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1 Introduction

Petri usually introduced the concept of coordination and synchronization using
the regimen or organization rule for people carrying buckets to extinguish a fire
[8] or by cars driving in line on a road with varying distances as shown in Figure
1 (from [9]). In the corresponding causal and infinite net, cars are represented
by black tokens moving forward in time and space, whereas the gaps are moving
also forward in time but in the opposite spacial direction’.
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Fig. 1. Cars in Petri space.

! In the net, the gaps are also ordinary black tokens but are represented here by a
cross to distinguish them from the cars.



As Petri always followed the principle of discrete modelling, resulting in finite
structures, he defined cycloids by folding such structures with respect to space
and time. While Petri introduced cycloids in [8], a more formal definition has
been given in [5], [13] and [14]. As a consequence of this formalization some
properties could be derived, leading for instance to a synthesis procedure based
on observable parameters of the cycloid net, among which is the length of a
minimal cycle. However, the concrete structure of a circular traffic queue given
by a definite number of ¢ traffic items and g gap instances was not given. As
examples of circular traffic items of cars, trains, air crafts, computer tasks or
electronic particles can been seen.

Motivation and results of this report are summarized as follows:

a) Presentation and formal definitions of circular traffic queues as elementary
models of synchronisation and cooperation.

b) Definition of circular traffic queues independently from Petri net modelling
by rewriting systems and transition systems.

¢) Determination of safe nets, safe and secure cycloids that are behaviour equiv-
alent to the models in b).

d) Identification of the new class of reqular cycloid systems.

e) Introduction of the notion of release message chain and cycle as synchro-
nization mechanism and tool for isomorphism proofs.

f) Interpretations of minimal cycloid cycles and the application of cycloid syn-
thesis to circular traffic queue systems.

g) Relating the found cycloids to unfoldings of coloured nets.

h) Cycloid composition and iteration.

As they will be used in different contexts in this article, we recall some
standard notations for set theoretical relations. If R C A x B is a relation and
U C A then R[U] := {b|3 u € U|(u,b) € R} is the image of U and R|a] stands
for R[{a}]. R! is the inverse relation and RT the transitive closure of R. If
R C A x A is an equivalence relation then [a] g is the equivalence class of the
quotient A/R containing a. Furthermore N, Z and R denote the sets of positive
integer, integer and real numbers, respectively. For a, b € Z the term a|b denotes,
that a is a divisor of b.

2 Circular Traffic Queues

We define two classes of circular traffic queues, both with a number ¢ of traffic
items. In the first model these traffic items, going from left to right, exchange
their position with a number g of different traffic items moving in the opposite
direction. In the second model the opposite traffic items are anonymous and can
be interpreted as gaps.

Definition 1. A circular traffic queue tq(c, g) is defined by two positive integers
c and g. Implicitly with these integers we consider two finite and disjoint sets
of traffic items C = {a1, - ,ac} and G = {uq,--- ,uqy} with cardinalities ¢ and



g, respectively. A state is a bijective index function ind : {1,--- ,n} - C UG,
hence c+ g =n.
The labelled transition system LTS(c,g) = (States, T, tr,indy) of tq(c, g) is

defined by a set States of states, a set of transitions T = {({(t;,a;)|1 < i <
n,1 < j < ¢}, a transition relation tr and a regular initial state indy. The
regular initial state is given by indy(i) = a; for 1 < i < ¢ and indy(i) = gi—c
for ¢ < i < n. The transition relation tr C States x T x States s defined by
(indl, <<ti,aj>>,ind2) cir &

JueG:indi(i) =a; € C A indi((i +1)modn) =u A

indy(i) =u A inda((i+1)mod n) = a; A

indz2(m) = indi(m) for all m ¢ {i, (i + 1) mod n}

This is written as ind; «ti’—a;» indy or ind; — inds. A transition sequence
ndy — ind; — -+ — indy of minimal length, leading from the initial state
indy back to indy is called a recurrent sequence. As usual ind, 5 inds denotes
the reflexive and transitive closure of tr. We restrict the set of states to the states
reachable from the initial state: States := R(LTS(c,g),indy) := {ind|indy =
ind}.

A more intuitive notation would be to consider a state as a word of length n
over the alphabet C' UG with distinct letters only, and the rewrite rule au — ua
with a € C, u € G when inside the word and u---a — a---u at the borders.
An example of two such transitions from tq(3,4) isuabvwzc — vavbwac —
cavbwzu with C = {a,b,c} and G = {u,v,w,z}. The model can be seen as
two queues of different traffic items from C and G moving in opposite direction,
but preserving their relative order in the cycle. When defining the elements of G
to be indistinguishable, they can be interpreted as gaps interchanging with the
traffic items from C.

Definition 2. A circular traffic queue with gaps tq-g(c, g) is defined as in Def-
inition 1, with the difference that |G| = 1 and the index function ind is not
bijective in general, but only on the co-image ind~*(C). In addition we require
that there is at least one gap: ind=1(G) # 0. As the number g from Definition 1
is not longer needed, we use it here to define the number of gaps: g :=n—c > 1.

Setting G = {x} for tg-¢(3, 4) the example from above modifies to x abxxxc —
xaxbxxc — caxbxxx. The model can be seen as a queue of different traffic items
from C moving right if facing a gap. While the regular initial state is natural
in the sense that the traffic items start without gaps in between, in a different
context it is useful that the gaps are equally distributed. If for instance, as in the
examples after the following definition of a standard initial state, the numbers ¢
and g are even, the queue in its initial state is composed of two equal subsystems

(8]

with the parameters § and §. An analogous situation holds for larger divisors.

Definition 3. A standard initial state indy of a circular traffic queue tq(c,g) is
defined by the state indo(1)ind(2)o - - - indo(n) = aywiasws - - - a.w, with a; € C,
wj € G (set of words of lengthrj over G) andr; = |{x € N|j—1 < -z < j}|
for1<j<c.



To be a consistent definition it should be verified that all the r; sum up to g.

C
Lemma 4. Ifind is the standard initial state of Definition 3 then > r; =g.
i=j
Proof. This follows from the observation that the intervals in the definition of
ri are disjoint and define all together aset { s e N|0 < £ -2 <c} ={a €
N |0 < z < g} of cardinality g. O

To give an example, we consider the case ¢ = 4, g = 6. We obtain (r1,r2,73,74)
(1,2,1,2) and a3 xXagxxagXasxx for the resulting standard initial state. The sets
in the definitions of r; and rq are {1} and {2, 3}, respectively. For ¢ = 6,9 = 4
we obtain ajas X ag X asas X agX .

Theorem 5. Let be A = ged(e, g) the greatest common divisor of ¢ and g.

a) The length of each recurrent sequence (Definition 1) of a circular traffic queue
with gaps tq-g(c,g) is I'(c,g) :==c- (c+g).

b) The length of each recurrent sequence of a circular traffic queue tq(c,g) is

E(eg) =% (ctg)-c

Proof. In both cases we start with a regular initial state
indy = a1az - - acuUg - - - ug with a; € C and up, € G.

a) In the first case all u; equal x. To reach the initial state indy for the first
time, each traffic item a; € C has to make n = ¢ + g steps. Hence in total,
we have I'(c, g) := c(c+ g). Each transition of a traffic item a;,1 < j < ¢ is
occurring in a position ¢,1 <4 < n. It could be unambiguously labeled by [¢;, a;].
Hence the number of transitions is I'(c, g).

b) Since the model tq(c, g) is symmetric with respect to G and C, as well as
the result Z(c, g) := %c(c+ g)g to be proved, it is sufficient to consider the case
g > c. Furthermore we assume g > 1 since for g = 1 we also have ¢ = 1 and the
problem reduces to case a) of the proof.

The recurrent sequence to be constructed is split into several pieces. We start
by shifting all cars to the end of the queue requiring g steps for each and g - ¢
steps in total:

. g-c—times
indy = a1az - QU U2 -~ Ug — —>  UUg - Ug@1A2 - - e (1)

Then we move the cars back to their initial position, needing c - ¢ steps:
c-C
UTUg - -~ UgQ1G2 -+ * Qe — G102 - Qelet] * - - Uglly - - - U (2)

Ignoring the individual names of the elements u;, € G we have the situation
described in case a) of the proof needing ¢- g+ c-c =c- (c+ g) steps. But here
in case b) of the proof the initial state is not yet reached since the items uy, are
not necessary in their initial order. Therefore the ¢ - (¢ + g) steps have to be
repeated in a number of different levels. In the following, the step from level &k to
k 4 1 is shown. The letter Uk denotes that the item u;; of level k is in position

ind ™ (ui;) = j.



c(ctg)
103 - Gyt - U 8 @10+ Gl Uygesr - -+ U1
12 g 5! 2 g (3)

With w1 = Ugr i ey modg

We now consider the sequence uu;z2 - - U of the first items from G for all
levels k in equation (3): Utz -+ - uge - - - starting with u;y = uy from indp. The
initial state is reached when Uk = Ut = Uy for the first time. By induction,
beginning with equations (1) and (2): U1 = U1, U2 = U14. and by the induction
step from equation (3): U1 = Uik 4 ) mod g WE CONCIUdE Uik = Uk.ct1) mod g-
Hence to determine the value of k for a recurrent sequence we have to find the
smallest nontrivial solution in the following equation:

(k-c+1)modg=1 (4)

Next we prove k = Z to be a solution of (4), where € N. This is proved by:
(£-c+1)modg = ([(£-g) mod g] + [1 mod g]) mod g = (0+ 1) mod g = 1
since g > 1. In this calculation £ has to be an integer. Therefore x is a divisor of
c. The same holds for £ = £ and x has also to be a divisor of g. For a minimal
non-trivial solution we obtain x = ged(c,g) = A and k = 4. Recall that k is the
number times the step from equation (3) has to be repeated to obtain a recurrent
transition sequence. This gives the result Z(c,g) =k-c-(c+g) = %. O
The proof has shown that a sequence has to be repeated 4 times after having
reached a state where all traffic items from C are in their initial order. To
obtain an adequate labelling of the transitions we add a counter k,0 < k < r to
represent the repetitive behaviour. The counter is implemented as an exponent
of the names of traffic items a% and transitions t*. Each time the traffic item a;
starts a new round in its (initial) position j € {1,---,¢} (with respect to the
regular initial state) the counter is increased. With the values of i and k in the
following definition, for each traffic item a; a number p = n - r of process states
is reached. Later we will restrict to the cases r = 1 (no repetition) and r = 4.

Definition 6. Let ber € Ny and C" := {a%|a; € C,1 < k <r}. A (r-repetitive)
labelled transition system LT'S,(c, g) = (States, T, tr,indy) with p = r - n and
¢, g,n = c+ g € Ny is defined by a set States of states as in Definition 1
with C replaced by C", a set of transitions T = {(tk,a;)|1 < v < p,1 <k <
r,1 < j < c}. The transition relation tr C States x T x States is defined by
(indy, (¥, a;)),inds) € tr <
JueG Fie{l, - ,nt:v=k-n+iA
indy (i) = af € C” A indi((i +1)modn) =u A
indz(i) =u A [inda((i + 1) mod n) = a? ifi # j elsea
inda(m) = indy(m) for all m ¢ {i, (i + 1) mod n}
In particular, we consider the special cases tq-2(c, g) := LT'Sy(c,g) withp = %-n
and tq-1(c,g) := LTS, (c,g). In the latter cases we have r = 1 and the labelling
of the transitions can be simplified to (t;,a;)).

(k+1) modr

j J A



For preparing the modelling of alternative formalisms, in particular of Petri
nets in Section 4, we give a specification of circular traffic queues by their proper-
ties. To be free from a more sequential specification we prefer a message-oriented
formulation. This is similar to Petri’s notion of a permit signal in [10].

Definition 7. A circular traffic queue tq-1(c,g) respectively tq-2(c,g) has the
following properties. Next, u € G denotes a gap in the case of tq-1(c,g) and a
traffic item in the case of tq-2(c, g).
a) Each traffic item a € C and u € G is in exactly in one of n = c+ g positions.
b) Fach traffic item a € C can make a step from position i € {1,--- ,n} to
position (i + 1) mod n, if it has received a release message from u € G in
position (i + 1) mod n. After this step the u € G is in position i.
¢)The length of recurrent transition sequences is I'(c,g) = ¢-n and Z(c, g) :=
£ - c-n, respectively.
d) tq-2(c, g) consists of & copies of transition systems of type tq-1(c, g).
After c-n steps each transition sequence enters the next of these copies.

This specification is denoted as a definition, but requires some justification.
The items a), b) and c¢) follow from the definitions of a circular traffic queue.
The supplement concerning tg-2(c, g) follows from the proof of Theorem 5.

3 Cycloids

In this section (Petri-) nets and cycloids are defined. Also results which are used
in this article are cited from [13] and [14]. New with respect to these articles are
results on regular cycloids and the use of matrix algebra in proofs.

Definition 8. A net N is defined by a triple (S, T, F) where S is an non-empty
set, called set of state elements or places, a non-empty setT' of transitions and
a flow relation F', with the following restrictions: SNT = () and F C SxTUT x S.
An element from X := SUT s said to be a net element of N. Given two
nets N = (S,T,F) and N = (8",T", F'), a net morphism [11] is a mapping
[:X = X', denoted f N =N, if f(FN(SxT)) C(F'N(S"xT"))Uid and
F(FN(T x8)) C(F'n(T'x8))Uid. It is an isomorphism if it is bijective
and the inverse mapping f ' is also a net morphism. In this case N" and N are
said to be isomorphic, which is denoted by N ~ N.
‘r = Flz], 2° := Flx] denote the input and output elements of an element
x, respectively.

A transition t € T is active in a marking M C S if "t C M andt" N M = 0.

If a transition t € T is active in a marking M C S, the follower marking M’
is defined and given by M’ = M\"tUt". In this case we write M L M'. As usual,
the reflexive and transitive closure of this relation is denoted M = M’ (M’ is
reachable from M.) A net together with an initial marking My C S is called a
net-system (N, M) with its reachability set R(N, My) := {M|My = M}. The
reachabilty graph RGN, My) = (R(N, My), —) is defined by the reachability set
as the set of nodes and the follower marking relation — as its set of arrows.
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Fig. 2. Denomination of Petri space elements

Definition 9. A Petri space is defined by the net
PS; :=(51,T1,F1) where
S1=87UST, ST ={sg,|&meZ}, ST ={s{, |&neZy, Sy NS =0,
T1 = {tf,n|§,77 € Z}a
Fy = A{(te,s¢,) 16,m € Zy U{(sg) tevrn) 1€ n € Z}U
{(temsse ) 1&m € ZYUL(sg, tensa) |§m € Zi
X1 := S51UTy. ST is called set of forward places and S7~ the set of backward

places. "te, = Sgl1,y is the forward input place of ten and in the same way
Tleg = sE, 0, te, = sgy, and to = sE
Definition 10. A cycloid is a net C(a,8,7,0) = (S,T,F), defined by para-
meters «,B,7,0 € Ny, by a quotient of the Petri space PSy := (51,11, F1)
(Definition 9), with respect to the equivalence relation = C X1 x X1 with
E[S?] c S5y, E[Si_] - Si_7 E[Tl] ct,
Tem = Tetmadtny, n—mpB4ns Jor allEmmn e Z, X =X,/=
[z]=F [yl & ' €z]= W € yl=: 2’ Fry  forall z,ye Xy .

The matriz A = (aﬁ g) is called the matriz of the cycloid. The value of

its determinant is A = det(A) = ad + fy = |T|. As it equals the number of
transitions it is called the area of C(a, 8,7, 0).
Cycloids are T-nets?, i.e. nets with |"s| = |s"| = 1 for all places s € S.
Isomorphic nets are called as cycloids, as well. The embedding of a cycloid
in the Petri space is called fundamental parallelogram (see Figure 3, ignore
the tokens for the moment). If the cycloid is represented as a net N (without
explicitly giving the parameters «, B3,v,8) we call it a cycloid in net form C(N).

For proving the equivalence of two points in the Petri space the following
procedure is useful.

2 Also called marked graphs.



Fig. 3. Fundamental parallelogram of C(2,4, 3, 2)

Definition 11. For two points X1,Xo € X1 and the vector v = xg—x71 we define
a parameter vector w(v) = (m,n) of the parameters m and n of Definition 10.

Theorem 12. The parameter vector has the value ©(v) = % - B+ v where A is

the area and %B = % (g _07> is the inverse of the cycloid matriz A. To decide
the equivalence X1 = Xg it is suffient to check whether n(v) = n(x2—x1) € ZXZ.

Proof. For x; := <§71) ,Xg 1= (fﬁ) ,V := X9 — X1 from Definition 10 we obtain
1 2

: . & & +ma+ny
trix form: x; = x5 < 3 Z : = A
In matrix form: x; = Xo m,n € (772 no —mfB + né

o (&L ¢ _(ma+ny\ [ a my\ m
ez = (270) = () = (53) () = A () <
<TT’Z):A1v€Z><Z.

. _ : b -7\ .
It is well-known that A~! = ﬁ(A)B with B = 3 oj) if det(A) > 0 (see
any book on (linear) algebra, [6] for example). The condition det(A) = A =
ad + By > 0 is satisfied by the definition of a cycloid. O

Using Theorem 12 we derive the parameters m and n for the corners of the
fundamental parallelogram.

Theorem 13. With respect to the origin the parameters for the corners O, P,
Q@ and R are (0,0), (1,0), (0,1) and (1,1), respectively.



Fig. 4. Fundamental parallelograms with parameters for equivalent elements.

Proof. We give the proof in the case of R, while the other cases are proved in a

similar way. Using the coordinates (§+g) of R we obtain by Theorem 12:

(CFT)) = 1 =7\ (a+7) _ 1 (0lat+y)=v(—-B)) _ 1 (A} _

s-8)) = a\pa)\s-5 Blaty) +al6-p)) ~ A\4
1

(1) :
To give an example, in Figure 4 the fundamental parallelogram (Roman num-

ber I) of the cycloid C(4,2,2,3) with corners O, P, R, and @ is given together

with parts of the eight neighbouring fundamental parallelograms (Roman num-

bers II - IX). Starting from a transition x of the fundamental parallelogram the

equivalent transition in such a neighbouring fundamental parallelogram is ob-

tained by the corresponding parameters (m,n) placed below the romain number.
For instance, the transitions y1, y2 and yg are obtained by:

meren ()0 (4()-(0
onesen (8- () (L0 )
monesr ()6 (L)) -6

NG
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Note that the added vectors are the repetitive vectors between the corners of the
fundamental parallelogram: y; —x = PQ,y2 —x =0Q,y3 —x =0

Theorem 14 ([13][14]). The following cycloids are isomorphic to C(«, ,7,0):

a) C(B,a,d,7), (This cycloid will be called the dual cycloid of C(«, 3,7, 9).)
b) Cla, B,y —z-a,6+z-5)ifc €N and vy >z -«
¢) Cla, Byv+x-a,6 —x- ) ifx €Ny and 6 >z - .

Proof. Part a) has been proved in [13][14] as well b) and c) for the special case
of x = 1. The current form is derived by iterating the result. O

Definition 15. For a cycloid C(a, 8,7,0) constructed as a quotient from the
Petri space PS1 = (S1,T1,F1) by the equivalence relation = we define a
cycloid-system C(a, B,, 8, My) or C(N, My) by adding the standard initial mark-
mg
Mo = {sg, €877 | BE+an <0 A B(E+1)+an > 0} /= U
{86, €57 1BE+an <0 A BE+an+1) > 0} /=

As in the case of circular traffic queues we define a regular initial marking
for cycloids. It is characterized by the absence of gaps between the traffic items.
In the case of the standard initial marking for every cycloid the transition ¢ o
is active (Lemma 4.2 of [13],[14]). For a regular initial marking it is semi-active
only, as there is no gap in the following position. The corresponding token is
in 57 5. The next traffic item is in position 2 of the queue. The correspond-
ing token is in s7; _; (see Figure 3). This argument holds for all but the last
transition. The corresponding traffic item is in position § of the queue. The cor-
responding token is in s _ 5. ;. The last transition is facing all a gaps and can
therefore make « steps without another traffic item moving. Therefore we have
tokens corresponding to the gaps in the places s§—_ 5, , 851 4 (see Figure
3). Equivalent places within the fundamental parallelogram can be computed.
For instance, the regular initial marking of C(4, 3, 3, 3) is represented within the
fundamental parallelogram by highlighted places in Figure 8.

Definition 16. For a cycloid C(a, 8,7,9) a regular initial marking is defined by
a number of B forward places {s~; ;| 0 > i > 1— B} and a number of a backward
places {s;_ 5| 0<i<a—1}.

Theorem 17 ([13][14]). The length of a minimal cycle of a cycloid C(a, 8,7, 0)

8
B _ L%j(a—ﬂ) ifa<p
cyc(a, B,7,0) =cyc=v+3d + {—sz(a—ﬁ) ifa>p

As proved in [13][14], we can compute the parameters «, 3, and 6 of a
cycloid from its net presentation from the system parameters 79, 7., A and cyc.
7o and 7, refer to the standard initial marking M. 7y is the number of transitions
having as least one marked input place, 7, is the number of active transitions,
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A is (as before) the number of all transitions and cyc is the minimal length of
transition cycles. The corresponding equivalence is denoted as o-equivalence.
Similar to the theory of regions, the following procedures do not necessarily give
a unique result. But for a # [ the resulting cycloids are isomorphic.

Definition 18. Cycloid systems with identical system parameters 19, T4, A and
cyc are called o-equivalent.

Theorem 19 ([13][14]). Given a cycloid system C(c, 3,7,0, My) in its net re-
presentation (S, T, F, My) where the parameters 19, Tq, A and cyc are known (but
the parameters a, 3,7,0 are not). Then a o-equivalent cycloid C(a/,[,~',d")
can be computed by o = 19, B = 7, and for v',8' by some positive integer
solutions of the following formulas using these settings of a and 3:

a) case & > ': v mod o = O‘/;yfcﬁf,A and § = i(A_/B’.V/%

b) case o/ < f': ¢ mod ' = % and v = %(A —a -0,

c) case o/ = f': ' = [%°] and o' = | 4]

These equations may result in different cycloids which are isomorphic in the
cases a) and b).

Definition 20. Given a net N'= (S, T,F),t € T,M C S, Petri defines [8]:

a) Contact(t, M) :&= "tC M A t°NM#
b) ReverseContact(t,M):<= t° C M A "tNM #(
¢) Transjunction(t, M) = "tNM #0 A t° N M #0

A net system (N, My) is

d) safe if VM € R(N, My) Vt € T : =Contact(t, M) A =ReverseContact(t, M),

e) secure if it is safe and VM € R(N,My) V¢t € T : =Transjunction(t, M)
and

f) live® if VM € R(N, My) Vt € T IM' € R(N, M) : M = M' At active in
M.

Theorem 21 ([14]). The net system (N, My) = (S, T, F, My) of a cycloid sys-
tem C(a, 8,7, 6, My) is live and safe and if v, > 2 it is also secure.

Circular traffic queues are composed by a number of ¢ sequential and inter-
acting processes of equal length. In the formalism of cycloids this corresponds to
a number of 3 disjunct processes of equal length p. Cycloids with such a property
are called regular.

Definition 22. A cycloid C(a, 3,7,0) with area A is called regular if for each
n€{0,---,1— [} the set set {t¢ |1 <& < p} withp = % of transitions together
with the places within forms an elementary cycle* and all these sets are disjoint.
p is called the process length of the regular cycloid. A regular cycloid together
with its regular initial marking My is called a regular cycloid system (C, My).

3 live is used in the usual form (e.g. see [4], page 59)
4 An elementary cycle is a cycle where all nodes are different.



12

Theorem 23. A cycloid C(«, B8,7,9) is reqular if and only if 5 is a factor of J.

Proof. We first prove that starting in any point t¢, of the fundamental para-
llelogram of the cycloid and proceeding in direction of the &-axis we will return
to t¢,, after passing p = % transitions.

By Theorem 12, to decide t¢4p,y = te,y it is sufficent to check whether

w(v) =7((£+p),n) — (&,n)) € Z x Z. Therefore we compute 7(v) = 7( <g>) =

— 3p
% (g 07> (g) = ( gjp). % is the smallest value for p to obtain an integer

value in the second component of the last vector. Therefore an equivalent point
is not reached before passing p transitions and the cycle is elementary. By the
first component, to fulfill 6'7” = 2 ¢ 7 it is necessary and sufficient that j3 is a
factor of d. It follows that there is a number of 8 such elementary cycles of length
% covering the entire set of A transitions. Therefore no pair of these cycles can

have a common transition. O

Regular cycloids can be seen as a system of 8 disjoint sequential, but cooperating
processes. To exploit this structure we define specific coordinates, called regular
coordinates, which are adapted to the process structure. The process of a traffic
item a; starts with transition ¢g¢ which is denoted [¢1,a1], having the input
place [so, a1]. The next transitions are [t2,a1] up to [tp,a1] and then returning
to [t1,a1]. The other processes for ag to a. (with 8 = ¢) are denoted in the same
way. In Figure 5 these transitions are shown together with the coordinates of the
Petri space. The latter will be also called standard coordinates. Not all places
and arrows are represented in this figure.

Definition 24. Given a regular cycloid C(a, 8,7, 0) regular coordinates are de-
fined as follows: transitions of process j € {1,---,8} each with length p are
denoted by {[t1,q;],--- ,[tp,a;]}. For each transition [t;,a;] the output places
are called [s;,a;] and [s},a;]. The output transition of [s;,a;],1 < j < B is
[t(i+1) modp» @j]. The output transition of [s},a;] follows from the definition of
the cycloid and is given in Lemma 25. Regular coordinates are related to stan-
dard coordinates of the Petri space by defining the following initial condition
[tl,aj] = tlijlfj fO’f' 1 S ] S ﬁ

While the output place [s}, a;] in regular coordinates takes its name from the
input transition, it remains to determine the output transition according to the
corresponding standard coordinates.

Lemma 25. The injective mapping stand from regular to standard coordinates
is given by stand([t;,a;]) = ti—j1—; for 1 <i <pand 1l < j < B. The output
transition of [s;,a1] is [s},a1])" = [titatp—1)modp ag] while for 1 < j < j the
output transition of [s;,a;] is [t(i—1)modps@j—1]. If B = v = & the two cases
coincide.
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S—}
10
80, @1] [50, @] [3(1| ﬂ_ﬁ]
- 8 s
[t1,a1] too [t1,a] to1,-1 [t1, a5 ti—g1-p
[81,a1] [s1,as] 57 [51.a3]

[ta, aq) |%| tio

[tprﬂl] I%I—j

tp—1,0

[t2,a2) I%l to.-1

[ty ag]lﬁ_j

tp—‘z,—l

[tz;ﬂjll? t2-8,1-8

Sa lsa'b’]@ sjl,l—ﬂ

[tps s D_j

ty—p1-5

Fig. 5. Regular cycloid system with regular and standard coordinates (extract).

Proof. For a given j by Definition 24 we have [t1,a;] := t1_,1—;. Adding a
value ¢ — 1 to the index of ¢; we obtain the index of ¢;, hence stand([t;, a;]) :=
b jt(i-1),1—5-

To prove [s}, a;]" = [t(—1) mod ps @j—1] for 1 < j < 3 we first compute the cor-
responding standard coordinate stand([t;, a;]) = t;—;1—;. To obtain the output
transition of [s},a;] we go to the next transition in n-direction #;,_;q1_;4+1 and
obtain stand ™! (ti—j2—;) = [t(i—j)—(2—j)+1 @1—(2—j)] = [ti—1,a;-1], where modp
is omitted.

To make the proof for [s},a;] we start with [¢;, a1] and compute again
stand([t;, a1]) = ti—1,0- The next transition in n-direction is ¢;_1,1 (see Figure
6). Using Theorem 12 we prove the equivalence t;_11 = t;—14a,1—

. ) A-p "
(D (= G () - (s
1) = () ez

Going back to the corresponding regular coordinates the desired result is
obtained: standil(ti_Ha,l_g) = [t(i_1+a)_(1_ﬂ)_1,al_(l_[g)} = [t¢+a+5_1,a5)]
where mod p is omitted again. If 5 =~ = 0 the two cases coincide as p = o + .

O

Corollary 26. The regular initial marking of a regular cycloid system
Cla, 8,7, 9, My) with process length p is
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[tlaﬂ'l

Fig. 6. Computation of the input transition of [s}, a1].

Mo = {[5i, @(i+1)moa ][0 < i < B =1} U{[s},a1]lp —a+1 < < p}.

For later reference, we note * [tg, ag] = [Sp—a+1,a1]-

Proof. Since the mapping stand is defined on transitions, from the first place of
My in Corollary 26 [so, @(04+1)mod 3] We g0 to its output transition [t1,a;] and
apply stand([t1,a1]) = to,0. Going back in {-direction we obtain s~ ;, which is
the first element in Definition 16. Doing the same with [sg_1, agmod 3] We come
via stand([tg,ag]) = ts-p1-p = to,1-p to s7 ;5. Hence we obtain the entire
forward places from Definition 16. Since the mapping stand is injective we can
conclude also in the inverse direction.

To prove the second part of the union recall that the last traffic item ag is acti-
vated. Therefore also the backward input place [s}, a1] of [tg, ag] must be marked.
Using Lemma 25 the value of i must satisfy [s},a;]" = [t(i+a+B—1) modp> A8] =
[t3,as], hence (i+a+ 5 —1)modp = and i = (1 — ) modp =p — o+ 1. This
holds since 8|d = S < 6 and therefore p = 4 = a% 4+~ > a. The marked place
in question is therefore [s{, a1] = [s},_,1,a1]. To determine the other elements
of {[s}, a1]|p—a+1 < i < p} recall that the last traffic item ag should be able to
make « steps before any other transition has to occur. Therefore also the places
[5p—at2> 1] tO [S,_ 414, a1] must be marked in the regular initial marking. O

ol

As an example see the regular cycloid system C(3,3,3,3, Mp) in Figure 10.
The given regular initial marking is {[so, a1], [$1, az2], [s2, as), [s}, a1], [sk, a1],

[sGs a1], [$%, a1]}. By bold circles the standard initial marking is also given.

It is useful in some cases to express the minimal cycle length cyc of a regular
cycloid by its process length p. While this can be perfectly done for the case
a < fin the complementary case only partial results are achieved. These cover,
however, all the cases required in Section 4. Compared with general cycloids the
lack of symmetry of regular cycloids becomes apparent by these results.
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Lemma 27. Let be C(«, 3,7,9) a regular cycloid with process length p and
minimal cycle length cyc.

a) cyc=pifa <.
b) If a > B and « divides v then cyc = g - p.

c) cyce=2-Bifa>pP=vy=0.

Proof. a) By Theorem 17 and 6 = m - 3 for some m € Z we obtain cyc =
y+o+ L%J-(a—ﬂ) =~v+m-f+ L%ﬂ(a—ﬁ) = v+ m-«. This term equals
p=4%=%d+57)=F(a-m-B+pBy)=a -m+7.

b) If a > 3 case a) applies to the dual cycloid C(5,«,d,7y) (Definition 14),
which is regular since « divides . Hence cyc = p’ where p’ = = % = is
the process length of the dual cycloid which is isomorphic to C(a, 8,7,9) by
Theorem 14.

c)Ifa>p=y=dthencyc=vy+d—[2|-(a=pB)=B+p—-0-(a—p). If
a=f=y=0thencyc=7+0+ 5] (a=B)=B+5+1-0. O

Q>

The regular cycloid C(4,3,3,6) does not satisfy any of the conditions of The-
orem 27. The parameters in question are cyc = 9, p = 11 and g -p = % - 11.

a) b)

Fig. 7. Cycloid C(4,2,1,1) with regular initial marking and minimal cycle in a)
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4 Net Representations of Traffic Queues

In this section different forms of traffic queues are represented by nets and cy-
cloids. We first show that the basic net for a circular traffic queue in Figure 19
a) equals C(g,¢,1,1). The proof starts from the specification from Definition 7
to derive the parameters 79, 74, A and cyc. Then using Theorem 19 the cycloid is
determined in terms of the parameters «, 8, and 4. This approach has the ad-
vantage, that it is undoubtedly to obtain a cycloid as a result. This is, however,
not a complete proof, since it was not shown, that the specifications are correct
and complete. Therefore a proof is added showing that the nets are isomor-
phic. This proof is complete but does not give insight into structural properties.
Afterwards similar proofs are given for more complex cycloids.

4.1 Representation of a circular queues by safe cycloids

Using Theorem 19 cycloids can be generated directly from Theorem 5 and the
specifications of a circular traffic queue in Definition 7.

Theorem 28. Searching for a safe net meeting the specifications of a circular
traffic queue with gaps tq-1(c, g) (Definition 6) the cycloid Cy(g,c) :=C(g,¢,1,1)
can be deduced. More precisely, the cycloid is isomorphic to the net Nygsic(c, g)
of Figure 19 a).

Proof. From Petri’s papers [8], [7] or [10] it follows definitely that the first two
parameters are 8 = ¢ and a = g. To follow a more formal approach we determine
the parameters 79, 7,, A and cyc and then apply Theorem 19 to determine the
parameters «, 8,7 and ¢ of the cycloid C(g,¢, 1,1).

Consider first the case g > ¢ and the state a; x ¥1as x*2 ... a. x ¥, Due to
the assumption g > c it is possible to have k; > 1 (1 < j < ¢). This means
that all traffic items a; are able to move right, i.e they are active and therefore
Ta = B = c. Ty is the number of initially marked transitions. All g positions of the
queue which are empty send a release message to the left. Therefore a number
of 79 = a = g transitions are marked, among these the ¢ active transitions
mentioned before. Given a fixed traffic item a and a fixed position in the queue,
in a recurrent sequence the traffic item enters the position exactly once. Hence
there are g + ¢ transitions. In the same step the traffic item a gives a release
message to enable the access to the position it is leaving. This results in a minimal
cycle of length 2.

With the parameters 7, = 8 = ¢, 79 = a = g, A = g+c and cyc = 2 obtained,
aeyesA _ 92-(04e) _ 9=¢ _ | With

a— —c g—c
1

g
a solution 7 = 1 of this equation we obtain 6 = = (A—8-v) = %(c—f—g—ol) =1.

ko

we compute with Theorem 19 : v mod g =

[

Next we prove that this cycloid C(g, ¢, 1, 1) is isomorphic to the basic tg-net
Npasic(c,g) from Definition 32 and Figure 19 a). Starting in the origin (0,0) of
the fundamental parallelogram of C(g, ¢, 1,1) using Theorem 12 we compute the
smallest point (£,0) on the &-axis equivalent to (0,0):
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Fig. 8. Cycloid C(4, 3,3, 3) represented as a net system.

(1) =4 (5) v = (1)) (5) = ste ()

The smallest positive integer for m is £ = g + ¢. Since A = g + c all transitions
have their position on the &-axis from (0,0) to (g + ¢ — 1,0) and form a cycle.
This cycle is isomorphic to the cycle ¢y - - - t.44 the basic net of Figure 19 a). It
remains to prove that t;0 (1 < ¢ < ¢+ g) is connected to t,_1 via a place
isomorphic to s forming a cycle of length 2. As the backward output place of
tiois 3;',_0 and the output transition of the latter is ¢; 1 (see Figure 7 a)) we have
to prove: t;_1,0 = t;,1. This is done by Theorem 12 using v = (¢,1) — (i — 1,0):

(=2 ()= (D) ()= (2,) = () ezxz

For the case g < ¢ we observe that the net from Figure 19 a) is symmetric
in the following sense. Interpreting the places s, s5, - 5., , to be the slots of
the traffic items instead of si, 5, - Sc14 We obtain an isomorphic system. By
the construction in the first part of this proof we obtain the cycloid C(c, g, 1,1)
which is isomorphic to C(g, ¢, 1,1) by Theorem 14. Therefore the theorem holds
also in this case. a

As an example, in Figure 7 b) the cycloid C(4,2,1,1) is shown. To illus-
trate the preceding proof by dashed lines the following equivalent transitions are
given: 39 = to _1, ta0 = t3,—1 and t50 = t4,—1. The transitions g0, - ,t5,0
on the {-axis are instances of the transitions tg o, -+ ,tg4c—1,0 in the proof. The
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places s, 8] _1, 85 1, 831, 83 _o and sj_, correspond to the ”complementary
places” s1,55," ", 5.4, of the net from Figure 19.

4.2 Representation of circular queues by secure cycloids

Cycloids are more expressive to model circular traffic queues and of particular
interest with respect to different questions. For instance, they respect individual
trafic items, similar to coloured nets. To distinguish them from the preceeding
model in Theorem 28 we assume ¢ > 1 to obtain secure cycloids.

ticct1,Qj—ct1]

[Sfi—c+25 aj—c-i-l] /@/O,
. ”’-.'5,0
[ti—c+25 aj—c—l—l] ) . !f\/@_
R
-SJf;

. %

. “f-'%

) [ti—1,a5-1] a;]

[tit15@5—cta] l%} O- [ti, a;]

(8541 @j—c+1]

Fig. 9. Release message cycle in C(g, ¢, ¢, ¢).

Most important in the next theorem is the computation of the minimal length
cyc of cycles. Candidates are the length of the processes p = ¢ + g and of the
release message cycle rm = 2-c. The latter starts with the release message chain
which is the sequence of release messages from traffic item a. to a.—1, from a._1
to ac._o and so on. This can be seen as the most important synchronization
mechanism of the system. Finally we obtain cyc = min{p,rm}.

Theorem 29. Searching for a regular cycloid meeting the specifications of a
circular traffic queue with gaps tq-1(c, g) (Definition 6) the cycloid C1(g,c) :=
C(g,c,c,c) can be deduced. It has the process length p = g + ¢ and minimal cycle

_|p=g+cifc>g . .
length cyc = {2 . ifg>c (in accordance with Lemma 27 a) and c)).
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Proof. For the determination of o and 3 we argue as in Theorem 28, i.e. « = g
and 8 = c. If the total number of transitions is A and there are c¢ traffic items
with the same process length, this process length is p = %. In a secure cycloid,
due to the Lemma of Petri/Stehr, all these cycles are disjoint. Petri made the
assertion [10] that a cycloid with +,d > 2 is secure, if every pair of successive
arcs lies on a basic cycle. A basic circuit is a cycle with exactly one edge marked.
This has been proved (also for the more general case of T-systems) by Stehr [12]

and it is therefore called the Lemma of Petri/Stehr.

As there is a number ¢ of disjoint communicating processes of equal length
p the net to be constructed is a regular cycloid (Definition 22) and we can
use the naming of Definition 24 and Figure 5. The missing places of this net
are obtained by considering condition b) of the specification in Definition 7 as
follows. Transition [t;,a;] models the step of car a; in position ¢. In this step
it is sending a release message to be received by car a(j_1)modn by transition
[t(i=1) modns @(j—1)modc]- This is modelled by a new place [s},a;] and arrows
([ti, aj], [}, a;] and ([s}, a;], [t(i—1) modns @(j—1) mod c] (see Figure 14). As a result,
we obtain additional ¢ - p places, i.e. in total the double of the number of tran-
sitions.

To find a minimum length cycle, we next consider a sequence of transi-
tions, which we call the release message chain, rm-chain for short. The rm-chain
starts in some transition [t;,a;] and continues via place [s}, a;] and transition
[ti—1,aj—1] down to [t;—cy1,@;—ct1], i.e. the process of all traffic items are passed
(see Figure 9). Again, first and second index is computed modulo n and ¢, re-
spectively. In the following the rm-chain is closed to a release message cycle.

To close the cycle we continue within the process cycle of car a;_.41 a num-
—

ber of ¢ transitions until [t;—c414c, @j—ct+1] = [tit1, @j—ct1] and [tig1, aj_cr1] " =
[8i415@j—ct1]. For the final step by Lemma 25 there are two cases to com-
pute [s},1,a;_cy1]” = [ti,a;] (Figure 9). If aj_.41 = a1 then [}, ,a;_c41]" =
[tit1+g+e—1,0ac) = [ti,a ] since (i+1+g+c—1)mod(g+c)=iand j—c+1=
1 = c¢c= j If Aj—c+1 7£ al then [ ;Jrl,aj_c_;'_l]. = [ti,aj_c+1_1} = [t,-,aj] since
(j —c)modc=j.

The length of the rm-cycle is rm = 2 - ¢ transitions and there is non shorter
cycle connecting the process cycles. These process cycles have the length of
p= A =< (°C+g ) = 4 g transitions and are also candidates for an overall minimal
cycle Therefore the overall minimal cycle of the cycloid is cyc = min{2-¢, c+ g}
or cye — {2 c ifg>c

ct+gifec>yg

For a regular cycloid we construct the following recurrent transition sequence,

starting with [t., a.] in the standard initial marking: [t., ac], [te=1, @c-1],- -,

[t1,a1], - s [tern—1,0c)s [tern, Ge—1], -+ - |[tn, a1] of length ¢ - n. By [14] the
cycloid is strongly connected and therefore has a T-invariant of the form
(x,x,--+ ,x),x € Z (see reference [3]). This means that all recurrent sequences

contain each transition exactly once, as it is in the constructed one and we have
A=T(c,g) =c-(g+c) (by Definition 7 ¢), Theorem 5).
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Fig.10. C(4, 3,3, 3) represented as regular cycloid.
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Using this value of cyc, and the parameters o = g, 5 = ¢ and A we can apply
Theorem 19:

case: g=a > B3 =c ymod g = O‘Zy_ch = g-2~c;i-§
a solution and § = 2 (A — B -v) = %(c- (g+c)—c-c)=c

case: g=a < 8 =c ymod c = LA = gIQ'C;EC(,ngC)
a solution and § = 2 (A — 8- 7) = %(c- (g+c)—c-c)=c

case: g=a=fF=cy=0= %] =c O

9t — ¢, where v = c is

= ¢, where v = ¢ is

The cycloid C(4,3,3,3) from Figure 8 is an example for Theorem 29. In
Figure 10 the same cycloid is given but its graph is adapted to the definition of
a regular cycloid. Some regular coordinates, like [so,a1] and [t1, a;], are added.
One of the rm-cycles is highlighted. It has the length rm =2.-c¢=2-8=06.

Also in the next theorem the length rm of the release message cycle is im-
portant to determine cyc. Here we will obtain rm = p + (¢ — g) and cyc =
min{p,rm} = p if ¢ > g. The case ¢ < g is solved by symmetry considerations.

Fig. 11. The release message cycle in C(g, ¢, ¢, £F) with £ = 2.

Theorem 30. Searching for a reqular cycloid meeting the specifications of a cir-

cular traffic queue tq-2(c, g) (Definition 6) the cycloid C2(g,c) := C(g, ¢, %5, %)
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Fig.12. C(2,3,6,6) represented as a regular cycloid.
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can be deduced. It has a process length p = % (g + ¢) and minimal cycle length
Cyc:{p S(g+c) ife>g

c c - ' d ith L 27 db)).
Cp=%lgto)ifg>c (in accordance with Lemma 27 a) and b))

Proof. The proof is the same as for Theorem 29 until the computation of the
length of the rm-chain. Due to the increased length of processes the rm-chain
cannot be closed as in this case. By the specification of Definition 7 the transition
system of tg-2(c,g) is a composition of 4 copies of the transition system of
tq-1(c, g). This is schematically shown in Figure 11 for the case 4 = 2. At full
arcs one place is omitted. At dotted arcs with label A\ a number of A transitions
is supposed (including beginning and end of the arc). For the upper copy the the
rm-chain from transition a via transitions b and ¢ to d cannot be closed, but is
continued to the lover copy. To this end a number g — 1 of additional transitions
are to be passed. From e via f the rm-chain is closed to complete a rm-cycle.
In the general case the structure of the upper copy is repeated a number of %
times. Hence, for the overall length of the rm-cycle is the number of transitions
on a path from transition a to transition f by repeating the path from b to d
a number of £ — 1 times: rm = (c = 1)+ ({ —1)-(c+1+g—-1)+c+1=
Z-(g+c)+(c—g) =p+(c—g) If c > g the length of the rm-cycle is not
smaller than the process-length p, which is the minimal cycle in this case, hence
cyc = % - (g + ¢). The model tq-2(c,g) is symmetric with respect to ¢ and g.
The same proof can be made with ¢ and g interchanged and cyc = 5 - (g + ¢) if
¢ < g. For the value of A = Z(c, g) we argue as in the proof of Theorem 29.

Using these values of cyc, and the parameters « = g, § = cand A = Z(c, g) =
4 (g9 +¢) - c we can apply Theorem 19:

c

aeyc—A _ g5 (g+e)—F (g+0)c
a—B g—c
~ = g is a solution and § = é(A—ﬁﬂy) = %(%(g—}—c)c—c.g) :c.(QT“_l)_

case: g =a > =c ymod g = = 0, where

The resulting cycloid is C(g, ¢, g, ¢ - (££¢ — 1)). By Theorem 14 c) this cycloid is
equivalent to C(a, 8,7+ o, —x-3). With x = £ —1 we obtain v’ = y+z-a =
g+ (-1 -g=%andd=6—z-B=c (L-1)— (£ -1) c= 2.

o % (g+e)—&-(gHo)c

case: g=a < fB=c:dmodc= B‘nyEA = = =0, , where
6:cisasoluti0nandfy:%(A—oz-é):é(%(g—l—c)-c—c-g):g-(%rc—l).

The resulting cycloid is C(g,¢, g - (gzc —1),¢). By Theorem 14 b) this cycloid is

equivalent to C(a, B,y —z-a, 6 +x-3). Withz = £ —1 we obtainy = y—z-a =

g (-1 —(§5-1)-g=%andd=6+z-B=c+ (1) c=2L.
case: g = a = f =y =0 =[%] = £ In all cases we obtain

Clg, e, %5, 55). O

The cycloid C(2,3,6,6) from Figure 12 is an example for Theorem 30. Its
graph is adapted to the definition of a regular cycloid. Some regular coordinates,
like [sg,a1] and [t1,a1], are added. One of the rm-cycles is highlighted. It has
the length rm =p+ (¢ —g) =10+ (3 — 2) = 11.
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4.3 Isomorphisms

While in Section 4.2 the synthesis of cycloids as models of circular traffic queues
from the specification has been described the next section is dedicated to anal-
ysis. We will prove that the obtained cycloids are behaviour equivalent to the
circular traffic queues. This is done using operational semantics, i.e. comparing
the transition systems.

Theorem 31. a) The reachability graph of the cycloid system (C1(g,c), Mp) :=
C(g,¢,c,c, My) is isomorphic to the labelled transition system LTSy (c, g)
(p = n = c+g), where My and indy are the regular initial marking and
state, respectively.

b) The reachability graph of the cycloid system (C2(g, c), Mo) := C(g, ¢, &5, &5, M)
is isomorphic to the labelled transition system LTSy(c,g) (p = % -n
% - (c+9)), where My and indy are the regular initial marking and state,
respectively.
In both cases the same holds for the standard initial marking.

Proof. The reachability graph RG(N, My) = (R(N, Mp),—) of the cycloid can
be seen as a labelled transition system LTS’ = (States’,T”,tr',indj). Each
marking contains the same number n = g 4+ ¢ of marked places as this holds in
the initial marking of the T-net. Therefore we also consider such a marking as
an ordered set by an index function ind’ : {1,--- ,n} — S, where S is the set of
places.

The labelled transition systems LTS := LT'Sy(c, g) and LTS are isomorphic
if there are bijective mappings ¢ and . ¢ gives for each state ind € States a
corresponding state ind’ = ¢(ind) € States’ and v gives for each transition
t € T a corresponding transition ¢’ = (t) € T". The following condition is
required: (indy,t,indy) € tr < (p(indy), ¥ (t), p(indz)) € tr’. The cycloids of
the theorem are regular by Theorem 23 and we can use its regular coordinates
(Definition 24, Lemma 25). In the remaining proof, all indices containing i are
understood modulo n in a) and modulo p in b). All indices containing j are
understood modulo c.
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Part a) of the theorem: As r = 1 in this case, we can use C instead of C7,
5

Definition of ¢ and .

If RG and RG’ are the sets of reachable states of LT'S and LTS’ respectively,
then the corresponding states and markings are defined by index functions
ind and ind'. Using ind the mapping ¢ is given by defining the corresponding
ind’. Recall that following Definition 24 the places have names of the form
[si—1,a;] representing traffic item a; in position ¢ and [s}, a;] representing
the release message from transition [t;, a;] (Figure 14).

Si—1 if ZTLd(Z) S C

. i A
For 1 < i < let be ind (i) := [8;, next(i)] with §; = {s’» if ind(i) € G

where next(i) = a if ind(i) = a € C. If ind(i) = u € G consider, starting in
1, the following modulo-n-unfolded sequence of indexed state components of
length n:

ind(2)ind(i + 1) - - -ind(n)ind(1) - - - ind(i — 1).

If wiugy - u;, € GT is a maximal block of elements from G starting in
ind(i) = u = u;, then define: next(i) := ind((k + 1) modn) € C.

Hence, if ind(i) = a; € C then next(i) = a; and ind'(i) = [s;—1, a;|. How-
ever, if ind(i) € G then next(i) = a; € C which is the first a; € C after
position i and ind’ (i) = [s}, a;].

In the word form a state (as described following Definition 1) can be rep-
resented as word of length n in the form wjug - - - ura1Ur12 - - UpraoUpr49 - - -
where u; = X is in position ¢. The image by the mapping ¢ is

[s1, arllsh, aa] -+ - s, an][sr, anl[s). 0, @2 - - 87, ao] sy asl[s)r 15, as] - - - . Note
that a; and as are at positions r+1 and r’ 41, respectively. On top of Figure
13 the case for a state of length n = 7 is shown. Below its image under ¢ is
given together with a fragment of the cycloid C(4, 3, 3, 3).

The mapping ¥({(t;, a;)) = [ti, a;] ¥ is obviously injective and also surjective
as LTS := LTS,(c,g) has a number of I'(c,g) = c- (¢ + g) transitions
(Theorem 5) as well as (C(g,¢,c,¢), Mp) with A=g-c+c-c.

(Sl,t, Sz) € tr = ((p(Sl),’gb(t), (p(Sz)) S tr'.

A transition from a state component [i, a;] implies that a traffic item a; in
position 4 is moving to position ¢+1. This is possible if position i+1 is free (see
Figure 14). Hence two positions are involved: ind(:)ind(i+1) = a;x and this
is changed by transition [t;, a;] to ind(i)ind(i+ 1) = xa;. With the mapping
¢, as defined in i), we obtain that ind'(i)ind' (i 4+ 1) = [si_1, a;][s] 1, aj41] is
changed to ind’(i)ind’ (i+1) = [s}, a;][si, a;]. This is exactly the modification
performed by the transition [¢;,a;] in the regular cycloid, as by Definition
24 this transition has the output places {[s;, a,], s}, a;]} and by Lemma 25

the input places {[s;_1,a;], [sj,1,a;41]}
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1 2 3 4 5 6 7
[ x [ai]x [a]| x| x]as|

81, a1] [s1,a1] [s3, a2] [s3,az2] [s5,as] [s5, as] [ss, as]

[S;h 02]

- [t5, 0.3]

. [55, 03]

(5, as]

ts,a2] [ | || [te, a3l

[s7, 3]

lslly 0.1]
[t7,as] = [ty,a3)

[87,03] = [30, as]

Fig. 13. Example for the bijections ¢ and % in the proof of part a) of Theorem 31.
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7 1+ 1 7 1+1
—>
[8i-1,0;] [Si+1,5+41] (87, az] [si, a;]

@ [8i-1,04]
O—Ea—@

[525 aj] [324—17 aj—l-l]

O [s1, a;]

Fig. 14. See proof of Theorem 31, part a)

(51,6,52) ¢ tr = (p(s1), B(t), 9(52)) ¢ '

A move of a traffic item a; at position 7 is impossible if and only if at po-
sition ¢ 4 1% is a traffic item @;;1. This traffic item cannot have a move if
there is a traffic item at position (i +2) mod n. Any case, there is a sequence
ajajy1,- - 0y, without gaps in between, but a gap at position (w+1) mod n.
By the map ¢ this corresponds to the following sequence of transitions and
places in the cycloid:

[ts, aj] [S;+17 aj-i—l]; o, [to mod ny Gw mod c] [S/(v-i-l) mod n’ G(w+1) mod o

In this sequence all but the last place are unmarked and the last place
[82v+1) mod > @(w+1) mod c] is marked. The sequence is part of the release mes-
sage chain of Figure 9. Since the cycloid is live and save (Theorem 21) the
chain is part of a cycle with exactly one token, which implies that [s}, ,a;11]
is unmarked. Transition [¢;, a;] cannot occur since it has [s}, ;,a;11] as a in-
put place.

Initial state. By Definition 1 the regular initial state of tg-1(c, g) is given
by ind(i) = a; for 1 < i < ¢ and ind(i) = g; for ¢ < i < n. Applying the
mapping ¢ we obtain ind' (i) = [s;-1,a;] for 1 < i < ¢ and ind' (i) = [s}, a1]
for ¢ < i < n. Hence, for 1 < i < ¢ traffic item a; is in position ¢ and for
¢ < 1 < n there is a gap and the next traffic item modulo n is a;.

A standard initial state of a circular traffic queue with gaps has been defined
in Definition 3 by the form ind(1)ind(2) - - - ind(n) = a1xX"*asx"™? - - - a X" with
a; € C,G={xtandr; =[{z eN[i—1 < {-x<i}[for]1 <i<c.Wehave
to prove that this meets Definition 15 of a standard initial marking of the
cycloid. The parameter ¢ in the definition of r; takes the role of n-coordinate
in the corresponding fundamental parallelogram of the cycloid, but taken in

5 Recall the convention that all indices containing i are understood modulo p and all

indices containing j are understood modulo c.
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a
b

)
)
c)
d)
°)

negative form. Nothing is changed in the definition of r;, if we substitute
the bound variable ¢ by —n and the bound 1 < ¢ < cby -1 <7 < —c.
To reach Definition 15 we also substitute the parameters g, ¢ and z by the
general cycloid parameters «, 8 and &, respectively. As a result we obtain
-n—-1< g - & < —n which is equivalent to the definition of the backward
places sf, € S{~ of My in Definition 15: S{+an < 0 A B{+a(n+1) > 0.
As in this definition the bound —1 < n < —c¢ is omitted and is replaced
by the quotient /=. The standard initial state is completely determined by
the distribution of the gaps by the definition of the r;. The same holds
for the cycloid. In fact, the definition of the forward places s.’, € ST
unambigously deducible from the definition of the backward places s¢, €
St

Part b) of the theorem:
Let us first recall some modulo-identities and notations:

(a ® bymodn = (amodn ® bmodn)modn for ® € {+,—,-}
zmodp =z—p- ]

If0<z<pthen —zmodp=—z—p-|= ZJ——z—i—p f]:p—z
zmodp = r is also notated as z = r (mod p)
(z+k)modp = zmodp for all k e N,z € Z

In this part we start with a labelled transition system LT'S,(c, g) (Definition
g

6) with r = £ and p = r - n.

i)

Definition of ¢ and . In particular two enhancements are to be per-
formed: the extension of the set of transitions and the introduction of traffic
items u; € G. The first one is inherited from LTS,(c,g) by ¥({(t;,a;)) =
[tv, ;] with v = k- n + ¢ when a; in position ¢ is moved. The latter is done
by replacing in s} the (anonymous) apostrophe by u; in the form sfj Thus
we obtain the form s 7 as shown in the example in top of Figure 15. It is
important to note that two different traffic items u;, uy € G never share the
same place in C(g, ¢, Z5, &5, My). This property holds since o = g is a divisor
of v = Z¢ and is proved as the corresponding relation for regular cycloids
where $]6. A naming by 5;” indicates a typing of this place by the traffic
item u; or by transformation to the dual cycloid. This property of cycloids
can be called backward-regular. The length of such backward processes is
p=4= 45 (g4 c). Therefore the traffic items from G need % rounds before
reaching the initial state again. To trace the history of such traffic items we
use an attribute = in the form wj. Traffic item up,1 < h < g starts with
T = c+h, as ¢+ h is its position in the regular initial marking and continues

’
- h
counting downwards u§ ™", wf T w2 yd o down to wy, P TOT

then is reset to uff and repeats. This done by the following modification

of the transition rule in Definition 6:

and
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(indy, [ty,a ]] indy) € tr &

3i€{1~-~ nf:v=k-n+iA

indy (i) = ECT A indi((i 4+ 1) mod n) = uf € G A
(Z)—thIthlfx—C—l—h (p) —1)thenc+helsex —1A )
((i4+1)modn) = a ifi # j else akH/\
(

inda(l) = indy (1) for all 1 ¢ {7, (i + 1) mod n}

ind2

indz

and the regular initial marking to ind(i) = a; for 1 <i < c and ind(i) = g!_,

for c+ 1 < ¢ < n. Adding this attribute results in an isomorphic transition

system since a number of p’ = @ = 4 - (c+ g) counter values is dis-

tributed on an at least as large path of length Z(c¢,g) > p’ in the transition

system (Theorem 5). The mapping ¢ is defined by extending the correspond-

ing definition in part a):

For 1 < i < n let be ind (i) := [$;, next(i)] with

5 = {S(v1)modp %f md(z) = a;‘f eC
S () ifind(i) =uj € G

fined as before. The (partial) function pp,(z) determines the place [s" o ()7 @ a;)

where v = k-n+1i and next(i) is de-

(for some j) of traffic item uj, € G after = steps when starting in its initial

position [SZ:(C-S-h)’ a;] in the standard initial marking.
In the case h = 1 the partial function pl( ) is defined on a number of p’
values c+1,¢,c—1,¢—2,---,1,0,— -—p' +c+2. The place [ ( 1) @ a1],

corresponding to the first of these arguments is the backward mput place of
transition [t., a.]. Hence by Corollary 26 this place is [s, |, a1], where the
apostrophe is replaced by uy. Therefore p1(c+1) = p — a+ 1 with a = g.
The next place of uy (determined by p1(c)) is [tg, agl* = [sg,ag] = [s¥*, ac]
and therefore p;(c) = c.

Now let us recompute the difference between these two values modulo p. By
identity a) we obtain: p1(c) — p1(c +1) = cmodp — (p — g + 1) modp =
(c—=(p—g+1)=(c+g)—p—1=n—p—1(modp). Assp—n+1<p
we obtain n —p—1modp=—(p—n+1)modp=p—(p—n+1)=n-1
(identity c¢). We call this (positive) difference in the value a huge hop.
The next ¢ — 1 values are p1(c— 1) =c—1,p1(c—2) =¢c—2,---p1(1) = 1.
Each of these (negative) differences is called a small hop. The corresponding
places are [sit,, ac—1], [Shtq, Ge—2], -+, [s]", a1]. We call this subsequence a
round, which starts with a huge hop in the values of p followed by ¢—1 small
hops. The total difference of a round is p;(1) — p1(c+1) = (n — 1) + (¢ —
1)-(-1)=n—-1-c+1 —g+c—C—g As there are % rounds the total
difference is (— g)modp = (f ~.g)modp = (?)modp =pmodp = 0 and
the initial value is reached agaln

Next we prove a compact formula for p, for the position of traffic item
gn € G, referring to the special case pi(z):
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pn(x) =(p1(x—(h—1))+ (h—1) for 1 < h < g)mod p and
pi(z) = ((5(n- (xmod' ¢) — g - x)modp
for c+1>z>—-p' +c+2,1<h<gy.
The function z mod’ ¢ is similar to x mod ¢, but returns ¢ when x mod c = 0:
c ifxmodec =0
xmod c otherwise
We prove the formular for A = 1. Due to the periodic values of the function
p1 its arguments x are parametrized by k and ¢ in the form z = c+1—k-c—i
with 0 < k < %/ and 0 < i < ¢. Due to the modified function mod’ there are
two cases to distinguish for p;:
a) case i =0
mE)=pilc+1—-k-¢) =

zmod ¢ =

1—g+g-k(modp)

b) i #0
mnE)=pilc+1l—k-c—1)=
(E(n-((c+1—k-c—i)mod' c)—g-(c+1—k-c—i)) =
(E(n-(1—i)mod'c)—g-(c+1—k-c—1i)) ="
(1%((9+C)-(c—z’+1)—g~c—g+g~k-c—i)E

s(crc—cridtctg-k-c)=
c—i+1+g-k(modp)
In case of the congruence =*) there are two subcases
b1):t#Lland by):i=1:
for by) since i < ¢ we obtain (1 —i)mod' ¢ = (1 —i)modec = —(i —
)mod c=c—i+1
for bo) since ¢ = 1 we obtain (1 — i) mod' c=0mod' c=c=c—i+1

With these two results we prove that values of p(z) are characterized by a

first hop of n — 1 (after the initial value, as shown above) followed by ¢ — 1

hops of —1. This sequence is repeated % times.

There are three cases to be distinguished:

I) Step from ¢ =0 to ¢ = 1: A huge hop of n — 1 is to be proved:
prc+1—k-c—1)—pi(c+1—k-c)=c=c—1+1+g-k—(1—g+g-k) =
c—1+g=n-1.

IT) Step from ¢ to i+ 1 for ¢ € {1,---,c— 2}: A small hop of —1 is to be
proved: p1(c+1—k-c—(i+1))—pi(c+1—k-c—i)=c—(i+1)+
1+g-k—(c—i+1+g-k)=-1

IIT) Step from ¢ = ¢ — 1 to ¢ = 0 while k is incresed by 1: A small hop
of —1 is to be proved: p1(c+1—k-c— (i+1)) —pi(c+1—-k—1) =
1—g+g-(k+1)—(c—(c—1)+1+g-k) = 1—g+g-k+g—ctc—1—1+g-k = —1.

In top of Figure 15 a state of LT S25(3,4) and C(4,3,12,12) are given. For
the partial state ind(2) = al, hence k = 1,i = 2, by the map ¢ we obtain
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ind | Uy ay | u as Ug Usg as

Fig. 15. Example for the bijections ¢ and v in the proof of part b) of Theorem 31.
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ind’(2) = [S(v—1) modp> @1] = [s8,a1] since v —1=k-n+i—1=
1-742—1=8. Similarily, for ind(3) = u;* we obtain x = —4 in p;(—4) =
(3(7-(=4mod’ 3) —4-(—4))) mod 28 = (£(7-2—4-(—4)) mod 28 = 10 which
defines the place [s]§,az2]. The cycloid is given in Figure 17 together with
all values of pj,. In the net the path for u4 corresponding to py4 is marked by
a particular colour of the net elements and bold arrows. Places like [s53, a1]
are represented as [s24-u4,al].
11) (Sl,t, Sz) € tr = (@(Sl),w(t), (p(Sg)) S tr'.
A transition from a state component ind(i) = af implies that a traffic item

af in position ¢ is moving to position ¢ + 16. This is possible if position i + 1

is occupied by a traffic item uf € G (see Figure 16). Hence two positions are

involved: ind(i)ind(i + 1) = a?uﬁ and this is changed by transition [tv,a?]

to ind(i)ind(i+1) = ui,af or ind(i)ind(i+1) = u;”l/afJrl where 2’ is defined

in equation 5.

With the mapping ¢, as defined in i), we obtain that ind’(i)ind' (i + 1) =

[$y-1, a-j][SZ&)’ a;+1] is changed to ind'(i)ind' (i 4+ 1) = [SZ(hw,), a;][sy, a;]. We

have to prove that this is the modification performed by the transition [t,, a;]

in the regular cycloid, as by Definition 24 this transition has the output places

{[sv,a;], [s¥", a;]}, where the attribute u, replaces the apostrophe and by

Lemma 25 the input places {[sy_1, a;], [, 1, @41}

Hence it remains to prove that the indices v of ¢, and p(x) are consistent.

Formally in the case of u; (the other cases are similar) we have to prove that

[tv,ajr_ = [SZ(lxyaj] = p(x) =v (6)
We first prove the following fact. If a transition [t,,a;] exchanges a; with
up, the next time in the same process [t,, a;] exchanges a; with uy, is given
by v = (v + g) modp. By Lemma 25 the index v is reduced a number of
B8 — 1 times by 1 and once increased by a + 8 — 1. In total we obtain :
vV =v+(a+B8-1)—(—-1) = v+ a = v+ g. By this intermediate
fact for a fixed traffic item a; it interchanges with u; by the transitions
[tj> aj]? [tj+g’ aj]’ [tj-‘r?‘g’ aj]) T [thr(PT’Ag) mod p’ aj] = [tj7 aj]' The implica-
tion (6) is proved by induction on this sequence:

Induction Basis: For [t;,a;] we have [t;,a;]” = [s}',a;] and therefore p(z) = p(j) =
j. x = j holds as the counter x is initiated with xy = ¢+ 1 and is
decremented ¢ — j 4 1 times, hence z = ¢ + 1-(c-j+1) = ]

Induction Hypothesis: [tj1r.q,a;] = [s)(,).a;] = plz) =j+7r-g

Induction Step: [tj4(r41).g, 5] = [SZ(lm)’ a;] = p(x) =j+(r+1)-gIt has been proved
before that by a round the value of p(z) is increased by g. Therefore
plx)=j+r-g+g=j+(+1)-g

iii) (s1,t,82) & tr = (o(s1), ¥(t), p(s2)) ¢ tr'.
In this part all indices containing ¢, 7, h,v are understood modp, modc,
mod g, mod p respectively. A move of a traffic item a; at position ¢ is impos-
sible if and only if at position i + 1 is a traffic item a;11. This traffic item

5 modn is omitted here and in the following.
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cannot have a move if there is a traffic item at position i+ 2. Any case, there
is a sequence a;ja;41,-- - ,ay, Without gaps in between, but a gap at position
(w + 1) mod n. By the map ¢ this corresponds to the following sequence of

transitions and places in the cycloid:

[tos ajllstlins ageals o [borrs agrl (800301 1) mod mo @o+r1]

In this sequence all but the last place are unmarked and the last place is
marked. The sequence is part of the release message chain of Figure 9. Since
the cycloid is live and save (Theorem 21) the chain is part of a cycle with
exactly one token, which implies that [s;,,a;41] is unmarked. Transition
[tv,a;] cannot occur since it has [s;’ |, a;41] as a input place.

Initial state.
The proofs respective to initial markings are the same as in part a) as the
initial partes of the cycloids are the same. ad
1 t+1 1 1+ 1
[t‘vn a’j]
ind a;'c U U G;-c oder af“
v=k-n+i
gl
ind [Sv—l:aj][szj+lraj] [SS,%] [Sv:aj]
81, Gj]
O—fma—®
u U
[S'u ’ G’J] [Sv+1 ) a’j]
[Sv ) aj]

Fig. 16. See proof of Theorem 31, part b)

In Figure 18 by C(4,6,12,12) an example of a cycloid is given with A = 2.
parameters are A = 120, cyc = p = 20, rm = 22.
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Table 1. Values of p,(z),1 < h < 4in C(4,3,12,12)

x o2 (@)[p2(@)[ps (@) ]ps =)

7 28
6 27 | 6

5 26 | 5 | 5

4 25| 4 | 4 | 4

30 3| 3 | 3 10

2 2 [ 29 9

118 |8 8

ol 717 |7 |14

1) 6 |6 |13 13

2 5 |12 |12 12

311 [ 11 | 11 | 18

4 10 | 10 | 17 | 17

..... 5 9 | 16 | 16 | 16
6 15 | 15 | 16 | 22

7 14 | 14 | 21 | 21

llllll 8 13 | 20 | 20 | 20
919 |19 | 19 | 26

u2 -10] 18 | 18 | 25 | 25

lllll - 1117 |24 |24 | 24

12 23 |23 | 23 | 2

,,,,,, 3

::::::

sssssssss
::::::

111111

xxxxxx

zzzzzz
N

Fig. 17. Cycloid C(4, 3,12,12) with regular coordinates.

xxxxxx
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4-6-12-12

......

1111

Fig. 18. Cycloid C(4, 6,12, 12) with A = 2.
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4.4 Representations of circular queues by T-Nets and Coloured
Nets

In Figure 19a) Petri’s queue of cars is represented as a net with a regular initial
marking. The positions of a number of ¢ cars are represented by black tokens
in the places sg, - ,8._1, followed by g tokens in the complementary places
Seaqs 8 +¢ representing the gaps. By the complementary places the net is
safe and the cars cannot pass each other.

Fig. 19. Nets of circular traffic queues a) Npasic(c, g) b) Neoui(c, g) and c) Naym(c, g).

They cannot be distinguished by their identifiers, which is different in part b)
of Figure 19, where the cars have identifiers a1, - - - , a.. To handle such individual
tokens a coloured net is used containing a variable x. As shown, the net has the
behaviour of a circular traffic queue with gaps tq-1(c, g).

In the next step in Figure 19¢), a circular traffic queue tg-2(c, g) is modelled
by replacing the undistinguishable gap tokens in s ;,--- s, 4+ Dy identifiers
Uy, s Uy

Definition 32. a) A basic tq-net Npusic(c,g) = (S, T, F, My) is defined as
follows by using the abbreviation p := ¢+ g (see Figure 19 a):
Si={s0, -, 8p—1}U{s), -+ sy}, T o= {t1,- - ,tp} and F := F'UF?UF3U
F* where F' := {(i, t(i+1)modp)|0 < @ < p}, F? := {(ti, $i moap))|1 < @ < p},
F? o= {(sh ti-1ymoap)) |1 <0 < p}, o= {(ti, s))[1 < i < p},
MO = {503 e 7SC—1} U {Slc_t,-la te 75;}

b) In a coloured tq-net Neoui(c,g) = (S, T, F,var, My) the sets S,T and F are
defined as in part a), but var(Fy U Fy) := x, My(s;) = aj41 for 0 < i <c
and My(s}) = o for ¢ <i <p (see Figure 19 D).
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¢) In a symmetric coloured tg-net Ny, (¢, g) = (S, T, F,var, My) the sets S, T
and F' are defined as in part a), but var(Fy U Fy) := x, var(F3 U Fy) :=y,
Mo (s;) = air1 for 0 < i< c and My(s,) =v; forc+1<1i<p (see Figure
19°b).

As we are interested in modelling traffic queues by T-nets we give a behaviour
preserving transformation of such coloured tqg-nets into T-nets. An almost stan-
dard construction of such a transformation into nets works as follows: for each
place s of Moy and coloured token a a new place [s, a] is created, simulating the
token a to be located in the place s of M oy In a similar way, for each transition
t of Neow and coloured token a a new transition [t, A] is created, simulating
the token a to be moved by the transition t of NV_,,;. Places with a black token
as colour set are treated accordingly. This leads to the following Definition (see
Figure 20 a)).

i1, a5-1]  [si—1,a5-1) [t ai-1] [Bic1,e5-1]  [sici.aj—1]  [ti,ai-1)

)
NNy
a) 85
Yy
/
ti1,a;]  [si-1,05]  [ti eyl ti-1,05]  [sim1,@5] [t a4l

Fig. 20. Transformation of a coloured tg-net

Definition 33. For a coloured tg-net Noow(c, g) = (S, T, F,var, My) a net No(c, g) =
(S0, To, Fo, MQ) is defined as follows: p :=c+ g

So = ({80, ,sp-1} x C)U{sy, - ,s,}, where C = {a1, -+ ,ac} is set of cars,
T() =T x C,

Fy:=Ff UFUF3UFy

FO = {([ss, a5, [t z+1)modp7aj])‘0 <i<pl<j<c}

FO = {([ti, aj]; [Simodp, ;)1 < i <p, 1 <j < e},
FO = {(Siv [t(z l)modpanDH <i<pl<j< C}’
Fy o= {([tiya;],s)|1 <i<p,1<j<c},

MO = {[s:,:]|0 <i < c}U{s}|0 <i<p}

The net from Definition 33 is not a T-net (see Figure 20 a)). It can be easily
transformed by observing the specification of a circular traffic queue of Definition
7 b): Each traffic item a € C can make a step from position ¢ € {1,---,n} to
position (i + 1) mod n, if it has received a permit signal from a gap in position
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(i+1) mod n. After this step the traffic item is in position i. Hence, by replacing
the place s} in Figure 20 a) by copies [s},a;] (1 < 5 < ¢), but omitting the arcs
([tisaj—1], s;) and (s}, [ti—1, a;]) as shown in Figure 20 b) we obtain a T-net, with
the same behaviour. It is formally given in Definition 33 and is identical to the
regular net of Definition 24 and Lemma 25 with process length p = g + c.

Definition 34. For a coloured tq-net Neowi(c, g) = (S, T, F,var, My) a net N1(c, g) =

(S1, Ty, F1, M?), called T-net-equivalent of Nooui(c, g), is defined as follows:
p=c+g, S1:=5SxC and Ty :=T x C where C ={ay,--- ,a.} is set of cars,
Fy:=FlUF2UF}UF}

Fl i={([si, a5, [t z+1)modp7aj])‘0 <i<pl<j<c}

{([ti; aj], [simoap, a;])|1 < i <p,1 < j<c},

{[(8270’]] [t(l l)modpaaj 1modc])|1 <1 < D, 1 < ] < C}}

{([tiy a5, [si,a5]) 1 < i< p, 1 < j <c},

{[Sz7a(1+1 modC]|O§7’<C}U{[sz?a’1]|p g+1 Slgp}

Theorem 35. The T-net-equivalent of Neowi (¢, g) from Definition 34 is isomor-
phic (with identical names) to the regular cycloid of Definition 24 and Lemma
25 with process length p = g + c¢. By Theorem 29 it is also isomorphic to the
cycloid C(g, ¢, ¢, c).

Proof. The identical forms of the net from Definition 34 and of the regular
cycloid of Definition 24 and Lemma 25 with process length p = g + ¢ can
be immediately checked (also compare with Figure 14). By the parameters
of this cycloid in Theorem 29 it is proved to be isomorphic to C(g,c,c,c).

As the places sg,s1, - ,S.—1 are marked by ai,as, -+ ,a. in Neowi(c,g) the
same holds for [sg,a1],[s1,a2], -, [Sc—1,ac] In Ni(c,g). In the same way, as
the places s.,,8.40, " ,50;, are marked in Neou(c,g) the same holds for
[8p—gt1501]s [Sp—gi2,a1],- -, [sp,a1] in Ni(c,g). Note that p —g+1=g+c—

g+1=c+1. As before, for black tokens, we have a different construction rule:
ap is the second component, since the token represents the release message of
ai. O

The construction of the T-net-equivalent of Ny, (¢, ¢) is similar to the preceding
one. It is equivalent to the %-fold iteration of C(g, ¢, c,c) (see Section 5). Within
each copy of C(g,c,c,c) the construction is identical to Definition 35. At the
borders the corresponding equivalent place is chosen, instead.

Definition 36. For a coloured tq-net Ngym(c, 9) = (S, T, F,var, My) a net N>(c, g) =
(Sa,Ts, Fo, MY), called T-net-equivalent of Nsym(c,q), is defined as follows:
Se:=8XxCxD and Ty :=T x C x D where C = {ay, -+ ,a.} is set of cars,
D={keN0<k< %} andp=c+y,

F:=FfUF;UF}UFy

Fy o= {([ss, a5, k), [tig1,05, k)]0 <i < p,1 <j < ¢,0 <k < 4},

F3 = {([ts, a5, K], [si,a;, k)1 <i<p,1<j<c,0< k< %
U{([ts, aj, k], [s0,a;, (k +1)mod%]1 < j <c,0 <k < 4}

S
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Fig. 21. C(6,3,12,8) with a-b =3 -4 copies of C(2,1, 3,2) as substructures.

}7

Dle

F3 = {[(s}, a5, k], [t(i—1)ymod s @j—1mod e K])|1 <1 <P, 1 < j < ¢,0 <k <
Fb = {(tiag bl [shag) )L <0 <1< j < e,0< k< 41,
U{([ts, aj, k], [sp, a5, (k + 1)mod%][1 < j <¢,0 <k < £}

Mg = {[si, a3 41y moac)|0 < i <y U{[s},a1]lp—a+ 1 <i < p}

Theorem 37. The T-net-equivalent of Nsym(c, g) from Definition 36 is isomor-
phic to the reqular cycloid of Definition 24 and Lemma 25 with process length
p = %(g9+c). By Theorem 30 it is also isomorphic to the cycloid C(g,c, L7, £5).
Proof. The identical forms of the net from Definition 36 and of the regular
cycloid of Definition 24 and Lemma 25 with process length p = %(g + ¢) can
be immediately checked (also compare with Figure 14). For the regular initial
marking the current value of p has to be inserted. By the parameters of this
cycloid in Theorem 30 it is proved to be isomorphic to C(g, ¢, &¢, 45). a

5 Composition of Cycloids

Using Theorem 12 we next deduce that the equivalence relation = becomes finer
if the cycloid parameters are integer multiples.

Theorem 38. Let Cyi(a, 3,7,0) be a cycloid and a,b € Ny such that a is a divi-
sor of a and B as well as b is a divisor of v and §. Then the equivalence relation
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Fig. 22. Iteration C(3,4,1, 1) =((3,4,4,4)

=1 of Ci(a, B,7,9) is included in the equivalence relation =2 of Co( %, %, % %),
more precisely =1 C =,.

Proof. Let be v = x5 — x7 and m; and 7y the parameter vector function of Cy
and Ca, respectively. Then we have to prove that mo(v) € Z? if 71(v) € Z2. This
is done y the following deduction, where A; is the area of C; and As = ﬁAl is
the area of C».

L 9 0 —a-
ﬁg(v):f;(gg)v:jﬁ(% )vzi(ggﬁg)v:
1

b
4 (a0\ [(o—\_ _ (a0 a5—'y (a0
5 (63) (5)v=(63) 4 (5 v=(63)mew
Since 71 (v) € Z? by assumption also ma(v) € Z2.

Theorem 38 allows to define iterations of cycloids, both with respect to time
and space, as shown in an example in Figure 21.

Definition 39. For a cycloid C(«, 8,7v,9) and positive integers n,m € N, the
spaciotemporal iteration is defined by C(«, 3,7, (5)%1 =C(m-a,m-B,n-vy,n-
8). In particular, C(c, B,7,06)M = C(a,ﬁ,v,é)m 1s the temporal iteration and

Cla, B,7,0)m] := C(a,ﬁ,'y,é)%l] 1s the spacial iteration.

m]

This allows to characterize the two most importand cycloids of this article
by iterations of the cycloid C(«, 5, 1,1).



41

b)

Fig. 23. Cycloid and epicycloid in geometry.

Lemma 40. The iteration C" (a, B,7,6) of a reqular cycloid C(a, 8,7, ) is reg-
ular with process length p™ = n - p if p is the process length of Cla, B,7,9).

Proof. If 3 is a divisor of § thean also of n-d. If A" and A are the areas of the

two cycloids then A" = a-n-6+6-n-6 =n-Aand pl" = % = % =n-p O

Corollary 41. a) The cycloid C1(g,c) = C(g, ¢, ¢, ¢), which is behaviour equiv-
alent to the circular traffic queue tq-1(c,g), is isomorphic to the c-fold tem-
poral iteration of the basic cycloid: Co(g,c)l) = C(g,¢,1,1) ~ C(g, ¢, ¢, c).

b) The cycloid Cy(g,c) = C(g, ¢, L7, &%), which is behaviour equivalent to the
circular traffic queue tq-2(c, g), is isomorphic to the Z¢-fold temporal itera-
tion of the basic cycloid Co(g,c)l'a] = C(g,¢,1,1)l'5] ~ C(g, ¢, E,55).

c¢) The cycloid Cz(g,c) is also isomorphic to the %-fold temporal iteration of
the cycloid Cy(g, ¢)l &) ~ Ca(g, ¢).

Figure 22 shows the iteration C(3, 4, 1, 1)[4, which is isomorphic to C(3, 4, 4, 4).

In geometry a cycloid is the curve traced by a point on the rim of a circular
wheel as the wheel rolls along a straight line without slipping ([1], Figure 23 a)).
An epicycloid or hypercycloid is a cycloid in circular form. It is a plane curve
produced by tracing the path of a chosen point on the circumference of a circle,
called an epicycle, which rolls without slipping around a fixed circle ( [2], Figure
23 b)).

In [8] Petri introduces track and clock image of a cycloid: "To obtain a
perceptual image of the Cycloid, we can paint the parallelogram on a rubber
sheet and form it into a torus, pasting together first the top and bottom sides,
and then the right and left. We call this a track image of the Cycloid: the track is
a line which runs around the torus taking the long distance. If we paste together



42

Clock

Fig. 24. Track and clock image of the cycloid C(2,2,2,2).

the right and left sides first, we obtain of course the same net topology, but a
different image in R3, called a clock image of the cycloid.” Track and clock image
of the cycloid C(2,2,2,2) from [8] are shown in Figure 24.

.

AL N
0

Fig. 25. C(2,2,2,2) ~ ((2,2,6,6)
represented as epicycloid.

Similar to epicycloids iterated cycloid nets are twofold repetitive structures,
namely repetitive in the component parts as well as in the overall structure.
Hence we obtain an analogy as shown in Figure 25 as a 3-fold iteration
C(2,2,2,2)B ~ C(2,2,6,6) of the clock image of the cycloid C(2,2,2,2) from
Figure 24.
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6 Summary

The theory of cycloids has been extended by new formal methods and new
results concerning circular traffic queues. The use of matrix algebra has lead
to a more mathematical and easier handling of the cycloid equivalence relation.
Regular cycloids have been shown to be a useful link in the theory. They are
structural near to circular traffic queues, but miss some of the clear mathematical
properties of general cycloids. The proof of isomorphism of circular traffic queues
and special cycloids was facilitated by the use of regular cycloids as a link. The
concept of release message chain and cycle has been introduced. It was found to
be closely connected to the notion of minimal cycle which was so important in
earlier publications on cycloids.

The most important results are summarized in Table 1: the two models of cir-
cular traffic queues tg-1(c, g) and tg-2(c, g), their modelling by cycloids Cy(g, ¢),
Ci1(g,c) and Ca(g, ¢), the corresponding values of minimal cycles and numbers of
transitions and their representations as iterations of Cy(g, c).

Table 1. Summary of some results.

l model H cycloid ‘ minmal cycle cyc ‘ no of transitions A ‘iterated cycloid‘
tq—l(C,g) CU(g7C) :C(g,C,l,l) 2 g+c CU(.‘LC)D]

2.-c ifg>c ¢
tq-1(c,9)|| Ci(g,c) =C(g,c,c,c) { o> I'(e,9)=(g+¢c)c | Colg,e)”

g+cife>g
tq_2(07g) C2(g,(;) = C(g7 C, %7 %) {

Slg+o)ifg>c

= _ 9 %]
Zg+oife>g[F@9) = FlaT o Colo.o) =
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