely externally visible polygons can interlock.
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Definition: A vertex p; of apolygon Pissaid to be unimodal if the euclidean distance function
d(p;, Pi+1), d(pis Pj+2),---» A(P;, P;-1) has only one local maximum.

Definition: A polygon Pin unimodal if every vertex of Pisunimodal.

Notethat at first glance there appearsto be a close rel ationship between unimodal and convex
polygons. Infact thereisno relationship whatsoever. For adetailed treatment of thistopic and other
definitions of unimodality the reader isreferred to [18].

Definition: A polygon Pismonotone if there exists a direction 0 such that the two opposite ex-
treme vertices in direction O partition the polygon into two polygonal chains each of which, when
traversed, yields amonotonically increasing projection onto aline in direction 6.

4. Some M ovable Separ ability Problemsin the Plane

4.1. |sotheticrectangles

Consider following the uppermost path in the graph of Figure 7 starting with isothetic rect-
angles. As mentioned earlier, Guibas and Y ao [8] have show that for a set of n isothetic rectangles
all directions 8 admit a trandation ordering and such an ordering can be computed in O(n log n)
time. This property was shown by Guibas and Y ao [8] to remain true for sets of convex polygons.
Thus there appears to be no basic difference in the separability properties between these two fam-
ilies of polygons. Actualy, thereis aslight difference worth mentioning.

Referring to Figure 2 we note that sorting the projections of the support verticeson | to obtain
atranglation ordering in direction | can be viewed as sweeping aline in the opposite direction and
identifying the support vertices in the order in which the “sweep line” traverses them. This idea
will bereferred to asthe line-sweep heuristic and it is, in fact, thefirst ideathat a person invariably
proposes for obtaining atranslation ordering of convex polygons. Although the line-sweep heuris-
tic canfail even for rectanglesit isinteresting to ask whether there exist classes of objectsfor which
it is guaranteed to produce a valid ordering, In fact, one such classis precisely the set of isothetic
rectangleswhen | isrestricted to the £x and ty directions. In this particular case thefirst rectangle
traversed by the “sweep line” can always be moved first. It follows that for these four directions a
translation ordering can be easily obtained by sorting the corresponding edges of the rectangles.
Thus, athough the order of the complexity is not changed, the algorithm (pure and simple sorting)
ismuch simpler than the O(n log n) algorithms of either Guibas and Y ao [8] or Ottmann and Wid-
mayer [9]. Other examples where the “sweep line” technique works successfully are givenin[20].

4.2: Completely external visible polygons

Referring to Figure 7 and moving along the graph from convex to completely external visible
polygons we encounter a dramatic change in movability properties. First we consider the problem
of passing a convex polygon through adlit (see Figure 8). Let P = (p4, py,..., Pyy) be aconvex poly-
gon. Let L be the length of the dlit.

Definition:  Thewidth w of a convex polygon P is the minimum distance between parallel lines
of support of P.
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3. A Hierarchy of Simple Polygons

Let P=(pq, py,---, Pp) e @asimple polygon. i.e., wearegiven alist of itsvertices, in clockwise
order, along with their cartesian coordinates. We assume the polygon isin standard form, i.e., the
vertices are distinct and no three consecutive vertices are collinear. A pair of vertices, say pj Pj+1,
definesthe it edge of P. The sequence of vertices and edges forming the boundary of a polygon P,
and denoted by bd(P), partitions the plane into two open regions: one bounded, termed the interior
of P and denoted by int(P), and the other the unbounded exterior of P, denoted ext(P). When we
consider a collection of polygons, each polygon is assumed to contain n vertices to simplify nota-
tion.

We saw with the example of Figure 2 that any finite collection of rectangles, no matter how
large, is movably separable under translations. In fact, all fixed directions admit a translation or-
dering. On the other hand, from Figure 3 (c) we see that two arbitrary simple polygons are suffi-
cient to form an interlocked set. Now, rectangles and simple polygons are extremes among a hier-
archy of families of simple polygons of varying degrees of shape complexity. An example of hier-
archy of nine families of polygonsis given by the directed graph in Figure 7. A node in this graph
represents afamily of polygons. A directed path connects node A to node B (A — B) if, and only
if, polygons belonging to family A also belong to family B. For example, convex polygons are star-
shaped but not vice-versa. It is thus interesting to follow different paths along this graph and to
determine the places along the path where movability properties change. Actually, the graph in
Figure 7 can be enlarged by the inclusion of a score of additional families of polygons[17] but this
set will sufficeto illustrate the point. Before considering movability we provide some definitions.

Definition:  The convex deficiency of a polygon P is aset of deficiency polygons D4, D»,..., Dy

obtained by subtracting int(P) from the convex hull of P and deleting the edges of P that are also
edges of the convex hull of P. (Deficiency polygons are also more affectionately termed pockets.)

Definition:  The edge of a pocket of P which is not also an edge of P isthe lid of the pocket.

Definition: A polygon P is completely visible from edge e if for every point x in e and every
pointy in P, the line segment [x,y] liesin P.

Definition: A polygon P is completely externally visible if every deficiency polygon of P is
completely visible fromitslid

Definition: A polygon Pis strongly visible from edge e if there edge-exists a point x in e such
that for al y in P, the line segment [x,y] liesin P.

Definition: A polygon Pisstrongly externally visible if every deficiency polygon P is strongly
visible fromitslid.

Definition: A polygon Pisweakly externally visibleif every deficiency polygonisedge-visible
fromitslid

Definition: A polygon Pissaid to be star-shaped if there existsaregion K in P, termed the ker-
nel of P, such that for all xLIK and all yLIP the line segment [x,y] liesin P.



P3

Py

(@) Initial configuration.

(b) After ssimultaneous tranglation of P; and P, in the +y direction.

Figure 6: A set of simultaneously separable polygons.



Figure4: A set of sequentially movably separable polygons.

P1 <—5—>

Figure5: A set of four movably separable edge-visible polygons which is not sequentially separable.

trand ate P; and P, asablock in the +y direction until the convex hull of P; and P, does not intersect
the convex hull of P; and P4. Subsequently P; and P, can be translated in the -x direction and P,
and P5 can be translated in the +x direction. This example leads us to the following definition.

Definition: A set of objects IP is simultaneously movably separable if P is separable only by
moving asubset of P, of cardinality greater than one, simultaneously. (Note that a motion with ve-
locity zero clearly cannot count as a motion).

Definition: A set of objects P which is not movable separableis said to be interlocked.
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These concepts areillustrated in Figure 3. In Figure 3 (a) we see that linear separability im-
plies movable separability. For example, either P or Q can be trandated to infinity in a direction
parallel to the line of separability. In Figure 3 (b) we note first, that movable separability does not
imply linear separability. Thisfollows from awell-known theorem in convexity theory [16] which
stated that “two sets are linearly separable if, and only if, their convex hulls do not intersect and
the fact that convex hull intersection need not hinder movable separability. Secondly, Figure 3 (b)
also illustrates the obvious fact that movable separability implies nonlinear separability. Finaly,
Figure 3 (c) shows that nonlinear separability obviously need not imply movable separability. In
fact even alow-order polynomial discriminant function [15] such as a quadratic does not imply
movable separability. In summary we have:

linear separability ===> movable separability ===> nonlinear separability.

If we are dealing with a collection of more than two objects then avariety of different types
of movable separability is possible. Let P = {P;, P,,..., P} be acollection of objects. Denote an
ordering of P by P = {P(l)’ P(Z)""' P(n)}, and let P,(i) = {P(i)' P(i+l)'"" P(n)}

Definition: A set of objects P is sequentially movably separable if there exists an ordering P’
such that for i = 1,2,...,n-1, P;y can be moved an arbitrary distance away from P';, 4y without col-

liding with any object in P' ;).

Figure 4 illustrates a set of sequentially movably separable polygons. Here P' = {P,, P, Py,
Ps, P, P1} and P, through Pg can be moved to infinity with two translations each.

Definition:  If there exists a set of motions on a collection of objects P such that for each object
P, 1=12,..,n, P, can attain an arbitrary large distance from {P - P;} without collisions, then P is
said to be movably separable.

Figure5, avariation of an example dueto Chazelle, et a., [13], illustrates a collection of four
edge-visible polygons which are not sequentially movably separable and yet they are movably sep-
arable. Note that in Figure 5 no object can be moved to infinity without colliding with the remain-
ing objects. Yet if we allow repeated alternating transations of P; and P, in the +x direction then
eventually P, and P; lie outside the convex hull of P, and all four polygons can be translated to
infinity. Note however that by making the separation &, between P; and P,, arbitrarily small we
can require an arbitrarily large number of motions for achieving separation, independent of the
number of objects. Chazelle, et al. [13] also give an example where the number of motionsis ex-
ponential in the number of objects. (A polygon P is edge-visible if it contains an edge e such that
for every point x in P there existsapoint y in e such that the line segment [Xx,y] liesin P. Here [x,y]
denotes closed line segment. Similarly, an open line segment will be denoted by (x,y)).

Note that in the example if Figure 5 an object is moved as often as required. However, sepa-
rability is still attained by moving only one object at atime. It is possible that a set of objectsis
separable but only if simultaneous motions of several objects are required. One such example is
illustrated in Figure 6. This set is not sequentially movably separable. Neither isit separable with
repeated individual motions, and yet it is separable under simultaneous motions. In fact there exists
an infinite number of non-trivial sets of motions that will separate this set. One exampleisto first



(a) Linearly separable polygons.

(b) Polygons not linearly separable but movably separable.

(c) Polygons not movably separable but nonlinearly separable.

Figure 3: Illustrating the relation between linear separability, movable separability and nonlinear separability.
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fact they prove this also for a set of n convex polygons. Thus we will say that convex polygonsin
the plane exhibit the tranglation-ordering property. A ssmpler O(nlog n) algorithm for solving this
problem was later discovered by Ottman and Widmayer [9].

This problem was generalized to consider other types of polygons, and motion besidessimple
trandation in [10] - [12]. One class of problems that results when convexity is relaxed concerns
“interlocking polygons’. Thus one class of problems considered in [10] - [12] deals with determi-
nation of whether agiven collection of polygonsis*movably separable”’ in aspecified sense. Some
of theresults of [10] - [12] were also independently obtained by Chazelle et al. [13] for the special
case of isothetic polygons.

2. Movable Separability of Sets. Definitions

In this section we define some notions of movable separability and relate them to the well-
known concepts of linear and nonlinear separability of sets[14] - [15], [19].

Definition:  An object P can be moved from position A to position B if there exists afinite se-
guence of trandations and rotations (possibly simultaneous) of P that carries P from A to B.

Definition:  Let two objects P and Q be moved during atime interval starting at t; and ending at
t,. We say that a collision occurs between P and Q if there existsatimet such that t; <t < t, and
the interiors of P and Q intersect.

Definition:  Two objects are movably separable if one of them can be moved an arbitrary dis-
tance without colliding with the other.

If two objects are not movably separable then they are said to be interlocked. Note that ava-
riety of definitions of movable separability areimmediately apparent by specifying the type of mo-
tion considered. The simplest might be a single tranglation. A more complicated case may allow
many translations but no rotations, and going further, any number of both types of displacements
may be allowed but not simultaneously.

Note that when we speak of distance between two objects or between one object and a col-
lection of objectswe are measuring the distance between two sets, say S; and S,. The distance used
here refers to the minimum euclidean distance between an element in S; and an element in S,.

It isinteresting to see what the relation is between movable separability and the more well-
known concepts of separability in discriminant analysis[14], [15], [19].

Definition:  Let Pand Q betwo setsin Euclidean d-space, 09, We say that Pand Q arelinearly

separableif there existsahyperplane H that partitions [ 9into two half-spaces H(P) and H(Q) such
that Pis contained in H(P) and Q is contained in H(Q).

Definition: P and Q are nonlinearly separable if there exists a partition of [ dinto two non-in-
tersecting regions R(P) and R(Q) containing P and Q, respectively.



1. Introduction

Consider alarge one-room apartment with a corridor connecting it to the outside world, as
illustrated in Figure 1. The corridor is assumed to have unit width and a right-angled corner. We
can ask what is the figure of the largest area that can be moved out of the apartment and into the
street through the connecting corridor. This is known as the sofa problem and has received some
attention in the mathematics and computing literature [1] - [5]. Note that the room is as large as
desired and we assume it is no obstacle to position the desired object into the first “wing” of the
corridor. Thuswe are really concerned only with getting by the corner of the corridor. An obvious
lower bound on the solution to this problem is unity since a square of unit area can be moved out
with two trandations. However, we can find non-convex figures with areas as large as
(T02) + (2/T)) [J12.2074 that can be moved out with a sequence of translations and rotations [5]. A
variety of such problems present themselvesif we vary the shape of the hallway (such asallowing
left-angled as well as right-angled corners) and restrict the class of objects considered [5]. For
example, we may ask for the largest (in some sense) convex, or star-shaped figure. We can also
ask whether a given object or figure can be moved out of a specified apartment. Furthermore, we
can ask for a sequence of motions that will free the object if such an action is possible. All these
problems belong to alarge family of problemswhich in this paper are termed movabl e separability
of sets. While movable separability can beinvestigated for quite general sets, in this paper we con-
sider the sets to be simple objects such as line segments, circles, and simple polygonsin the plane
or spheres and polyhedra in three dimensions. We also distinguish between movable separability
problems and collision avoidance problemsin robotics such as the findpath problem [6]. For asur-
vey of those problems and their relation to computational geometry the reader isreferred to [7]. It
is difficult to formally define the class of problems labeled “movable separability”. Nevertheless
the problems considered here are in some sense more concerned with the notion of separability
than the typical collision avoidance problem found in robotics.

As another example of aclass of movable separability problems et uslook at the problem of
trandating rectangles. Consider a set of non-intersecting rectangles in the plane whose sides are
parallel to the x and y axes, asillustrated in Figure 2. Such rectangles are termed isothetic. A prob-
lemthat arisesin graphicsand VL SI [8] isthat of translating the entire collection by some common
vector to a new location while respecting two constraints: first, the rectangles can only be moved
one at atime and, second, during the entire process no collisions are allowed between the rectan-
gles. A collision occursif at someinstant in timetheinteriors of the rectanglesintersect. One prob-
lem that arisesimmediately iswhether such atrand ation ordering property holdsfor all setsof rect-
anglesand all directions. Another problem isthe efficient computation of such an ordering if it ex-
ists. This is clearly a separability problem since each rectangle being transated is also being
separated.

Referring to Figure 2, let | denote the desired direction of tranglation and construct that line
of support to each rectangle perpendicular to | that maximizes the displacement in direction |.
These lines of support intersect the rectangles A,B,C, and D at the support vertices a, b, ¢, and d,
respectively. It istempting, at first glance, to claim that a translation ordering can be obtained by
sorting the projections of the support vertices on | and that therefore B can be moved first. Note
that thisis not the case, however, since this method would require D to move second which isim-
possible since it is blocked by C. Guibas and Y ao [8] have shown that given a set of n rectangles
and adirection |, atransation ordering always exists and can be computed in O(n log n) time. In
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Figure 1: Moving Furniture out of the apartment.

Figure 2: Rectangle D cannot be translated in dirett@fore rectangle C, and yet d occurs before ¢
on ling.
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Abstract

Spurred by developments in spatial planning in robotics, computer graphics, and
VLSI layout, considerabl e attention has been devoted recently to the problem of mov-
ing sets of objects, such as line segments and polygons in the plane to polyhedrain
three dimensions, without allowing collisions between the objects. One class of such
problems considers the separability of setsof objectsunder different kinds of motions
and various definitions of separation. This paper surveysthis new area of researchin
atutorial fashion, present new results, and provides alist of open problems and sug-
gestions for further research.
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