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1 Introduction

This document shows how to determine whether two bounded cylinders intersect. The algorithm uses the
method of separating axes. The search for a separating axis for cylinders is more complicated than that for
convex polyhedra. The set of potential separating axes for polyhedra is finite; see Intersection of Convex
Objects: The Method of Separating Axes. The set of potential separating axes for cylinders is infinite.

2 Representation of a Cylinder

A cylinder has a center point C, unit-length axis direction W, radius r > 0 and height h > 0. The enddisks
of the cylinder are centered at C & (h/2)W. Let U and V be any unit-length vectors for which {U,V, W}
is a right-handed set of orthonormal vectors. That is, the vectors are unit length, mutually orthogonal and
W = U x V. Points in the solid cylinder are parameterized by

X (0,s,t) =C + (scos)U + (ssin@)V +tW, 0 €[0,2m), 0<s<r, [t| <h/2 (1)

The cylinder wall occurs when s = r. The enddisks occur when |t| = h/2. The choice of U and V is
arbitrary, but the inersection queries between cylinders are independent of this choice. A quadratic equation
that represents the cylinder wall is (X — C)T(I — WWT)(X — C) = r? with boundedness specified by
|[W - (X — C)| < h/2. This representation is dependent only on C, W, r, and h.

3 Nonintersection of Convex Objects by Projection Methods

Consider the problem of determining whether two convex objects in 3D are intersecting. The test-intersection
geometric query is concerned only about whether the objects intersect, not where they intersect. The latter
problem is said to be a find-intersection geometric query. This document is about the test-intersection query
for two bounded cylinders.

3.1 Separation by Projection onto a Line

A test for nonintersection of two convex objects is simply stated: If there exists a line for which the intervals
of projection of the two objects onto that line do not intersect, then the objects do not intersect. Such a
line is said to be a separating line or, more commonly, a separating azxis. A direction vector for a separating
axis is referred to as a separating direction. The translation of a separating axis is also a separating axis, so
it suffices to consider lines that contain the origin. Given a line containing the origin and with unit-length
direction D, the projection of a bounded convex set C' onto the line is the interval

I =[Dnin(D), Amax(D)] = min{D - X : X € C},max{D - X : X € C}] (2)

Two compact convex sets Cy and C7 are separated if there exists a direction D such that their projection

intervals Iy = [)\ﬁgi)n(D), AES;X(D)] and [} = [/\f]ii)n(D)7 ASQX(D)] do not intersect. Specifically they do not
intersect when
Nuta (D) > ML(D) or AQL(D) < AL, (D). 3)
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The superscripts correspond to the indices of the convex set. Although the comparisons are made for unit-
length D, the comparisons are invariant to changes in length of the vector. This follows from Ay, (tD) =
tAmin (D) and Apax(tD) = tAnax(D) for t > 0. The Boolean value of the pair of comparisons is also
invariant when D is replaced by the opposite direction —D. This follows from Apin(—D) = —Apax(D) and
Amax(—D) = —Amin (D). When D is not unit length, the intervals obtained for the separating axis tests are
not the projections of the object onto the line; rather, they are scaled versions of the projection intervals.

In equation (3), allowing equality in any of the four comparisons means that the projection intervals just touch
at a point; however, another direction can possibly separate objects. A search of the potential separating
axes concludes only when one of those axes satisfies the four strict inequalities, in which case that axis is
separating.

3.2 Projection of a Cylinder onto a Line

Let the line be AD where D is a nonzero vector. The projections of cylinder points onto the line are
AO,t) =D -X(0,t)=D-C+ (rcosf)D-U + (rsinf)D -V +tD - W (4)

for 6 € [0,27) and [t| < h/2. The interval of projection has endpoints determined by the extreme values of
the projection equation. The maximum value occurs when all three terms involving the parameters are as
large as possible. The ¢-term has a maximum of (h/2)|D - W|. The 6-terms, not including the radius, can
be viewed as a dot product (cosf,sin6)-(D-U, D -V). This is maximized when (cos#,sin ) is in the same
direction as (D - U, D - V). Therefore,

(D-U,D-V)
VD U2+ (D V)

(cosf,sinf) =

(5)

and

(cos®)D -U + (sin®)D -V =+/(D-U)2+ (D-V)2=+/|D]?— (D-W)2=|D x W| (6)

A similar argument applies to computing the minimum projection value. The minimum and maximum
projection values are

h h
)\min(D):D~C’fr|D><W\f§\DoW|, )\max(D):D~C+T\D><W|+§|D-W| (7

4 Separating Axis Tests for Two Cylinders

Given two cylinders with centers C;, unit-length axis directions W, radii r; and heights h;, for ¢ = 0, 1, the
cylinders are separated if there exists a nonzero direction D such that either

h h
)\fgi)n(D):D~Co—ro|DxW0|—?0\D~Wo|>D-C’1+r1\DxW1|+§1\D~W1|:)\g;x(D) (8)
or

0) ho ha (1)
)\max(D):D-C0+TQ|DXW0|+?|D'W0|<D'C1—T1|DXW1|—?|D'W1|:)\min(D) (9)



These are just a restatement of equation (3) for bounded cylinders. Defining A = Cy — C), the tests of
equations (8) and (9) can be combined into a single expression

h h
f(D) =r9|D x Wy|+r1|D x W1|+?O|D~Wo|+?1|D-W1| —|D-A|<0 (10)

If A =0, then f > 0, which is geometrically obvious because two cylinders with the same center always
intersect. The remainder of the discussion assumes A # 0. If D is perpendicular to A, then f(D) > 0.
Geometrically, any line perpendicular to the segment containing the cylinder centers can never be a separating
axis. To see this, the segment connecting the cylinder centers is Co + sA for s € [0,1]. If you project the
two cylinders onto the plane A - (X — Cj) = 0, both regions of projection overlap. Any line in this plane
that contains Cy must intersect both projection regions.

It is simple to compute f(D) for various known vectors and exit early when one of the f-values is negative.
These vectors include A, Wy, W1 and Wy x W.

5 Separating Axis Tests for Parallel Cylinder Directions

When the cylinder unit-length axis directions are parallel and the cylinders are separated, they must be
separated either in height (projection onto a line with direction W) or radially (projection onto a plane
perpendicular to Wy). The cylinders are parallel when Wy x W1 = 0, where W is equal to either W or
—Wy.

The separation test in height involves testing the sign of f(Wy),

f(Wo) = 7“0|W0 X Wol +T1|W0 X W1| + h70|W0 . Wo‘ + %|W0 . W1| — |W0 . A|

o (11)
= %—|W0-A|

The cylinders are separated in the height direction when (hg + h1)/2 < |[Wy - A|. The projection of the
first cylinder onto its axis with origin C is the interval [—hg /2, ho/2]. The projection of the second cylinder
onto the same axis is the interval [Wo - A — hy/2, Wy - A + hy/2]. The intervals are separated when
Wo-A—h1/2> ho/20r Wo-A+hy/2 < —hg/2. These combine to the single test (hg+h1)/2 < |Wy-A|,
which is equivalent to f(Wy) < 0.

The cylinders are separated in the radial direction when the distance between the cylinder axes is larger than
the sum of the cylinder radii. The distance between axes is the length of the projection of A onto a plane
perpendicular to the cylinder axis. Specifically, the projection is P = A — (W - A)W and the distance
between cylinder axes is |A — (W - A)W|. The cylinders are separated when |A — (W - A)W | > ro+r1.
The separating test in radius involves testing the sign of f(P),

f(P) = 1o|PxWo|+r|PxWi|+52 P Wo|+ %P W, —|P- A
= |AXWO‘(TO+T1_|AXWO|)

(12)

The cylinders are separated when 79 + 71 < |A x Wy| = |A — (W - A)Wy|, which is what the geometric
argument proved.
In summary, when W and W are parallel, the cylinders are separated when

ho + hq
2

<‘AWO‘ or 7‘0+7’1<|AXWO‘ (13)



6 Separating Axis Tests for Nonparallel Cylinder Directions

If f(D) < 0 then D is a separating direction. As noted previously, —D is also a separating direction. It
is sufficient to consider unit-length directions D on a hemisphere. Based on the analysis of the previous
paragraph, select the hemisphere with north pole at N = A/|A|. The hemisphere equatorial directions
are E for which N - E = 0; they satisfy f(E) > 0. Let U and V be vectors for which {U,V,N} is a
right-handed orthonormal basis.

Equivalently search for separating directions on the plane tangent to the north pole, N - D = 1. In this
document, the tangent plane is called the pole plane. The search in the pole plane is conceptualy simpler
than the search over a hemisphere, avoiding both unit-length D and having to compute sine and cosine of
angles. The search cannot reach the equatorial directions E because f(E) > 0 for those directions. The
equatorial directions map to infinity on the pole plane.

For cylinders with nonparallel axes, it must be that Wy x W # 0. The pole plane has points
D=2U+yV +N (14)
The cylinder axis directions are transformed to the same coordinate system,
W, =wjoU +wyV +wisN (15)

for i = 0,1. In the remainder of the document, the vectors are considered to be 3-tuples representations
with respect to the {U, V, N} basis. That is, D(z,y) = (z,y,1) and W; = (w;o, wi1, w;2). As a function of
(z,y), equation (10) is

h h
F(@,y) = 10D (@, y) x Wo| + 71 D(w,5) x Wil + -2 D(w,) - Wol + | D(wy) - Wi~ |A]  (16)

The function is continuous for all (z,y). The existence of a separating direction is equivalent to f(z,y) having
a negative minimum. The numerical algorithm for minimization involves an analysis of the first-order and
second-order derivatives of f.

Let Eg = (1,0,0), E1 = (0,1,0) and E5 = (0,0,1). The direction is D = xEq + yE; + E5. The first-order
partial derivatives of D are D, = E( and D, = E;. The first-order partial derivatives of f(z,y) are

_ DXWgy-EqgxXxWg DXxWi-EogxW; ho h1
= r +r + L (Eg-Wp)o(D-Wqg) + % (Eg-W1)o(D-W
fa IDxWol 1 DxW, | 5 (Eo 0)o( 0) 3 (Bo 1)o( 1) an
_ DXWO'E1XWO DXWl‘EqXWl th . . h . .
fy T Dewo T T pewa T (E1-Wo)o(D-wq) + % (B - Wi)o(D - W)
where the sign function is
+1, z>0
o(z) =4 -1 2<0 (18)
undefined, z=0
The second-order derivatives are
- (DXWq-Eg)? (DXW;-Eg)?
Jor = T Tl T ewn e
_ (DXWq-Eq)?2 (DXW;-Eq)?2
fow = 1o DxWor T Dxwy (19)
f — r (DXWO'EQ)(DXWO-El) +r (DXWl-EQ)(DXW1~E1)
i 0 [DxW,q|? L IDxW, |3



with the understanding that the second-order derivatives have the same discontinuities as the first-order
derivatives: D -W; =0 and D x W,; =0 for : = 0,1. Observe that,

2 (D-WoxW;)?
Joxfyy — fxy = Tor W (20)

It is clear that fyo > 0, fyy > 0 and fogfyy — ﬁy > 0, which imply that the function f(x,y) is convex on
each subdomain that contains no points of discontinuity. Generally, local convexity does not imply global
convexity. For example, the function g(¢) with values (¢+1)2 for t < 0, values (t—1)? for t > 0, and g(0) = 1
is continuous. Its first-order derivative ¢'(t) is 2(¢+ 1) for t < 0, 2(t—1) for ¢t > 0, and has a discontinuity at
t = 0. The second-order derivative is g’ (¢t) = 1 for ¢t # 0 and is discontinuous at ¢ = 0. Although ¢”(¢) > 0
for all t € (—00,0) U (0, 400), the graph of g(t) consists of two parabolas, one for ¢ < 0 and one for ¢ > 0.
The function g(t) is not globally convex. As will be seen later for the problem at hand, the restrictions of

f(z,y) to lines in the pole plane are globally convex with the implication that f(x,y) is globally convex.

7 Pseudocode for the Algorithm

The search for the minimum value of f(z,y) is accomplished by restricting the function to lines in the pole
plane, computing the minimum along each line and then selecting the minimum of the line minima. The
search has an early exit when a line has a negative minimum, in which case a separating direction has been
found.

A finite set of line samples is selected for the search. If the minima at the samples are all nonnegative,
it is possible that a separating direction is missed because it is not one of the samples. If the number
of samples is large, an application might consider this a sufficient conclusion—that there is no separating
direction. However, more computing can be used to try to locate a separating direction. The line samples
are generated by angles 6; € [0,7). The directions are (cosf;,sinf;,0). The idea is to search the sample
lines for the one leading to smallest g-value, say, g; = g(t;6;). The triple (g;—1, i, gi+1) is a bracket for a
minimum of ¢g(¢). A 1-dimensional minimizer can be used, one that does not require derivative evaluations
(in #). One such minimizer uses successive parabolic interpolation, where the number of bisections will be a
user-specified parameter.

7.1 Analysis of the Derivative Discontinuities

The lines are chosen to have a common origin, P = (po,pi1,1), which is on both lines of discontinuity:
P -Wy=0and P- W, =0. This pair of linear equations has a unique solution because Wy and W are
not parallel. Geometricaly, P is perpendicular to both cylinder axis directions, so it is parallel to Wy x W.
The solution is W s W
X
= (21)
E2 . Wo X W1

The line directions are chosen to be L(#) = (cosf,sinf,0) for § € [0,7). The search lines are D(t,6) =
(z(t,0),y(t,0),1) = P+ tL(0).

L)

For a specified 6, the restriction of f(x,y) to the line is defined by g(t) = f(x(t),y(t)), where the dependence
on @ is omitted for readability,

h h
9(t) = 1ol D(t) x Wo| + 71 |D(t) x Wi| + -2 |D(t) - Wl + 2 [D(t) - W] - |A| (22)



The first-order derivative is

gt = D(t)xWo D' (t)x W 1+ D(H)XxW;-D'(t) x W, 4 ho (D(t)-Wo)(D'(t)-Wo) + (D(t)-W1)(D'(t)-W1)
ID(t)xWo| [D(t)xWq| 2 ID(t)-Wo| 2 [D(t) Wi
_ (tLXWO+P><W0)-L><W0 (tLXW1+PXW1)-LXW1 ho (tIrW())(L-W()) hi (tL-Wl)(L-Wl)
=0T xWoiPxWo| 'l iLxWhiPxWi| 2 FLWo T 2 LW (23)
. (tLXWO+P><W0)-L><W0 (tLXW1+P><W1)-L><W1 ho . hi .
= O T L WP x W T {LXW;,+PxW,| +o(t) (L wol + L wa)

where o(t) is the sign function defined in equation (18). The evaluation of g(t) on the discontinuity line
D - W = 0 effectively uses only the terms with coefficients rg, 1 and hy. The hg-term of ¢’(¢) is undefined
because L - W = 0. If instead that term is simplified to (ho/2)|L - W], then evaluation of g(t) effectively
uses only the terms with coefficients rq, 1 and h;. A similar argument applies for the discontinuity line
D - W1 = 0 where the evaluations effectively use only the terms with coefficients rq, r; and hg. Therefore,
equation (23) is valid for all lines with origin P.

Using equation (23), the one-sided limits of ¢’(t) at ¢ = +o00 are

g'(+00) = limy_ 4o ' (t) = 7o[L X Wo| + 71|L x Wi| + (22 |L - wo| + ZL|L - wyq])

(24)
g'(=00) = —¢'(+0)
Using equation (23), the one-sided limits of ¢'(¢) at t = 0 are
g'(07) = limy_,o- ¢'(t) = TOPXK)VQ'VI\',?‘WO + rlpx;)viaj?’vl — (L2 lL - wol + &L - wy) (25)
: PXWq LxW PXW, LxW ; h
g'(0%) =limyor 9'(8) = ro e (B Wol 4+ B wal)

The jump in the derivative at t = 0 is ho|L - Wo| + hy|L - W1| > 0, so g(t) is convex in a full neighborhood
of t =0.

Let Q, be the pole-plane point that solves Q, x W = 0, in which case Q) is parallel to W. If the sample
line contains the discontinuity point @, then choose the parameterization D(t) = Q, + (t — 1)L, where
L = Qo — P. It follows that D(t) x Wy = (t — 1)L x W and

g/ (t) = roo(t = D[ x wo| +r CEEEEEIIEEN 4o (t) (4L - wol + L - wi ) (26)
The one-sided limits of ¢'(¢) at t = 1 are
§(17) = limy 1 g/(1) = —roft x ol + 71 WL by | 4 By jr vy (27)
o (1%) = limy e g/(1) = rofe x Wol +ry WL | daly ) 4 B

The jump in the derivative at ¢ = 1 is 2rg|L X Wg| > 0, so g(t) is convex in a full neighborhood of ¢ = 1.

Let Q; be the pole-plane point that solves Q; x W1 = 0, in which case @, is parallel to W;. If the sample
line contains the discontinuity point @;, then choose the parameterization D(t) = Q; + (¢t — 1)L, where
L =Q, — P. It follows that D(¢t) x W1 = (t — 1)L x W; and

(tLXWO+PXWO)~LXWO

g(t)=ro LW T rio(t — 1)L x wi| + o(t) (&L - wo| + &L - wyl) (28)




The one-sided limits of ¢'(t) at ¢t =1 are

g'(17) =limy - ¢'(t) = TO% —riLx wi|+ h70|L - Wol + %‘L Wi

QX Wo LxW, (29)

h h
|Q, xWo| +T1|LXW1|+70|L'WO|+71|L-W1|

g/(1+) = limt_>1+ g/<t) =70

The jump in the derivative at ¢ = 1 is 2r1|L X W1| > 0, so g(t) is convex in a full neighborhood of ¢ = 1.

7.2 Pseudocode for Evaluation of ¢(¢) and ¢'(t)

Pseudocode for computing g(t), ¢’(¢) and the one-sided limits is shown in listing 1.

Listing 1. Pseudocode for computing ¢(t) and ¢'(¢) at nonsingular values and for computing the one-sided
limits at ¢ = 0 and ¢ = 1. The one-sided limits ¢’(0~) and ¢’(0") are represented by dgdtOn and dgdtOp,
respectively. The one-side limits ¢’(17) and ¢’(17) are represented by dgdtln and dgdtlp, respectively. The
one-sided limit ¢’(400) is represented by dgdtinfinity. It is always true that ¢’'(—oo0) = —¢'(+00). The
pseudocode functions are assumed to have access to the cylinder information as global state.

// Compute one-sided limits at t = 0 for any line.
void LimitsDGDTZero(Real& dgdtOn, Real& dgdtOp)

{
Real rOTerm = r0 % Dot(Cross(P, WO), Cross(L, WO)) / Length(Cross(P, WO0));
Real rlTerm = rl1 x Dot(Cross(P, W1), Cross(L, W1)) / Length(Cross(P, W1));
Real hOTerm = (h0/2) % Abs(Dot(L, WO0));
Real hlTerm = (h1/2) % Abs(Dot(L, W1));
dgdtOn = rOTerm + rlTerm — (hOTerm + hlTerm);
dgdtOp = rOTerm + rlTerm + (hOTerm + hlTerm);

}

// Compute one-sided limits at t = 1 for line P + t(Q, — P) where Q, x W = 0 with Q last component 1.
void LimitsDGDTOneQO(Real& dgdtln, Real& dgdtlp)

{
Real rOTerm = r0 % Length(Cross(L, WO0));
Real rlTerm = rl1 x Dot(Cross(Q0, W1), Cross(L, W1)) / Length(Cross(Q0, W1));
Real hOTerm = (h0/2) % Abs(Dot(L, WO0));
Real hlTerm = (h1/2) % Abs(Dot(L, W1));
dgdtln = —rOTerm + rlTerm + hOTerm + hlTerm;
dgdtlp = +r0Term + rlTerm + hOTerm + hlTerm;
}

// Compute one-sided limits at t = 1 for line P + t(Q, — P) where Q; x W1 = 0 with Q, last component 1.
void LimitsDGDTOneQ1(Real& dgdtln, Real& dgdtlp)

{
Real r0Term = r0 x Dot(Cross(Ql, WO), Cross(L, WO)) / Length(Cross(Ql, W0));
Real rlTerm = rl % Length(Cross(L, W1));
Real hOTerm = (h0/2) % Abs(Dot(L, WO0));
Real hlTerm = (h1/2) % Abs(Dot(L, W1));
dgdtln = rOTerm — rlTerm 4+ hOTerm 4+ hlTerm;
dgdtlp = rOTerm + rlTerm 4+ hOTerm 4+ hlTerm;
}

// Compute one-sided limit g’ (+00) with g'(—o0) = —g’(+00).
void LimitsDGDTInfinity (Real& dgdtinfinity)

{

Real rOTerm = r0 % Length(Cross(L, WO0));

Real rl1Term = r1 % Length(Cross(L, W1));

Real hOTerm = (h0/2) % Abs(dotLWO0);

Real hlTerm = (h1/2) % Abs(dotLW1);

dgdtinfinity = rOTerm + rlTerm + hOTerm + hlTerm;
}



// Evaluation of g(t) for all t.
Real G(Real t)

{

Vector3<Real> D =P + L * t;

Real rOTerm = r0 % Length(Cross(D, WO0));

Real r1Term = rl % Length(Cross(D, W1));

Real hOTerm = (h0/2) % Abs(Dot(D, WO0));

Real hlTerm = (hl1/2) % Abs(Dot(D, W1));

return rOTerm + rlTerm + hOTerm + hlTerm — Length(delta);
}

// Evaluation of g'(t) except at singularity t = 0 and potential singularity t = 1.
Real DGDT(Real t)

Vector3<Real>D =P + L * t;

Real r0Term = r0 x Dot(Cross(D, WO0), Cross(L, WO0)) / Length(Cross(D, W0));
Real rlTerm = rl x Dot(Cross(D, W1), Cross(L, W1)) / Length(Cross(D, W1)
Real sgn = sign(t);

Real hOTerm = (h0/2) * Abs(Dot(L, W0)) * sgn;

Real hlTerm = (h1/2) % Abs(Dot(L, WI1)) % sgn;

return rOTerm + rlTerm + hOTerm + hlTerm;

~——

,

7.3 Pseudocode for Computing the Minimum of ¢(¢)

The convexity of g(t) on a line allows for a robust floating-point minimizer. The lines all have a common
origin at P specified in equation (21), and that origin occurs at ¢ = 0. For a line with a discontinuity only
at t = 0, the minimum of g(t) occurs either at ¢ € (—00,0) or at ¢t € (0,+00) where ¢'(f) = 0 or at the
discontinuity # = 0. Listing 2 contains pseudocode for locating the number ¢ and computing g(¥).

Listing 2. Pseudocode for computing the minimum of g(¢). The one-sided limits ¢’(07) and ¢’(0") are
represented by dgdtOn and dgdtOp, respectively. The local variables imax and maxBisections have values based
on whether Real is float or double. The pseudocode functions are assumed to have access to the cylinder
information as global state.

// Compute the minimum of g(t), which occurs at t. The output tMin is t and the output gMin is g(t).

void ComputeMinimumSingularZero(Real dgdtOn, Real dgdtOp, Real& tMin, Real& gMin)

{
if (dgdtOn > 0)

// The root of g'(t) occurs on (—o0,0). Locate to for which g’ (to) < 0.
Real t0 = —1, t1 = 0, dgdtTO, dgdtTMin;
for (int i = 0; i < imax; ++i)

dgdtTO = g’ (t0);
if (dgdtTO0 < 0)
break;

t0 = 2;
}

Bisection <Real> bisector(maxBisections);
bisector (DGDT, t0, tl, dgdtTO, dgdtOn, tMin, dgdtTMin);

else if (dgdtOp < 0)

{
// The root of g'(t) occurs on (0,+0c0).. Locate t; for which g’(t1) > 0.
Real t0 = 0, t1 = 1, dgdtT1l, dgdtTMin;

10



for (int i = 0; i < imax; ++i)

dgdtT1l = g’ (tl);
if (dgdtAtT1 > 0)

break ;

tl = 2;
}

Bisection <Real> bisector(maxBisections);
bisector (DGDT, t0O, tl, dgdtOp, dgdtTl, tMin, dgdtTMin);

}

else

{
// At this time, g’(07) < 0 < ¢’(0F). The minimum of g(t) occurs at g(0).
tMin = 0;

}

gMin = G(tMin);

For a line with discontinuities at ¢t = 0 and ¢ = 1, of which there are at most two, the minimum of ¢(¢) occurs
either at ¢ € (—00,0) U (0,1) U (1,4+00) where ¢'(f) = 0 or at one of the discontinuities ¢ € {0,1}. Listing 3
contains pseudocode for locating the number ¢ and computing g(%).

Listing 3. Pseudocode for computing the minimum of g(¢). The one-sided limits ¢’(0~) and ¢’(0") are
represented by dgdtOn and dgdtOp, respectively. The one-sided limits ¢’(17) and ¢’(1") are represented by
dgdtln and dgdtOp, respectively. The local variables imax and maxBisections have values based on whether Real
is float or double. The pseudocode functions are assumed to have access to the cylinder information as global
state.

// Compute the minimum of g(t), which occurs at t. The output tMin is ¢t and the output gMin is g(t).
void ComputeMinimumSingularZeroOne(Real dgdtOn, Real dgdtOp, Real dgdtln,6 Real dgdtlp, Real& tMin, Real& gMin)

if (dgdton > 0)

// The root of g'(t) occurs on (—o0,0). Locate to for which g’ (to) < 0.
t

Real t0 = —1, t1 = 0, dgdtTO, dgdtTMin;
for (int i = 0; i < imax; ++i)
dgdtTO g'(t0);
if (dgdtTO < 0)
break ;
t0 x= 2;

}

Bisection<T> bisector(maxBisections);
bisector (DGDT, t0O, tl, dgdtTO, dgdtOn, tMin, dgdtTMin);

}
else if (dgdtlp < 0)

// The root of g’ (t) occurs on (1,+00). Locate t1 for which g'(t1) > 0.
Real t0 = 1, t1 2, dgdtT1l, dgdtTMin;
for (int i = 0; < imax; ++i)

i
dgdtTl = g'(tl);
if (dgdtTl > 0)

break ;
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tl *= 2;

}

Bisection<T> bisector(maxBisections);
bisector (DGDT, t0O, tl, dgdtlp, dgdtTl, tMin, dgdtTMin);
}

else

{
// At this time, ¢'(07) <0 < ¢/(17).
if (dgdtOp < 0)

if (dgdtln > 0)

// The root of g'(t) occurs on (0,1).

Real t0 = 0, t1 = 1, dgdtTMin;

Bisection <T> bisector (maxBisections);

bisector (DGDT, t0, tl, dgdtOp, dgdtln, tMin, dgdtTMin);
}

else

{

// The minimum of g(t) occurs at g(1).
tMin = 1;

}

else

// The minimum of g(t) occurs at g(0).
tMin = 0;

}

gMin = G(tMin);

7.4 Pseudocode for Computing a Separating Direction

This section describes the high-level details for the test-intersection query between two bounded cylinders.
The cylinders have centers C;, unit-length axis directions W, radii r; and heights h; for i € {0, 1}.

At the top-most level, pseudocode for the separation function is shown in listing 4.

Listing 4. Pseudocode for the top-most level of the separation function. The inputs are the parameters
of the cylinders and the number of line samples to be used for the coarse-level search. The function returns
true whenever the cylinders are separated, in which case separatingDirection is valid and separates the cylinder.
If the function returns false, separatingDirection is invalid.

bool SeparatedCylinders(
Vector3<Real> CO, Vector3<Real> W0, Real r0, Rea> hO,
Vector3<Real> Cl, Vector3<Real> W1, Real rl1, Real hl,
int numlLines,
Vector3<Real>& separatingDirection)

if (COo= C1)

return false;

}

Vector3<Real> Delta = C1 — CO;
Vector3<Real> WOxW1 = Cross (W0, W1);
Real lenWO0xW1 = Length (WOxW1);
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if (lenWOxW1 > 0)

// Test for separation by W .
if (rlxlenWOxW1 + h0/2 + (h1/2)%Abs(Dot(W0,W1)) — Abs(Dot (W0, Delta)) < 0)
{

separatingDirection = W0;

return true;

}

// Test for separation by W 1.
if (rOxlenWOxW1 + (h0/2)%Abs(Dot(WO,W1)) + (h1/2) — Abs(Dot(W1, Delta)) < 0)
{

separatingDirection = W1;

return true;

}

// Test for separation by Wy x W .
if (rSumxlenWOxW1 — Abs(Dot(WO0xW1, Delta)) < 0)

separatingDirection = WOxW1;
Normalize(separatingDirection);
return true;

}

// Test for separation by A.
if (rOxLength(Cross(Delta ,W0)) + rlxLength(Cross(Delta ,W1))) +
(h0/2) % Abs(Dot(Delta ,WO)) + (h1/2)xAbs(Dot(Delta ,W1)) — Dot(Delta, Delta)) < 0)

{
separatingDirection = mDelta;
Normalize(separatingDirection );
return true;

}

// Test for separation by other directions. This function implements the minimum search described previously.
if (SeparatedByOtherDirections(numLines, Delta ,W0,r0,h0,W1,rl, hl,separatingDirection))

return true;

}
}
else
{
// Test for separation by height.
if ((hO + h1)/2 — Abs(Dot(Delta ,W0)) < 0)
{
separatingDirection = W0;
return true;
}
// Test for separation radially.
if ((rO + r1) — Length(Cross(Delta ,W0)) < 0)
{
separatingDirection = Delta — Dot(Delta ,W0)*WO0;
Normalize(separatingDirection);
return true;
}
}

separatingDirection = { 0, 0, 0 };
return false;

The function SeparatedByOtherDirections implements the minimum search described in this document. It is
shown in listing 5.
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Listing 5. The minimum search used to locate a separating direction, if one exists.

// Global state accessed by other functions is marked by comments.

{

Real

bool SeparatedByOtherDirections(int numLines, Vector3<Real> Delta, Vector3<Real> W0, Real r0,
Vector3<Real> W1, Real rl1, Real hl, Vector3<Real>& separatingDirection)
// 10, rl, hO and h1 are global state
Real lengthDelta = Length(Delta); // global state
// Convert to the coordinate system where N = A/|A| is the north pole of the hemisphere to be searched.
Vector3<Real> U, V, N = Delta / lengthDelta; // global state
ComputeOrthonormalBasis(U, V, N);
Vector3<Real> W0 = { Dot(U, WO0), Dot(V, W0), Dot(N, WO0)}; // global state
Vector3<Real> W1 = { Dot(U, W1), Dot(V, W1), Dot(N, W1)}; // global state
Vector3<Real> WOxW1 = Cross (W0, W1); // global state
// The axis directions and their cross product must be in the hemisphere with north pole N.
if (Wo[2] < 0) { WO =-Wo; }
if (Wi[2] < 0) { Wil = —-wi;
if (WoW1[2] < 0) { WOWL = —WOoxwW1; }
// Compute the common origin for the line discontinuities.
Vector3<Real> P = WOxW1 / WOxW1[2]; // global state
// Compute the point discontinuities.
Vector3<Real> Q0 = W0 / Wo[2]; // global state
Vector3<Real> Q1 = W1 / W1[2]; // global state
// Search the line samples for a separating direction.
array<array<Real, 2>, numLines> lineMinimum (numLines + 1); // Each element is (angle,gBar).
Real tMin, gMin;
for (int i = 0; i < numlines; ++i)
{
// Compute a line direction.
Real angle = Pl x* i / numlLines;
// Compute the minimum of g(t) on the line P + tL(0).
Vector3<Real> L = { cos(angle), sin(angle), 0 };
ComputeLineMinimum (L, tMin, gMin);
lineMinimum [i] = gMin;
// Exit early when a line minimum is negative.
if (gMin < 0)
// Transform to the original coordinate system.
Vector3<Real> polePoint = P + tMin * L;
separatingDirection = polePoint[0] * U 4+ polePoint[1] * V + N;
Normalize(separatingDirection);
return true;
}
lineMinimum [numLines] = lineMinimum [0];
// The samples did not produce a negative minimum. Use a derivativeless minimizer to refine the search. The
// pseudocode uses a successive parabolic interpolator.
int numBisections = internally_defined; // Known at compile time based on Real of float or double.

SuccessiveParaboliclnterpolator <Real> minimizer(numBisections);

// Locate a triple of points that bracket the minimum.

array<int, 3> bracket = { numlLines—1, 0, 1 };

for (int i0 = 0, il =1, i2 = 2; i2 <= numlines i0 = il, il = i2+4+4)

if (lineMinimum[il] < lineMinimum [bracket[1]])

{
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bracket = { i0, i1, i2 };
}

// The minimizer must have access to ComputeLineMinimum and to global state.
T angle0 = Pl % bracket[0] / numLines;

T anglel = Pl x bracket[1] / numLines;

T angle2 = Pl % bracket[2] / numlLines;

T angleMin;

minimizer (lineMinimum [bracket [0]] , lineMinimum [bracket[1]],lineMinimum [bracket[2]], angleMin,h gMin);

if (gMin < 0)

// Transform to the original coordinate system.

Vector3<Real> polePoint = P + tMin * L;

separatingDirection = polePoint[0] * U + polePoint[1] * V + N;
Normalize(separatingDirection);

return true;

}

return false;

}

// Compute the minimum of g(t) on the line P + tL(0). The input angle is 6 € [0, 7).

void ComputeLineMinimum (Vector3<Real> L, Real& tMin, Real& gMin)

{
Vector3<Real> LPerp = { L[1], —L[0], 0 };
Real dgdtOn, dgdtOp, dgdtln, dgdtlp;

if (Dot(LPerp, Q0 — P) != 0)

// QO is not on the line P+txL(angle).
if (Dot(LPerp, Q1 — P) != 0)

// Q1 is not on the line P+txL(angle).
LimitsDGDTZero(dgdtOn ,dgdtOp);
ComputeMinimumSingularZero(dgdtOn ,dgdtOp ,tMin, gMin);

else

// Q1 is on the line P+txL(angle).

LimitsDGDTZero(dgdtOn ,dgdtOp);

LimitsDGDTOneQ1(dgdtln , dgdtlp);

ComputeMinimumSingularZeroOne(dgdtOn ,dgdtOp ,dgdtln , dgdtlp ,tMin, gMin);

}

else

// QO is on the line P+txL(angle).

LimitsDGDTZero(dgdtOn ,dgdtOp);

LimitsDGDTOneQO(dgdtln ,dgdtlp);

ComputeMinimumSingularZeroOne(dgdtOn ,dgdtOp ,dgdtln,6dgdtlp,tMin,gMin);

8 An Example of the Structure of f(x,y)

Let the first cylinder have axis direction Wy = (1,1,1)/v/3, radius 79 = 1 and height hy = 2. Let the
second cylinder have axis direction Wy = (3,2,1)/+/14, radius r; = 1/8 and height h; = 1. For simplicity,
the difference of cylinder centers is chosen to be a segment with direction (1,0,0) and length L; that is,
A = [(1,0,0). For various choices of L, the cylinders overlap. For other choices, the cylinders are separated.
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It is instructive to compute the global minimum of f(x,y) without the |A| term, say, F'(z,y) defined by

F(z,y) = 1o|Dx Wo|+r|DxWi|+%|D - Wo|+ 4 |D W,|
(30)

v (1+z+y)?
V3

\/(1+3x+2y)2 \/17z7y+zzfzy+y2 \/1376w74y+5z2712zy+10y2

+ 2v14 \/3/2 8v14

Mathematica [1] was used to obtain information about F'(z,y). The NMinimize function shows F;, = 1.45537
and occurs at (z,y) = (—0.179602, —0.230596). A contour plot of F(z,y) for (z,y) € [—4,4]? is shown in
figure 1.

Figure 1. A contour plot for F(z,y) of equation (30) for (z,y) € [—4,4]?. The figure was generated with
Mathematica [1]. Two lines and four points are overlaid; they are described in the text after this figure.
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The green line contains the points for which D- W = 0; the line is 1+z+y = 0. The yellow line contains the
points for which D - W = 0; the line is 14 32 + 2y = 0. The red point (in the blue region) is (z,y) = (1,1)
and is the solution to D x Wy = 0. The purple dot (in the orange region) is (x,y) = (3,2) and is the
solution to D x Wy = 0. The light blue point is (1,—2) and is the intersection of the green and yellow
lines; this corresponds to the point P that solves D - W x W1 = 0. The black point is the location of the
minimum of F(x,y), occurring at (z,y) = (—0.179602, —0.230596). In this example, the minimum point is
on the yellow line 1 4 3z + 2y = 0.

The search for the minimum will include computing local minima of F(x,y) on lines with a common origin
(x0,Y0), where D(zg,yp) is the solution to both D(z,y) - Wy = 0 and D(x,y) - W1 = 0. In Figure 1,
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the common origin is the light blue point. Knowing that F(z,y) is a convex function, the restriction to a
parameterized line g(t) = F(x(t),y(t)) is also convex. This implies that ¢’(¢) is an increasing function.

8.1 Analysis of F(z,y) on Line D - W, =0

Parameterize the line 1 + = + y = 0 so that the origin is at the intersection with 1 + 3z + 2y = 0, say,
(z(t),y(t)) = (1,—2) +t(1,—1)/v/2 where t € R. The graphs of go(t) = F(z(t),y(t)) and gj(t) for t € [—4,4]
are shown in figure 2.

Figure 2. The graphs of go(t) = F(z(t),y(t)) and gj(t) for t € [—4,4]. The figures were generated with
Mathematica [1].

-1.0F

The graph of go(t). The graph of g;(t).

The root of gj(t) occurs at ¢ = —2.02716. The minimum value of go(t) is go(f) = 1.56579. The one-sided
limits of g((¢) at 0 are g{(0~) = 0.879787 and g{,(0") = 1.06877. The infinite limits are g(—oo) = —1.21724
and g} (+00) = 1.21724.

8.2 Analysis of F(z,y) on Line D-W; =0
Parameterize the line 1 4+ 3z 4+ 2y = 0 so that the origin is at the intersection with 1 4+ x + y = 0, say,

(x(t),y(t)) = (1, =2)+(2,—3)/v/13 where t € R. The graphs of g;(t) = F(x(t),y(t)) and g (t) for t € [—4,4]
are shown in figure 3.
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Figure 3. The graphs of g1(¢t) = F(x(t),y(t)) and g1 (¢t) for t € [—4,4]. The figures were generated with
Mathematica [1].
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The graph of g;(t). The graph of g} (t).

The root of ¢/ (t) occurs at ¢ = —2.12656. The minimum value of g;(¢) is g1(f) = 1.45537. The one-sided
limits of ¢} (¢) at 0 are g{(07) = 0.858921 and ¢;(0") = 1.17918. The infinite limits are gj(—o0) = —1.27222
and gg(+o00) = 1.27222.

8.3 Analysis of F(z,y) on Line Containing Solution to D x W, =10

Parameterize the line with origin (1, —2) and containing (1, 1), the latter point the solution to D x Wy = 0,
say, (x(t),y(t)) = (1,—2) +¢(0,3) where t € R. Define go(t) = F(x(t), y(t)) with derivatives g(t) and g5 (¢).
The graphs of g2(t) and g5(¢) for ¢t € [—4, 4] are shown in figure 4.

Figure 4. The graphs of g2(t) = F(x(t),y(t)) and g5(¢t) for t € [—4,4]. The figures were generated with
Mathematica [1].
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The graph of go(t). The graph of g5(t).

The root of gh(t) occurs at ¢ = 0.864466. The minimum value of go(t) is g2(f) = 2.60442. The one-sided
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limits of g5(t) at 0 are g5(0~) = —5.28951 and g4(0") = —0.221841. The one-sided limits of g5(¢) at 1 are
g5(17) = 0.166176 and g5(11) = 5.06516. The infinite limits are g5(—o00) = —5.30026 and g} (+00) = 5.30026.

8.4 Analysis of F/(z,y) on Line Containing Solution to D x W; =0

Parameterize the line with origin (1, —2) and containing (3, 2), the latter point the solution to D x W = 0,
say, (z(t),y(t)) = (1, —2) +t(2,4) where ¢t € R. Define g3(t) = F(x(t), y(t)) with derivatives g5(t) and g4 ().
The graphs of g3(t) and g5(t) for t € [—4, 4] are shown in figure 5.

Figure 5. The graphs of g3(t) = F(x(t),y(t)) and g4(¢t) for t € [—4,4]. The figures were generated with
Mathematica [1].
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The minimum of g5(¢) occurs at the derivative discontinuity ¢ = 0. The minimum value is g3(0) = 2.75568.
The one-sided limits of g5(t) at 0 are g4(0~) = —8.09061 and g4(0") = 2.57925. The one-sided limits of
gs(t) at 1 are g5(17) = 6.44296 and g¢4(17) = 7.05533. The infinite limits are gj(—oo) = —8.46954 and
g5 (+00) = 8.46954.

8.5 Analysis of F/(z,y) on Other Lines

For lines other than the 4 discussed previously, the only derivative discontinuity is at the common origin
(1,—2). For example, consider the line with origin (1, —2) and containing (0,1). A parameterization is
(x(t),y(t)) = (1,—2) + t(—1,3) where t € R. Define g4(t) = F(x(t),y(t)) with derivatives gj(¢) and gJ(¢).
The graphs of g4(t) and ¢ (t) for t € [—4,4] are shown in figure 6.
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Figure 6. The graphs of g4(t) = F(x(t),y(t)) and g}(¢t) for t € [—4,4]. The figures were generated with
Mathematica [1].
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The graph of g4(t). The graph of gj(t).

The unique root of gj(t) occurs at ¢ = 0.691351 with g4(¢) = 1.86579. Listing 2 provides the pseudocode for
computing the minimum of g4(t).

The minimum search of listing 5 produces a collection of line minima. Figure 7 shows the contour plot and
discontinuity points overlaid with a polyline connecting the ordered minimizers.
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Figure 7. The image of figure 1 overlaid with a white-colored polyline connecting the ordered minimizers
of the lines with a common origin. The figure was generated with Mathematica [1].
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The global minimum of F(z,y) occurs at the black point shown in figure 7. The point happens to be located
on the discontinuity line D x W1 = 0.

The tangent lines to the curve of minima at P form a wedge in the pole plane that contains the curve.
Let the angles of the lines in the wedge be [0y, 01]. For 6 € (6y, 61), the lines with common origin P have
minimizers occurring for ¢ > 0. For 6 € [0, 6] U [01, 7), the lines with common origin P all have minimizers
at P; the minima occur when ¢t = 0.
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