
5 Permutations and Orbits

In the earliest conceptions of group theory, all groups were considered permutation groups. Essentially
a group was a collection of ways in which one could rearrange some set or object: for example, each
‘rearrangement’ of an equilateral triangle corresponds to one of its symmetries. It was Arthur Cayley,
of Cayley-table fame, who formulated the group axioms we now use. Importantly, he also proved
what is now known as Cayley’s Theorem: that the old definition and the new are identical.

5.1 The Symmetric Group

So what, first, is a permutation?

Definition 5.1. A permutation of a set A is a bijection ϕ : A→ A.

Theorem 5.2. If A is any set, then the set of permutations SA of A forms a group under composition.

Proof. We check the axioms:

Closure If ϕ, ψ are bijective then so is the composition ϕ ◦ ψ. X

Associativity Permutations are functions, the composition of which we know to be associative. X

Identity The identity function idA maps all elements of A to themselves: idA : x 7→ x. This is
certainly bijective. X

Inverse If ϕ is a permutation then it is a bijection, whence the function ϕ−1 exists and is also a
bijection. X

Definition 5.3. The symmetric group on n-letters Sn is the group of permutations of any1 set A of n
elements. Typically we choose A = {1, 2, . . . , n}.

Basic combinatorics should make the following obvious:

Lemma 5.4. Sn has n! elements.2

To describe a group as a permutation group simply means that each element of the group is being
viewed as a permutation of some set. As the following result shows, all groups are permutation
groups, although sadly not in a particularly useful way!

Theorem 5.5 (Cayley’s Theorem). Every group G is isomorphic to a group of permutations.

Proof. For each element a ∈ G, let ρa : G → G be the function ρa : g 7→ ag (i.e. left multiplication by
a). We make two claims:

1. Each ρa is a permutation of G.

2.
(
{ρa : a ∈ G}, ◦

)
forms a group isomorphic to G.

1Sn is the explicit group of permutations of {1, 2, . . . , n} or the abstract group of permutations of any set with n elements.
2In contrast to Cn or Zn where the subscript is the order of the group.
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The first claim is straightforward. ρa−1 is the inverse function to ρa:

∀g ∈ G, (ρa−1 ◦ ρa)(g) = a−1ag = g = idG(g)

whence each ρa is a bijection.
Now define a map φ : G → {ρa} by φ(a) = ρa. We claim this is an isomorphism:

1–1 φ(a) = φ(b) =⇒ ρa = ρb =⇒ ∀g ∈ G, ag = bg =⇒ a = b. X

Onto Certainly every permutation ρa is in the image of φ. X

Homomorphism If a, b ∈ G, then

φ(a) ◦ φ(b) : g 7→ ρa(ρb(g)) = abg = ρab(g)

from which φ(ab) = φ(a) ◦ φ(b).

Note that Cayley’s Theorem is not saying that every group is isomorphic to some Sn. It is saying that
every group G is isomorphic to some subgroup of SG.

Three notations for permutations

Standard notation Suppose that σ ∈ S4 is the following map

σ :


1
2
3
4

 7→


3
1
4
2

 , i.e. σ(1) = 3, σ(2) = 1, σ(3) = 4, σ(4) = 2

We could then write

σ =

(
1 2 3 4
3 1 4 2

)
where you read down columns to find where σ maps an element in the top row. Composition is read
in the usual way for functions, do the right permutation first. Thus if

ρ =

(
1 2 3 4
1 4 3 2

)
then σρ =

(
1 2 3 4
3 1 4 2

)(
1 2 3 4
1 4 3 2

)
=

(
1 2 3 4
3 2 4 1

)
(∗)

Matrix Notation σ can also be viewed as acting on the vector (1, 2, 3, 4)T, which suggests a matrix
method for encoding elements of Sn. For example, our permutation σ may be written

σ =


0 0 1 0
1 0 0 0
0 0 0 1
0 1 0 0


as a permutation matrix: multiplying on the left by such a matrix permutes the entries of vectors.

Definition 5.6. A permutation matrix is an n× n matrix with exactly one entry of 1 in each row and
column and the remaining entries 0.

Indeed we may conclude:

Theorem 5.7. The set of n× n permutation matrices forms a group under multiplication which is isomorphic
to Sn. By Cayley’s Theorem, every finite group of permutations is isomorphic to a group of matrices.
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Cycle notation Our example permutation can be more compactly written as σ = (1 3 4 2). We read
from left to right, looping back to 1 at the end, each entry telling us where the previous is mapped to.
Thus (1 3 4 2) maps

1 7→ 3 7→ 4 7→ 2 7→ 1

We have shorter cycles if some of the elements are fixed; for example in our two notations

(1 3) =
(

1 2 3 4
3 2 1 4

)
∈ S4

Juxtaposition is used for composition:

(1 3 4 2)(2 4) = (1 3 4)

(compare with (∗) above).
Remember that multiplication of cycles is really composition of functions: although each cycle is read
from left to right when determining how it acts on elements of {1, 2, . . . , n}, we multiply cycles by
considering the rightmost cycle first. For example, in S5,

(1 3 5 4)(2 3 4) :



1 7→ 3
2 7→ 3 7→ 5
3 7→ 4 7→ 1
4 7→ 2
5 7→ 4

=⇒ (1 3 5 4)(2 3 4) = (1 3)(2 5 4) (†)

This notation can be used to describe non-symmetric groups: e.g. if we label the corners of a rhombus,
the Klein 4-group V can be written in terms of cycles as a subgroup of S4.

1

2

3

4

V = {e, (1 3), (2 4), (1 3)(2 4)}

Definition 5.8. Suppose that k ≤ n. A k-cycle in Sn is an element (a1 a2 · · · ak).
Cycles (a1 · · · ak) and (b1 · · · bl) are disjoint if no element appears in both cycles: that is, if

{a1, . . . , ak} ∩ {b1, . . . , bl} = ∅

The identity element is the only 0-cycle. It is sometimes written (), if not otherwise denoted by e.

As the example (†) illustrates, when computing the product of several cycles, the result will typically
be a product of disjoint cycles. This will prove very useful in the next section when we discuss orbits.

Subgroup relations between symmetric groups It is easy to see that Sm ≤ Sn ⇐⇒ m ≤ n. For
example, fix the final n−m elements of {1, . . . , n} so that

Sm = {σ ∈ Sn : σ(i) = i, ∀i > m}.

In fact Sm is a subgroup of Sn in precisely (n
m) different ways: each copy of Sm arises by fixing n−m

elements of the set {1, . . . , n}: there are precisely ( n
n−m) = (n

m) ways of choosing these fixed elements.
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5.2 Dihedral groups

Definition 5.9. The dihedral group Dn is the group of symmetries of the regular n-gon (polygon with
n sides).

Group? Now that we have defined permutation groups it is very easy to see that the dihedral
groups are indeed groups. Observe that a symmetry of an n-gon can be viewed as a permutation of
the corners of the n-gon for which ‘neighborliness’ is preserved. This is similar to how we viewed
the Klein 4-group above.
For example, if we label the corners of the regular hexagon 1 through 6 then
we see that D6 is the set of σ ∈ S6 such that σ(1) is always next to σ(6) and
σ(2), etc.
Clearly this says that D6 ⊆ S6.
To see that D6 is a subgroup of S6, we need only note that the composition
of two neighbor-preserving transforms must also preserves neighbors, as
does the inverse of such a map.

1

23

4

5 6

Elements of Dn The regular n-gon has 2n distinct symmetries and so |Dn| = 2n. These consist of:

n rotations For each j = 0, . . . , n− 1, let ρj be rotation counter-clockwise by 2π j
n radians.

n reflections Let µj be reflection across the line making angle π j
n with the positive x-axis (make sure

you put one of the corners of the n-gon on the x-axis!).3

Remarks Some authors write D2n instead of Dn precisely because |Dn| = 2n: in this course, Dn will
always mean the symmetries of the n-gon.
Every dihedral group Dn is a subgroup of the orthogonal group O2(R). The correspondence is:

ρj =

cos
(

2π j
n

)
− sin

(
2π j

n

)
sin
(

2π j
n

)
cos

(
2π j

n

)  µj =

cos
(

2π j
n

)
sin
(

2π j
n

)
sin
(

2π j
n

)
− cos

(
2π j

n

)
It is a good exercise to convince yourself that these matrices really do correspond to the rotations and
reflections claimed. In particular multiply any two of them together and see what you get. . .

Subgroup relations between dihedral groups

Dm ≤ Dn ⇐⇒ m | n. Recall the discussion of geometric proofs earlier where we saw that D3 ≤ D6.
For instance, we can join every (n/m)th vertex of a regular n-gon to obtain a regular m-gon. Every
symmetry of the m-gon is then a symmetry of the n-gon.

3For even-sided polygons these are often labelled differently, and split into two subsets of n
2 reflections each. The

reflections µi are those which move all the corners of the n-gon, while δi refers to a reflection across a diagonal. We will see
this in our treatment of D4 below. In the abstract, is is simpler not to distinguish between these reflections.
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Explicit descriptions of D3 and D4

D3 is the group of symmetries of an equilateral triangle. If we label the
corners as in the picture, we can easily define the elements of the group.

ρ0 the identity

ρ1 rotate counter-clockwise by 2π
3 radians

ρ2 rotate clockwise by 2π
3 radians

µi reflect in the altitude through i

1

2

3
Here we write all the elements in permutation notation ad give the Cayley table.

◦ ρ0 ρ1 ρ2 µ1 µ2 µ3

ρ0 ρ0 ρ1 ρ2 µ1 µ2 µ3

ρ1 ρ1 ρ2 ρ0 µ3 µ1 µ2

ρ2 ρ2 ρ0 ρ1 µ2 µ3 µ1

µ1 µ1 µ2 µ3 ρ0 ρ1 ρ2

µ2 µ2 µ3 µ1 ρ2 ρ0 ρ1

µ3 µ3 µ1 µ2 ρ1 ρ2 ρ0

Element Standard notation Cycle notation

R
ot

at
io

ns

ρ0

(
1 2 3
1 2 3

)
e = ()

ρ1

(
1 2 3
2 3 1

)
(123)

ρ2

(
1 2 3
3 1 2

)
(132)

R
efl

ec
ti

on
s µ1

(
1 2 3
1 3 2

)
(23)

µ2

(
1 2 3
3 2 1

)
(13)

µ3

(
1 2 3
2 1 3

)
(12)

It should be immediately obvious that all the permutations of {1, 2, 3} are elements of D3, and so
D3 ∼= S3. Now we consider all the subgroups of D3 and its subgroup diagram.

Subgroup Isomorph Generating sets
{ρ0} C1 {ρ0}
{ρ0, µ1} C2 {µ1}
{ρ0, µ2} C2 {µ2}
{ρ0, µ3} C2 {µ3}
{ρ0, ρ1, ρ2} C3 {ρ1}, or {ρ2}

D3 S3
any pair {ρi, µj} where
i = 1, 2 and j = 1, 2, 3

D3

C3 C2 C2 C2

C1

How can we be certain that there are no other subgroups of D3? A careful consideration of generating
sets should convince you. For example, suppose that a subgroup contains two reflections: WLOG
suppose these are µ1, µ2. We compute the subgroup generated by {µ1, µ2}. It must include

µ1µ2 = ρ1, ρ2
1 = ρ2 µ1ρ1 = µ3

and thus the entire group.
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D4 is the group of symmetries of the square. It consists of four rotations
and four reflections: the notation δj for reflection across a diagonal is
used here, rather than labelling all reflections µj.

ρ0 the identity

ρ1 rotate counter-clockwise by π
2 radians

ρ2 rotate counter-clockwise by π radians

ρ3 rotate counter-clockwise by 3π
2 radians

µi reflect across midpoints of sides

δi reflect across diagonals

1

2

3

4

◦ ρ0 ρ1 ρ2 ρ3 µ1 µ2 δ1 δ2

ρ0 ρ0 ρ1 ρ2 ρ3 µ1 µ2 δ1 δ2

ρ1 ρ1 ρ2 ρ3 ρ0 δ2 δ1 µ1 µ2

ρ2 ρ2 ρ3 ρ0 ρ1 µ2 µ1 δ2 δ1

ρ3 ρ3 ρ0 ρ1 ρ2 δ1 δ2 µ2 µ1

µ1 µ1 δ1 µ2 δ2 ρ0 ρ2 ρ1 ρ3

µ2 µ2 δ2 µ1 δ1 ρ2 ρ0 ρ3 ρ1

δ1 δ1 µ2 δ2 µ1 ρ3 ρ1 ρ0 ρ2

δ2 δ2 µ1 δ1 µ2 ρ1 ρ3 ρ2 ρ0

Element Standard notation Cycle notation

ρ0

(
1 2 3 4
1 2 3 4

)
e = ()

R
ot

at
io

ns ρ1

(
1 2 3 4
2 3 4 1

)
(1234)

ρ2

(
1 2 3 4
3 4 1 2

)
(13)(24)

ρ3

(
1 2 3 4
4 1 2 3

)
(1432)

µ1

(
1 2 3 4
2 1 4 3

)
(12)(34)

R
efl

ec
ti

on
s

µ2

(
1 2 3 4
4 3 2 1

)
(14)(23)

δ1

(
1 2 3 4
1 4 3 2

)
(24)

δ2

(
1 2 3 4
3 2 1 4

)
(13)

All the subgroups are summarised in the following table. In particular, note that D4 � S4: the latter
has many more elements!

Subgroup Isomorph Generating sets
{ρ0} C1 {ρ0}
{ρ0, µi} C2 {µi} for each i
{ρ0, δi} C2 {δi} for each i
{ρ0, ρ2} C2 {ρ2}

{ρ0, ρ1, ρ2, ρ3} C4 {ρ1} or {ρ3}
{ρ0, µ1, µ2, ρ2} V {µ1, µ2}, {µ1, ρ2} or {µ2, ρ2}
{ρ0, δ1, δ2, ρ2} V {δ1, δ2}, {δ1, ρ2} or {δ2, ρ2}

D4 D4

any pair {ρi, µj} or {ρi, δj}
where i = 1, 3 and j = 1, 2 or
any pair {µk, δl}where k, l = 1, 2

D4

V C4 V

C2 C2 C2 C2 C2

C1

In the subgroup diagram, the middle C2 is {ρ0, ρ2} while the two copies on each side contain either
the reflections δi or µi.
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5.3 Orbits

In this section we continue the idea of a group being a set of permutations. In particular, we will see
how any element σ ∈ Sn partitions the set {1, 2, . . . , n}. This concept will be generalized later when
we consider group actions.

Definition 5.10. The orbit of σ ∈ Sn containing j ∈ {1, 2, . . . , n} is the set

orbj(σ) = {σk(j) : k ∈ Z} ⊆ {1, 2, . . . , n}

Observe that orbσk(j)(σ) = orbj(σ) for any k ∈ Z.
Be careful: each orbit is a subset of the set {1, 2, . . . , n}, not of the group Sn.

Examples If σ ∈ Sn is written in cycle notation (recall Definition 5.8) using disjoint cycles, then the
cycles are the orbits! For example, in S5,

Orbits of (134) are {1, 3, 4}, {2}, {5}
Orbits of (12)(45) are {1, 2}, {3}, {4, 5}

The same does not hold if the cycles are not disjoint. For example, σ = (13)(234) ∈ S4 maps

1 7→ 3 7→ 4 7→ 2 7→ 1

so there is only one orbit: orbj(σ) = {1, 2, 3, 4} for any j. In fact, σ = (1234), from which the orbit is
obvious.

Given that disjoint cycle notation is so useful for reading orbits, it is a natural question to ask if any
permutation σ can be written as a product of disjoint cycles. The answer, of course, is yes, with the
disjoint cycles turning out to be precisely the orbits of σ!

Theorem 5.11. The orbits of any σ ∈ Sn partition X = {1, 2, . . . , n}.

Proof. Define ∼ on X = {1, 2, . . . , n} by

x ∼ y ⇐⇒ y ∈ orbx(σ)

We claim that ∼ is an equivalence relation.

Reflexivity x ∼ x since x = σ0(x). X

Symmetry x ∼ y =⇒ y = σk(x) for some k ∈ Z. But then x = σ−k(y) =⇒ y ∼ x. X

Transitivity Suppose that x ∼ y and y ∼ z. Then y = σk(x) and z = σl(y) for some k, l ∈ Z. But
then z = σk+l(x) and so x ∼ z. X

The equivalence classes of ∼ are clearly the orbits of σ, which therefore partition X.

Corollary 5.12. Every permutation can be written as a product of disjoint cycles.
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Proof. Write out each of the orbits of σ ∈ Sn in order, placing each orbit in parentheses ( ). Since the
orbits of σ partition X = {1, 2 . . . , n} the cycles obtained are disjoint.
More concretely,

orb1(σ) = {1, σ(1), σ2(1), . . .}

If this orbit is the entirity of X, then we are finished. Otherwise, let

x1 = min{x : x 6∈ orb1(σ)}

and construct its orbit:

orbx1(σ) = {x1, σ(x1), σ2(x1), . . .}

This orbit must be disjoint with orb1(σ). Now repeat. It is immediate from the construction that

σ =
(

1 σ(1) σ2(1) · · ·
)(

x1 σ(x1) σ2(x1) · · ·
)(
· · · · · ·

)
Examples If you mechanically follow the algorithm for multiplying cycles (see the previous section)
you will automatically end up with a product of disjoint cycles:

1. (13)(234)(1432) = (123)

2. (13)(24)(12)(34) = (14)(23)

Note that disjoint cycles commute! E.g. (14)(23) = (23)(14).

Now that we are able to write any permutation as a product of disjoint cycles, we are able to compute
much more easily. For example:

Theorem 5.13. The order of a permutation σ is the least common multiple of the lengths of its disjoint cycles.

Proof. Write σ as a product of disjoint cycles σ = σ1 · · · σm. Since disjoint cycles commute, it it imme-
diate that

σn = σn
1 · · · σn

m

Moreover, since the terms σn
j permute disjoint sets, it follows that

σn = e ⇐⇒ ∀j, σn
j = e

A k-cycle clearly has order k (the least positive integer l such that (a1 · · · ak)
l = e). If the orbits of σ

have lengths αj ∈N respectively, it follows that

σn
j = e ⇐⇒ αj | n

Thus n must be a multiple of αj for all j. The least such n is clearly lcm{αj}.
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Example The order of σ = (145)(3627)(89) ∈ S9 is lcm(3, 4, 2) = 12.
We can easily calculate σ3465 for the above σ. Since 3465 = 12 · 288 + 9 we have

σ3465 = (σ12)288σ9 = σ9 = (145)9(3627)9(89)9 = (3627)(89)

since (145), (3627) and (89) have orders 3, 4 and 2 respectively.

5.4 Transpositions

Instead of breaking a permutation σ into disjoint cycles, we can consider a permutation as being
constructed from only the simplest bijections.

Definition 5.14. A 2-cycle (a1a2) is also known as a transposition, since it swaps two elements of
{1, 2, . . . , n} and leaves the rest untouched.

Theorem 5.15. Every σ ∈ Sn is the product of transpositions.

Proof. There are many, many ways to write out a single permutation as a product of transpositions.
One method is to first write σ as a product of disjoint cycles, then write each cycle as follows:

(a1 · · · ak) = (a1ak)(a1ak−1) · · · (a1a2)

Just look carefully to see that this works!

Example (17645) = (15)(14)(16)(17)

Definition 5.16. A permutation σ ∈ Sn is even/odd if it can be written as the product of an even/odd
number of transpositions.

Theorem 5.17. The concepts of even/odd are well-defined: every permutation is either even or odd, and not
both.

Proof. Recall that any permutation σ ∈ Sn can be written as an n× n permutation matrix (Definition
5.6). A 2-cycle is a permutation matrix which swaps two rows: it therefore differs from the n × n
identity matrix only in that two of its rows are swapped. For example

(24) =


1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0

 ∈ S4

From linear algebra we have that swapping two rows of a matrix changes the sign of its determinant.
Hence det(2-cycle) = −1. It follows that

det(σ) =

{
1 if σ is the product of an even number of 2-cycles,
−1 if σ is the product of an odd number of 2-cycles.

In particular σ cannot be both odd and even.
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5.5 The Alternating Groups

The concept of even permutations leads us to the definition of a new collection of groups.

Definition 5.18. The alternating group An (n ≥ 2) is the group of even permutations in Sn.

Theorem 5.19. An has exactly half the elements of Sn: that is |An| = n!
2 .

Proof. Since n ≥ 2, we have (12) ∈ Sn. Define φ : An → {odd permutations} by φ(σ) = (12)σ. We
claim that this is a bijection

1–1 φ(σ) = φ(τ) =⇒ (12)σ = (12)τ =⇒ στ. X

Onto If ρ is an odd permutation, then (12)ρ is even and so in An. Therefore ρ = φ((12)ρ). X

Since φ is a bijection, it follows that there are exactly the same number of even and odd permutations
in Sn. Exactly half of them are therefore even.

Examples: small alternating groups

1. A2 = {e} is extremely boring!

2. A3 = {e, (13)(12), (12)(13)} = {e, (123), (132)} is simply the cyclic group of order 3.

3. A4 = {e, (123), (132), (124), (142), (134), (143), (234), (243), (12)(34), (13)(24), (14)(23)} is the
first genuinely new group in the alternating family. It has order 12 and is non-Abelian: for
example

(123)(124) = (13)(24) 6= (14)(23) = (124)(123)

We already know of one non-Abelian group of order 12: the dihedral group D6. But we can
quickly see that A4 is non-isomorphic to D6: all elements of A4 have order 1, 2 or 3, while D6,
being the symmetries of a hexagon, contains a rotation of order 6.
A concrete appearance of A4 can be seen as the group of rotations of a tetrahedron. Either label
the corners of a tetrahedron, or the faces, with the numbers 1, 2, 3, 4. Can you visualize how
each element of A4 transforms each tetrahedron?
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////////////////////////////////////////////////////////////////////////////////
//
// (C) 2012--today, Alexander Grahn
//
// 3Dmenu.js
//
// version 20140923
//
////////////////////////////////////////////////////////////////////////////////
//
// 3D JavaScript used by media9.sty
//
// Extended functionality of the (right click) context menu of 3D annotations.
//
//  1.) Adds the following items to the 3D context menu:
//
//   * `Generate Default View'
//
//      Finds good default camera settings, returned as options for use with
//      the \includemedia command.
//
//   * `Get Current View'
//
//      Determines camera, cross section and part settings of the current view,
//      returned as `VIEW' section that can be copied into a views file of
//      additional views. The views file is inserted using the `3Dviews' option
//      of \includemedia.
//
//   * `Cross Section'
//
//      Toggle switch to add or remove a cross section into or from the current
//      view. The cross section can be moved in the x, y, z directions using x,
//      y, z and X, Y, Z keys on the keyboard, be tilted against and spun
//      around the upright Z axis using the Up/Down and Left/Right arrow keys
//      and caled using the s and S keys.
//
//  2.) Enables manipulation of position and orientation of indiviual parts and
//      groups of parts in the 3D scene. Parts which have been selected with the
//      mouse can be scaled moved around and rotated like the cross section as
//      described above. To spin the parts around their local up-axis, keep
//      Control key pressed while using the Up/Down and Left/Right arrow keys.
//
// This work may be distributed and/or modified under the
// conditions of the LaTeX Project Public License.
// 
// The latest version of this license is in
//   http://mirrors.ctan.org/macros/latex/base/lppl.txt
// 
// This work has the LPPL maintenance status `maintained'.
// 
// The Current Maintainer of this work is A. Grahn.
//
// The code borrows heavily from Bernd Gaertners `Miniball' software,
// originally written in C++, for computing the smallest enclosing ball of a
// set of points; see: http://www.inf.ethz.ch/personal/gaertner/miniball.html
//
////////////////////////////////////////////////////////////////////////////////
//host.console.show();

//constructor for doubly linked list
function List(){
  this.first_node=null;
  this.last_node=new Node(undefined);
}
List.prototype.push_back=function(x){
  var new_node=new Node(x);
  if(this.first_node==null){
    this.first_node=new_node;
    new_node.prev=null;
  }else{
    new_node.prev=this.last_node.prev;
    new_node.prev.next=new_node;
  }
  new_node.next=this.last_node;
  this.last_node.prev=new_node;
};
List.prototype.move_to_front=function(it){
  var node=it.get();
  if(node.next!=null && node.prev!=null){
    node.next.prev=node.prev;
    node.prev.next=node.next;
    node.prev=null;
    node.next=this.first_node;
    this.first_node.prev=node;
    this.first_node=node;
  }
};
List.prototype.begin=function(){
  var i=new Iterator();
  i.target=this.first_node;
  return(i);
};
List.prototype.end=function(){
  var i=new Iterator();
  i.target=this.last_node;
  return(i);
};
function Iterator(it){
  if( it!=undefined ){
    this.target=it.target;
  }else {
    this.target=null;
  }
}
Iterator.prototype.set=function(it){this.target=it.target;};
Iterator.prototype.get=function(){return(this.target);};
Iterator.prototype.deref=function(){return(this.target.data);};
Iterator.prototype.incr=function(){
  if(this.target.next!=null) this.target=this.target.next;
};
//constructor for node objects that populate the linked list
function Node(x){
  this.prev=null;
  this.next=null;
  this.data=x;
}
function sqr(r){return(r*r);}//helper function

//Miniball algorithm by B. Gaertner
function Basis(){
  this.m=0;
  this.q0=new Array(3);
  this.z=new Array(4);
  this.f=new Array(4);
  this.v=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.a=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.c=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.sqr_r=new Array(4);
  this.current_c=this.c[0];
  this.current_sqr_r=0;
  this.reset();
}
Basis.prototype.center=function(){return(this.current_c);};
Basis.prototype.size=function(){return(this.m);};
Basis.prototype.pop=function(){--this.m;};
Basis.prototype.excess=function(p){
  var e=-this.current_sqr_r;
  for(var k=0;k<3;++k){
    e+=sqr(p[k]-this.current_c[k]);
  }
  return(e);
};
Basis.prototype.reset=function(){
  this.m=0;
  for(var j=0;j<3;++j){
    this.c[0][j]=0;
  }
  this.current_c=this.c[0];
  this.current_sqr_r=-1;
};
Basis.prototype.push=function(p){
  var i, j;
  var eps=1e-32;
  if(this.m==0){
    for(i=0;i<3;++i){
      this.q0[i]=p[i];
    }
    for(i=0;i<3;++i){
      this.c[0][i]=this.q0[i];
    }
    this.sqr_r[0]=0;
  }else {
    for(i=0;i<3;++i){
      this.v[this.m][i]=p[i]-this.q0[i];
    }
    for(i=1;i<this.m;++i){
      this.a[this.m][i]=0;
      for(j=0;j<3;++j){
        this.a[this.m][i]+=this.v[i][j]*this.v[this.m][j];
      }
      this.a[this.m][i]*=(2/this.z[i]);
    }
    for(i=1;i<this.m;++i){
      for(j=0;j<3;++j){
        this.v[this.m][j]-=this.a[this.m][i]*this.v[i][j];
      }
    }
    this.z[this.m]=0;
    for(j=0;j<3;++j){
      this.z[this.m]+=sqr(this.v[this.m][j]);
    }
    this.z[this.m]*=2;
    if(this.z[this.m]<eps*this.current_sqr_r) return(false);
    var e=-this.sqr_r[this.m-1];
    for(i=0;i<3;++i){
      e+=sqr(p[i]-this.c[this.m-1][i]);
    }
    this.f[this.m]=e/this.z[this.m];
    for(i=0;i<3;++i){
      this.c[this.m][i]=this.c[this.m-1][i]+this.f[this.m]*this.v[this.m][i];
    }
    this.sqr_r[this.m]=this.sqr_r[this.m-1]+e*this.f[this.m]/2;
  }
  this.current_c=this.c[this.m];
  this.current_sqr_r=this.sqr_r[this.m];
  ++this.m;
  return(true);
};
function Miniball(){
  this.L=new List();
  this.B=new Basis();
  this.support_end=new Iterator();
}
Miniball.prototype.mtf_mb=function(it){
  var i=new Iterator(it);
  this.support_end.set(this.L.begin());
  if((this.B.size())==4) return;
  for(var k=new Iterator(this.L.begin());k.get()!=i.get();){
    var j=new Iterator(k);
    k.incr();
    if(this.B.excess(j.deref()) > 0){
      if(this.B.push(j.deref())){
        this.mtf_mb(j);
        this.B.pop();
        if(this.support_end.get()==j.get())
          this.support_end.incr();
        this.L.move_to_front(j);
      }
    }
  }
};
Miniball.prototype.check_in=function(b){
  this.L.push_back(b);
};
Miniball.prototype.build=function(){
  this.B.reset();
  this.support_end.set(this.L.begin());
  this.mtf_mb(this.L.end());
};
Miniball.prototype.center=function(){
  return(this.B.center());
};
Miniball.prototype.radius=function(){
  return(Math.sqrt(this.B.current_sqr_r));
};

//functions called by menu items
function calc3Dopts () {
  //create Miniball object
  var mb=new Miniball();
  //auxiliary vector
  var corner=new Vector3();
  //iterate over all visible mesh nodes in the scene
  for(i=0;i<scene.meshes.count;i++){
    var mesh=scene.meshes.getByIndex(i);
    if(!mesh.visible) continue;
    //local to parent transformation matrix
    var trans=mesh.transform;
    //build local to world transformation matrix by recursively
    //multiplying the parent's transf. matrix on the right
    var parent=mesh.parent;
    while(parent.transform){
      trans=trans.multiply(parent.transform);
      parent=parent.parent;
    }
    //get the bbox of the mesh (local coordinates)
    var bbox=mesh.computeBoundingBox();
    //transform the local bounding box corner coordinates to
    //world coordinates for bounding sphere determination
    //BBox.min
    corner.set(bbox.min);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //BBox.max
    corner.set(bbox.max);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //remaining six BBox corners
    corner.set(bbox.min.x, bbox.max.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
  }
  //compute the smallest enclosing bounding sphere
  mb.build();
  //
  //current camera settings
  //
  var camera=scene.cameras.getByIndex(0);
  var res=''; //initialize result string
  //aperture angle of the virtual camera (perspective projection) *or*
  //orthographic scale (orthographic projection)
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov*180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('\n3Daac=%s,', aac);
  }else{
      camera.viewPlaneSize=2.*mb.radius();
      res+=host.util.printf('\n3Dortho=%s,', 1./camera.viewPlaneSize);
  }
  //camera roll
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('\n3Droll=%s,',roll);
  //target to camera vector
  var c2c=new Vector3();
  c2c.set(camera.position);
  c2c.subtractInPlace(camera.targetPosition);
  c2c.normalize();
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('\n3Dc2c=%s %s %s,', c2c.x, c2c.y, c2c.z);
  //
  //new camera settings
  //
  //bounding sphere centre --> new camera target
  var coo=new Vector3();
  coo.set((mb.center())[0], (mb.center())[1], (mb.center())[2]);
  if(coo.length)
    res+=host.util.printf('\n3Dcoo=%s %s %s,', coo.x, coo.y, coo.z);
  //radius of orbit
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var roo=mb.radius()/ Math.sin(aac * Math.PI/ 360.);
  }else{
    //orthographic projection
    var roo=mb.radius();
  }
  res+=host.util.printf('\n3Droo=%s,', roo);
  //update camera settings in the viewer
  var currol=camera.roll;
  camera.targetPosition.set(coo);
  camera.position.set(coo.add(c2c.scale(roo)));
  camera.roll=currol;
  //determine background colour
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('\n3Dbg=%s %s %s,', rgb.r, rgb.g, rgb.b);
  //determine lighting scheme
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+=host.util.printf('\n3Dlights=%s,', curlights);
  //determine global render mode
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      currender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      currender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      currender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      currender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      currender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      currender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      currender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      currender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      currender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      currender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      currender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      currender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      currender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      currender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      currender='HiddenWireframe';break;
  }
  if(currender!='Solid')
    res+=host.util.printf('\n3Drender=%s,', currender);
  //write result string to the console
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Copy and paste the following text to the\n'+
    '%% option list of \\includemedia!\n%%' + res + '\n');
}

function get3Dview () {
  var camera=scene.cameras.getByIndex(0);
  var coo=camera.targetPosition;
  var c2c=camera.position.subtract(coo);
  var roo=c2c.length;
  c2c.normalize();
  var res='VIEW%=insert optional name here\n';
  if(!(coo.x==0 && coo.y==0 && coo.z==0))
    res+=host.util.printf('  COO=%s %s %s\n', coo.x, coo.y, coo.z);
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('  C2C=%s %s %s\n', c2c.x, c2c.y, c2c.z);
  if(roo > 1e-9)
    res+=host.util.printf('  ROO=%s\n', roo);
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('  ROLL=%s\n', roll);
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov * 180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('  AAC=%s\n', aac);
  }else{
    if(host.util.printf('%.4f', camera.viewPlaneSize)!=1)
      res+=host.util.printf('  ORTHO=%s\n', 1./camera.viewPlaneSize);
  }
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('  BGCOLOR=%s %s %s\n', rgb.r, rgb.g, rgb.b);
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+='  LIGHTS='+curlights+'\n';
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      defaultrender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      defaultrender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      defaultrender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      defaultrender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      defaultrender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      defaultrender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      defaultrender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      defaultrender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      defaultrender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      defaultrender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      defaultrender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      defaultrender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      defaultrender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      defaultrender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      defaultrender='HiddenWireframe';break;
  }
  if(defaultrender!='Solid')
    res+='  RENDERMODE='+defaultrender+'\n';

  //detect existing Clipping Plane (3D Cross Section)
  var clip=null;
  if(
    clip=scene.nodes.getByName('$$$$$$')||
    clip=scene.nodes.getByName('Clipping Plane')
  );
  for(var i=0;i<scene.nodes.count;i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd==clip||nd.name=='') continue;
    var ndUTFName='';
    for (var j=0; j<nd.name.length; j++) {
      var theUnicode = nd.name.charCodeAt(j).toString(16);
      while (theUnicode.length<4) theUnicode = '0' + theUnicode;
      ndUTFName += theUnicode;
    }
    var end=nd.name.lastIndexOf('.');
    if(end>0) var ndUserName=nd.name.substr(0,end);
    else var ndUserName=nd.name;
    respart='  PART='+ndUserName+'\n';
    respart+='    UTF16NAME='+ndUTFName+'\n';
    defaultvals=true;
    if(!nd.visible){
      respart+='    VISIBLE=false\n';
      defaultvals=false;
    }
    if(nd.opacity<1.0){
      respart+='    OPACITY='+nd.opacity+'\n';
      defaultvals=false;
    }
    if(nd.constructor.name=='Mesh'){
      currender=defaultrender;
      switch(nd.renderMode){
        case scene.RENDER_MODE_BOUNDING_BOX:
          currender='BoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
          currender='TransparentBoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
          currender='TransparentBoundingBoxOutline';break;
        case scene.RENDER_MODE_VERTICES:
          currender='Vertices';break;
        case scene.RENDER_MODE_SHADED_VERTICES:
          currender='ShadedVertices';break;
        case scene.RENDER_MODE_WIREFRAME:
          currender='Wireframe';break;
        case scene.RENDER_MODE_SHADED_WIREFRAME:
          currender='ShadedWireframe';break;
        case scene.RENDER_MODE_SOLID:
          currender='Solid';break;
        case scene.RENDER_MODE_TRANSPARENT:
          currender='Transparent';break;
        case scene.RENDER_MODE_SOLID_WIREFRAME:
          currender='SolidWireframe';break;
        case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
          currender='TransparentWireframe';break;
        case scene.RENDER_MODE_ILLUSTRATION:
          currender='Illustration';break;
        case scene.RENDER_MODE_SOLID_OUTLINE:
          currender='SolidOutline';break;
        case scene.RENDER_MODE_SHADED_ILLUSTRATION:
          currender='ShadedIllustration';break;
        case scene.RENDER_MODE_HIDDEN_WIREFRAME:
          currender='HiddenWireframe';break;
        //case scene.RENDER_MODE_DEFAULT:
        //  currender='Default';break;
      }
      if(currender!=defaultrender){
        respart+='    RENDERMODE='+currender+'\n';
        defaultvals=false;
      }
    }
    if(origtrans[nd.name]&&!nd.transform.isEqual(origtrans[nd.name])){
      var lvec=nd.transform.transformDirection(new Vector3(1,0,0));
      var uvec=nd.transform.transformDirection(new Vector3(0,1,0));
      var vvec=nd.transform.transformDirection(new Vector3(0,0,1));
      respart+='    TRANSFORM='
               +lvec.x+' '+lvec.y+' '+lvec.z+' '
               +uvec.x+' '+uvec.y+' '+uvec.z+' '
               +vvec.x+' '+vvec.y+' '+vvec.z+' '
               +nd.transform.translation.x+' '
               +nd.transform.translation.y+' '
               +nd.transform.translation.z+'\n';
      defaultvals=false;
    }
    respart+='  END\n';
    if(!defaultvals) res+=respart;
  }
  if(clip){
    var centre=clip.transform.translation;
    var normal=clip.transform.transformDirection(new Vector3(0,0,1));
    res+='  CROSSSECT\n';
    if(!(centre.x==0 && centre.y==0 && centre.z==0))
      res+=host.util.printf(
        '    CENTER=%s %s %s\n', centre.x, centre.y, centre.z);
    if(!(normal.x==1 && normal.y==0 && normal.z==0))
      res+=host.util.printf(
        '    NORMAL=%s %s %s\n', normal.x, normal.y, normal.z);
    res+=host.util.printf(
      '    VISIBLE=%s\n', clip.visible);
    res+=host.util.printf(
      '    PLANECOLOR=%s %s %s\n', clip.material.emissiveColor.r,
             clip.material.emissiveColor.g, clip.material.emissiveColor.b);
    res+=host.util.printf(
      '    OPACITY=%s\n', clip.opacity);
    res+=host.util.printf(
      '    INTERSECTIONCOLOR=%s %s %s\n',
        clip.wireframeColor.r, clip.wireframeColor.g, clip.wireframeColor.b);
    res+='  END\n';
//    for(var propt in clip){
//      console.println(propt+':'+clip[propt]);
//    }
  }
  res+='END\n';
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Add the following VIEW section to a file of\n'+
    '%% predefined views (See option "3Dviews"!).\n%%\n' +
    '%% The view may be given a name after VIEW=...\n' +
    '%% (Remove \'%\' in front of \'=\'.)\n%%');
  host.console.println(res + '\n');
}

//add items to 3D context menu
runtime.addCustomMenuItem("dfltview", "Generate Default View", "default", 0);
runtime.addCustomMenuItem("currview", "Get Current View", "default", 0);
runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);

//menu event handlers
menuEventHandler = new MenuEventHandler();
menuEventHandler.onEvent = function(e) {
  switch(e.menuItemName){
    case "dfltview": calc3Dopts(); break;
    case "currview": get3Dview(); break;
    case "csection":
      addremoveClipPlane(e.menuItemChecked);
      break;
  }
};
runtime.addEventHandler(menuEventHandler);

//global variable taking reference to currently selected node;
var target=null;
selectionEventHandler=new SelectionEventHandler();
selectionEventHandler.onEvent=function(e){
  if(e.selected&&e.node.name!=''){
    target=e.node;
  }else{
    target=null;
  }
}
runtime.addEventHandler(selectionEventHandler);

cameraEventHandler=new CameraEventHandler();
cameraEventHandler.onEvent=function(e){
  var clip=null;
  runtime.removeCustomMenuItem("csection");
  runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);
  if(clip=scene.nodes.getByName('$$$$$$')|| //predefined
    scene.nodes.getByName('Clipping Plane')){ //added via context menu
    runtime.removeCustomMenuItem("csection");
    runtime.addCustomMenuItem("csection", "Cross Section", "checked", 1);
  }
  if(clip){//plane in predefined views must be rotated by 90 deg around normal
    clip.transform.rotateAboutLineInPlace(
      Math.PI/2,clip.transform.translation,
      clip.transform.transformDirection(new Vector3(0,0,1))
    );
  }
  for(var i=0; i<rot4x4.length; i++){rot4x4[i].setIdentity()}
  target=null;
}
runtime.addEventHandler(cameraEventHandler);

var rot4x4=new Array(); //keeps track of spin and tilt axes transformations
//key event handler for scaling moving, spinning and tilting objects
keyEventHandler=new KeyEventHandler();
keyEventHandler.onEvent=function(e){
  var backtrans=new Matrix4x4();
  var trgt=null;
  if(target) {
    trgt=target;
    var backtrans=new Matrix4x4();
    var trans=trgt.transform;
    var parent=trgt.parent;
    while(parent.transform){
      //build local to world transformation matrix
      trans.multiplyInPlace(parent.transform);
      //also build world to local back-transformation matrix
      backtrans.multiplyInPlace(parent.transform.inverse.transpose);
      parent=parent.parent;
    }
    backtrans.transposeInPlace();
  }else{
    if(
      trgt=scene.nodes.getByName('$$$$$$')||
      trgt=scene.nodes.getByName('Clipping Plane')
    ) var trans=trgt.transform;
  }
  if(!trgt) return;

  var tname=trgt.name;
  if(typeof(rot4x4[tname])=='undefined') rot4x4[tname]=new Matrix4x4();
  if(target)
    var tiltAxis=rot4x4[tname].transformDirection(new Vector3(0,1,0));
  else  
    var tiltAxis=trans.transformDirection(new Vector3(0,1,0));
  var spinAxis=rot4x4[tname].transformDirection(new Vector3(0,0,1));

  //get the centre of the mesh
  if(target&&trgt.constructor.name=='Mesh'){
    var centre=trans.transformPosition(trgt.computeBoundingBox().center);
  }else{ //part group (Node3 parent node, clipping plane)
    var centre=new Vector3(trans.translation);
  }
  switch(e.characterCode){
    case 30://tilt up
      rot4x4[tname].rotateAboutLineInPlace(
          -Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(-Math.PI/900,centre,tiltAxis);
      break;
    case 31://tilt down
      rot4x4[tname].rotateAboutLineInPlace(
          Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(Math.PI/900,centre,tiltAxis);
      break;
    case 28://spin right
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            -Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 29://spin left
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 120: //x
      translateTarget(trans, new Vector3(1,0,0), e);
      break;
    case 121: //y
      translateTarget(trans, new Vector3(0,1,0), e);
      break;
    case 122: //z
      translateTarget(trans, new Vector3(0,0,1), e);
      break;
    case 88: //shift + x
      translateTarget(trans, new Vector3(-1,0,0), e);
      break;
    case 89: //shift + y
      translateTarget(trans, new Vector3(0,-1,0), e);
      break;
    case 90: //shift + z
      translateTarget(trans, new Vector3(0,0,-1), e);
      break;
    case 115: //s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1.01);
      trans.translateInPlace(centre.scale(1));
      break;
    case 83: //shift + s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1/1.01);
      trans.translateInPlace(centre.scale(1));
      break;
  }
  trans.multiplyInPlace(backtrans);
}
runtime.addEventHandler(keyEventHandler);

//translates object by amount calculated from Canvas size
function translateTarget(t, d, e){
  var cam=scene.cameras.getByIndex(0);
  if(cam.projectionType==cam.TYPE_PERSPECTIVE){
    var scale=Math.tan(cam.fov/2)
              *cam.targetPosition.subtract(cam.position).length
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }else{
    var scale=cam.viewPlaneSize/2
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }
  t.translateInPlace(d.scale(scale));
}

function addremoveClipPlane(chk) {
  var curTrans=getCurTrans();
  var clip=scene.createClippingPlane();
  if(chk){
    //add Clipping Plane and place its center either into the camera target
    //position or into the centre of the currently selected mesh node
    var centre=new Vector3();
    if(target){
      var trans=target.transform;
      var parent=target.parent;
      while(parent.transform){
        trans=trans.multiply(parent.transform);
        parent=parent.parent;
      }
      if(target.constructor.name=='Mesh'){
        var centre=trans.transformPosition(target.computeBoundingBox().center);
      }else{
        var centre=new Vector3(trans.translation);
      }
      target=null;
    }else{
      centre.set(scene.cameras.getByIndex(0).targetPosition);
    }
    clip.transform.setView(
      new Vector3(0,0,0), new Vector3(1,0,0), new Vector3(0,1,0));
    clip.transform.translateInPlace(centre);
  }else{
    if(
      scene.nodes.getByName('$$$$$$')||
      scene.nodes.getByName('Clipping Plane')
    ){
      clip.remove();clip=null;
    }
  }
  restoreTrans(curTrans);
  return clip;
}

//function to store current transformation matrix of all nodes in the scene
function getCurTrans() {
  var tA=new Array();
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd.name=='') continue;
    tA[nd.name]=new Matrix4x4(nd.transform);
  }
  return tA;
}

//function to restore transformation matrices given as arg
function restoreTrans(tA) {
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(tA[nd.name]) nd.transform.set(tA[nd.name]);
  }
}

//store original transformation matrix of all mesh nodes in the scene
var origtrans=getCurTrans();

//set initial state of "Cross Section" menu entry
cameraEventHandler.onEvent(1);

//host.console.clear();
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////////////////////////////////////////////////////////////////////////////////
//
// (C) 2012, Michail Vidiassov, John C. Bowman, Alexander Grahn
//
// asylabels.js
//
// version 20120912
//
////////////////////////////////////////////////////////////////////////////////
//
// 3D JavaScript to be used with media9.sty (option `add3Djscript') for
// Asymptote generated PRC files
//
// adds billboard behaviour to text labels in Asymptote PRC files so that
// they always face the camera under 3D rotation.
//
//
// This work may be distributed and/or modified under the
// conditions of the LaTeX Project Public License.
// 
// The latest version of this license is in
//   http://mirrors.ctan.org/macros/latex/base/lppl.txt
// 
// This work has the LPPL maintenance status `maintained'.
// 
// The Current Maintainer of this work is A. Grahn.
//
////////////////////////////////////////////////////////////////////////////////

var bbnodes=new Array(); // billboard meshes
var bbtrans=new Array(); // billboard transforms

function fulltransform(mesh) 
{ 
  var t=new Matrix4x4(mesh.transform); 
  if(mesh.parent.name != "") { 
    var parentTransform=fulltransform(mesh.parent); 
    t.multiplyInPlace(parentTransform); 
    return t; 
  } else
    return t; 
} 

// find all text labels in the scene and determine pivoting points
var nodes=scene.nodes;
var nodescount=nodes.count;
var third=1.0/3.0;
for(var i=0; i < nodescount; i++) {
  var node=nodes.getByIndex(i); 
  var name=node.name;
  var end=name.lastIndexOf(".")-1;
  if(end > 0) {
    if(name.charAt(end) == "\001") {
      var start=name.lastIndexOf("-")+1;
      if(end > start) {
        node.name=name.substr(0,start-1);
        var nodeMatrix=fulltransform(node.parent);
        var c=nodeMatrix.translation; // position
        var d=Math.pow(Math.abs(nodeMatrix.determinant),third); // scale
        bbnodes.push(node);
        bbtrans.push(Matrix4x4().scale(d,d,d).translate(c).multiply(nodeMatrix.inverse));
      }
    }
  }
}

var camera=scene.cameras.getByIndex(0); 
var zero=new Vector3(0,0,0);
var bbcount=bbnodes.length;

// event handler to maintain camera-facing text labels
billboardHandler=new RenderEventHandler();
billboardHandler.onEvent=function(event)
{
  var T=new Matrix4x4();
  T.setView(zero,camera.position.subtract(camera.targetPosition),
            camera.up.subtract(camera.position));

  for(var j=0; j < bbcount; j++)
    bbnodes[j].transform.set(T.multiply(bbtrans[j]));
  runtime.refresh(); 
}
runtime.addEventHandler(billboardHandler);

runtime.refresh();
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