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Abstract: The paper introduces the concept of a fractal-like multimodal transportation network (FMTN)
in which several isomorphic subnetworks interact each other via distinguished subsets of common shared
workstations as to provide a variety of demand-responsive work-piece transportation/handling services.
The set of transportation modes supporting production flows within the FMTN environment is
considered. In that context, a fractal-like layout of FMS equipped with AGVS where work-piece flows
are treated as multimodal processes can be seen as a real-life example of this model. In opposite to the
traditional approach we assume that the given network of local cyclic acting AGV services, i.e.
corresponding to distinguished isomorphic subnetworks of FMS layout. The goal is to provide a
declarative model enabling to state a constraint satisfaction problem aimed at multimodal transportation

processes scheduling encompassing production flows.
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1. INTRODUCTION

Multimodal processes scheduling are found in different
application domains (such as manufacturing, intercity fright
transportation supply chains, multimodal passenger transport
network combining several unimodal networks (bus, tram,
metro, train, etc.) as well as service domains (including
passenger/cargo transportation systems, e.g. ferry, ship,
airline, AGV, train networks, as well as data and supply
media flows, e.g., cloud computing, oil pipeline and overhead
power line networks) (Abara 1989; Bielli et al. 2006; Clarke
et al. 1996, Friedrich 1999). Multimodal processes executed
in multimodal transportation network (MTN), i.e. a set of
transport modes which provide connection from origin to
destination, can be seen as passengers and/or goods flows
transferred between different modes to reach their destination
(Bocewicz and Banaszak 2013). The throughput of
passengers and/or freight depends on geometrical and
operational characteristics of MTN. In that context the
solutions of the layout designs exposing the fractal like
structures are frequently observed. Such a Manhattan-like
regular, encompassing repeating design units of
transportation structures can be seen in many irrigation and
energy/data transmission systems as well as in AGVS’ (Hall
et al. 2001, Sharma 2012) layouts. The problems arising in
these kind of networks concern multimodal routing of freight
flows and supporting them multimodal transportation
processes (MTP) scheduling, and are NP-hard (Levner et al.
2010). Since the transportation processes executed along
unimodal networks are usually cyclic, hence the multimodal
processes supported by them have also periodic character.
That means, the periodicity of MTP depends on periodicity of
unimodal (local) processes executed in MTN. Of course, the
MTP throughput is maximized by minimization of its cycle
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time. Many models and methods have been considered so far
(Levner et al. 2010). Among them, the mathematical
programming approach (Abara 1989; Kampmeyer 2006),
max-plus algebra (Polak et al. 2004), constraint logic
programming (Bocewicz and Banaszak 2013), Petri nets
(Song and Lee 1998) frameworks belong to the more
frequently used. Most of them are oriented at finding of a
minimal cycle or maximal throughput while assuming
deadlock-free processes flow. The approaches trying to
estimate the cycle time from cyclic processes structure and
the synchronization mechanism employed (i.e. mutual
exclusion instances) while taking into account deadlock
phenomena are quite unique.

In that context our main contribution is to propose a new
modeling framework enabling to evaluate the cyclic steady
state of a given fractal system of concurrent cyclic processes
(SCCP) encompassing the behavior typical for transportation
services (see Fig. 1a)) in the flexible manufacturing systems.
The following questions are of main interest (Bocewicz and
Banaszak 2013): Can the assumed material handling system,
e.g. AGVs, behavior meet the load/unload deadlines imposed
by flow of scheduled work-pieces processing? Does there
exist AGVS enabling to schedule the AGVs fleet as to follow
lag-free service of scheduled work-pieces processing? So, the
main question is: Can the MTP reach their goals subject to
constraints assumed on SCCP?

In other words, the paper’s objective concerns of MTN
infrastructure assessment from the perspective of possible
FMS oriented requirements imposed on fractal-like MTP
scheduling The rest of the paper is organized as follows:
Section 2 introduces a concept of multimodal network and
then provides its representation in terms of systems of
concurrently flowing cyclic processes and fractal structure
models. Section 3 provides the problem formulation.
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Fig. 1. FMTN structure composed of elementary substructures a), elementary isomorphic substructure (DSC b), and its SCCP model c)

Section 4 discuses the declarative modeling driven approach
to multimodal processes scheduling problems. The fractal-
like material transportation structure environment is
considered, and a match-up processes cyclic scheduling
principle is proposed. Computational experiments and
conclusions are presented in Sections 5 and 6, respectively.

2. MULTIMODAL NETWORKS

2.1 FMTN as a system of concurrently flowing cyclic
processes SCCP

The FMTN shown in Fig. 1a) can be seen as a network of
AGVs circulating along cyclic routes and can be modeled in
terms of SCCPs as shown in Fig. 1b) and c). In this system
three local cyclic processes are considered, viz. P;, P,, Ps.
The processes follow the routes composed of transportation
sectors and workstations (distinguished in Fig. 1b) by the set
of resources R = {R4, ..., R,, ..., R13}, R, — the c-th resource).
The local cyclic processes P; contain the streams PF (the k-
th stream of the i-th local process P; is denoted as Pf):

P ={P} ... P, .. P,

- lls(n)}. The streams (representing
vehicles from Fig. 1b)) of the processes follow the same route
while occupying different resources (sectors). In the
considered case all processesP;, P,, P; contain only the
unique streams: P, = {P{}, P, = {P}}, P, = {P1}.

Apart from local processes, we consider two multimodal
processes (i.e. processes executed along the routes consisting

parts of the routes of local processes): mP;, mP,.

For example, the transportation route depicted by the blue
line corresponds to the multimodal process mP; supported by
AGVs, which in turn encompass local transportation
streams P; and P;. This means that the production route
specifying how a multimodal process is executed can be

considered as composed of parts of the routes of local cyclic
processes. Similar as in the case of local processes, in the
system considered each multimodal process consist of one
stream: mP; = {mP}}, i = 1,2, which means along each
transportation route one work-piece is processed (one pallet
on the one transportation line — see Fig. 1b)). In general case
the situation where multimodal processes consist many

streams is possible: mP; = {mPil, .., mPf, ...,mPilsm(i)}.

Processes can interact with each other through shared
resources, i.e. the transportation sectors. The routes of the
considered local processes (streams) are as follows:

pll = (RllRS'RZ'RG' R4)9 p% = (RZ!R7!R3'R10'R8):

p% = (R6! R8! R12! R9! Rll)s
where: R,, Rg, Rg are resources shared by local processes,
and R{,R; — Rs, Ry, Ry—R,,, are the non-shared resources.

In the general case, the route pf is the sequence of resources
used in order to execute the operations of the stream P}.
Similarly the streams of cyclic multimodal processes: mP;,
mP,, follow the routes (see Fig. 1¢)):
mp% = ((R9! Rll! R6' RS)“(RZ' R7' R3)) =
(R9' Rlll R6l RS' RZ' R7' RB)a
mp% = ((Rp Rs, Ry)~(R;, R3)) = (Ry,Rs, Ry, Ry, R3),
where:(Rq, R11, Rg, Rg), (R, R7, R3) — subsequences of routes
p3, p3, defining the transportation sections of mpi,
(R, Rs,R,), (R;,R;) — subsequences of routes pl, pi,
defining the transportation sections of mpi. u~v -
concatenation of sequences u and v (Bocewicz and Banaszak
2013).
A resource conflict (caused by the application of the mutual
exclusion protocol) is resolved with the aid of a priority
dispatching rule (Bocewicz and Banaszak 2013), which
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determines the order in which streams access shared
resources. For instance, in the case of the resource R,, the
priority dispatching rule: of = (Pi,P}), determines the
order in which streams of local processes can access the
shared resource R,, in the case considered the stream P} is
allowed to access first, then the stream P} next, and then
once again P}, and so on. The SCCP shown in Fig. 1c) is
specified by the following set of dispatching rules: @ =
{6°,0'}, where: 0° ={a},.., 00 ...,0%} (O'=
{ol,..,0d,...,05})- set of rules determining the orders of
local (multimodal) processes.

In general, the following notation is used:

ea sequence pf = (pfy, ...,p i)  specifies the
route of the stream of the local process P¥ (the k-th
stream of the i-th local process P;). Its components define
the resources used in the execution of operations, where:
pi"f}- € R (the set of resources R = {Ry,...,R;, ..., Rp}) —
denotes the resources used by the k-th stream of the i-th
local process in the j-th operation; in the rest of the paper,
the j-th operation executed on the resource pfj in the
stream P¥ will be denoted by ol-’fj.

k
iLj

x{f]- (1) € N - the timing of commencement of operation o
in the [-th cycle,

k _ k k
ti - (ti,l’ ti,z""

,ti’f]-,...,ti’flr(i)) specifies the operation
times of local processes, where ti’fj denotes the time of
execution of operation oi’fj.

q .
mpk = (mpri'jl(ail,bil)ﬂ...nmprl.yy (aiy,biy)) specifies

the route of the stream mP¥ from the multimodal
process mP; (the k-th stream of thei-th multimodal
process mP;), where:

qa .q q
(pi,a' Pia+1 ""pi,b) ,a<h

pga, pgaﬂ ...,pglr(i),pgl, ...,pgb) ,a>b
a,be{l,.. lr@}

is the
p{ = (va :
pga to pgb. The transportation route mp¥ is a sequence of
parts of routes of local processes. In the rest of the paper,

the j-th operation executed on the resource mpﬁ"j in the
k
i,j>

mxf]- (1) € N - the timing of commencement of operation

mpr?(a, b) = {(

subsequence of the route
..,pgj,...,pglr(i)) containing elements from

stream mP¥ will be denoted by mo

mol-’f]- in the [-th cycle.

k.
i,jr-
operation times of multimodal processes, where mt{fj
b

6 = {0° 6} is the set of priority dispatching rules,

mtf = (mtfy,mtf,, ..., mt, .., mtfinq) specifies the

denotes the time of execution of operation mo

0! = {a},al,...,0,...,aL} is the set of priority dispatching
rules for local (i =0) / multimodal (i = 1) processes
where: ol = (sky, ., St ,sci_lp(c)) are  sequence
components which determine the order in which the
processes can be executed on the resource R, s?_d EH
(where: H — is the set of local streams).

Using the above notation, a SCCP can be defined as a tuple
(Bocewicz and Banaszak 2013):

s¢ = ((R,SL),SM), (1)
where: R = {R,,..., R, ..., R;,} — the set of resources,

SL = (U, T, ®°) — the structure of local processes:

U — the set of routes of local process, T — the set of
sequences of operation times in local processes, @° — the
set of priority dispatching rules for local processes,

SM = (M, mT, ®') — the structure of multimodal processes:
M — the set of routes of a multimodal process, mT — the set
of sequences of operation times in multimodal processes,

6! — the set of priority dispatching rules for multimodal
processes.

The behavior of the structure of SCCP (1) will be

characterized by the schedule (2):

X' = ((X, @), (mX, ma)) ©)
where: X = {xll‘l, s Xy e, xrllsl(f()n)} — aset of the timings of

commencement of local processes operations in [ = 0 of the
cycle, xi’fj — determines the value x}f]- D: x{f}- ) = xl-’f]- +a-
l, a — periodicity of local processes executions, mX =
Ism(w) }

wimwyj — @ set of the timings of

1 k
{mxl‘l, oy MX Gy ey MX
commencement of operations of multimodal processes in
l=0 of cycle, mxi’fj — determines the value mx}fj(l):
mx/[;(1) = mxf; + ma -1, ma — periodicity of multimodal
processes executions.

2.2 Fractal-like structure

In a special case, SCCP structures may have a fractal form.
An example of such a structure is shown in Fig. la).
Structures of this kind consist of repeatable constant
fragments of the system (sub-structures SC;). The structure
presented in Fig. la) was created as a result of multiple
composition of the structure shown in Fig. 1b).
Formally, the fractal-like structure is defined as SC (1)
structure, that can be decomposed into the set of isomorphic
substructures : SC* = {SC, ..., SC;, ..., SC;c}. In such case, an
assumption is made that:
a) each substructure SC; € SC* of the structure SC is defined
analogically as (1):
S¢; = ((Rp;, SLp), SMp;), (€))
where: Rp; — the set of resources of sub-structure SC;,
Rp; € R, SLp; —level of local processes of substructure SC;,
including local processes Pp; € P and corresponding route
sequences: Up; € U, of the operation times Tp; < T. The
set of routes Up; includes all the resourcesRp;. The set of
dispatching rules is characterized by 0 = {0, = (sp1;
SR Seneoy) |k = 1.1k}, where gy,
dispatching rule for the resource Rj € Rp; in "
substructure, s ;; — stream of a local process belonging to
Pp;, lh(k,i,0) — the length of rule a,gi. SMp; —level of
multimodal processes of substructure SC;, the level includes
fragments of mP;(a,b) of multimodal processes forming
the set mPp;, where: mP;(a,b) — means fragment of the
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process mP; related with executing the operation from a,
a+1, ... ,b. In the substructure SC; there are only such
fragments of multimodal processes which are performed
based on local processes Pp;.

b) SC* = {SC,, ..., SC;, ..., SC;.} is a set of substructures of the
structure SC if:

U, Rp; = R — substructures include all resources of the

structure SC,

Ui, Pp; = P; iZ1Ppi=0 and UL, Up; = U;
i Up; =@ — substructures use all the local processes

and one process occurs in exactly one structure,

1%, mPp; = @ — each fragment of a multimodal process
occurs in exactly one substructure; moreover, within the
substructures all fragments of multimodal processes are
used.

¢) Two substructures SC,,SC;, € SC* are called isomorphic if:

ecach resource R, € Rp, of substructure SC, is
corresponding to exactly one resource R, € Rp, of the
structure SCp: Ry = f(Ry),

e cach process P, /mP, (local as well as multimodal) of the
substructure SC, is corresponding to exactly one process
P, /mP, of the structure SCp: P, = f(P,), mP, =
f(mFy),

e routes p,/mp, 1 po/mp, of the corresponding processes
are sequences consisting of corresponding resources,

ecach operation ol ] /molt ; executed within the
substructure SC, is corresponding to exactly one
operation o{,l, j /mo{,l' ; executed within the substructure
SCy:  of;=f(op;) |/ mol};=f(mop); the
corresponding operations are executed at the same time:
ta,j = tb,j /mtalj = mtblj,

e dispatching rules o} / o} of the corresponding resources
are sequences consisting of elements s} 4 /s} ; indicating
the streams of corresponding processes.

The structure shown in Fig. la) consists of one type of
isomorphic  substructures presented in Fig. Ic). The
substructures it consists of, denoted as ®SC, are
corresponding to the structure illustrated in Fig 1. Each of
them includes twelve resources (R;-R;;), three Ilocal
processes (OP, Dp, Op,) and two fragments of
multimodal processes (it is assumed that each fragment is
related with one stream of multimodal process - @mP},
Omp}).

3. PROBLEM FORMULATION

The considered problem is related to evaluating the
parameters of SCCP with fractal structure. Formally, this
problem is defined as follows:

A fractal structure SC (1) is given, where the values of
operation times (T, mT) and dispatching rules O are
unknown. An answer is sought to the question whether there
are such values T, mT and @ that can guarantee that the
cyclic behavior represented by the schedule X’ (2) will be
attainable in the structure SC (1).

The fractal structure SC (1) can be decomposed into a set of
isomorphic  substructures ~ SC* = {SC,, ..., SC;, ..., SC;.}.

Therefore, the selection of parameters T, mT and @ can be
carried out independently for each substructure. If, for every
substructure SC;, there is a subset of parameters T, mT and @
that guarantee its cyclic behavior, then the considered
problem should provide an answer to the following question:
Is there such a way of composing the substructures SC*,
that can guarantee the cyclic work of the system SC?

In order to answer this question the operator of
substructure composition @ is introduced. An assumption is
made that the result of compositing two substructures SC,,
SC, through mutually shared resources (Rp, N Rp, # 0):
SC,®SCy, = SC, is the structure SC, defined as follows:

SC. = ((Rpc'Sch)'SMpc) “
where: Rp. = Rp, U Rp,, - the set of resources, and

e variables characterizing SLp, are detrmined in the

following way:
Pp. = Pp, U Pp,; Up. = Up, U Upy; Tp, = Tpa U Tpy,
02 = {oQ.|k = 1...1k}, where:
for R, € Rp, and Ry, & Rp,

o,i‘b for R, € Rp, and R, & Rp,  (5)
ﬁ(aﬁ,a,a,i‘b) for R, € Rpyand Ry € Rp,,

l
Uk,a

l
O-k,c

19(0,2 a,a,?_b) — function determining the dispatching rules
for the mutual resource R, of the composed structures.

variables characterizing SMp, are determined in the
following way:

mPp.- the set including all fragments of multimodal
processes of the sets mPp, and mPp, except for fragments
meeting the condition below.

If in the set mPp, U mPp, there are such two fragments:
mP;(a;,, a;,), mP;(b;,,b;,), that a;, = b; , then in the set
mPp, these fragments are replaced by a fragment of a
multimodal process in the form of mP;(a; , bj,). The set
mPp,. attained in this way determines the set of routes
mUp,., of the operation and the their execution times
mTp., 0t ={ol.lk =1..lk}, where o}, is determined
analogically as (5).

4. CYCLIC SCHEDULING OF FRACTAL-LIKE SCCP
4.1 Determining cyclic steady processes

Fig. 1c) shows in detail the substructure arrangement of the
system from Fig. la). There is one type of elementary
isomorphic substructures VSC which are put together by
means of integrating mutual resources.

As Fig. 1c) shows, for every substructure (VSC processes are
implemented in the same manner: operations are performed
along the same routes, the same dispatching rules are applied,
etc. In this context the introduced operator of substructures
composition (@) SC can be shown as a multiple composition
of substructures (VSC:

SC =@, (Dsc) (6)
where: @2, (WsC) = Wscd..® Dscd...@ Wsc
means composition according to (4), (5), (8) i.e. each
substructure DSC is put together with the others by means of
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integrating the resources belonging to the same set of
corresponding resources.

For example, the structure DSC from Fig. 2a) is put together
with the others by the resources PR;, OR,, ®R,. The
resource VR, plays the role of the resource “*?2)R; of the
structure “*2SC  and the resource (*DRy  of the
structure (*DSC. In other words, each isomorphic structure
such as (OSC shares the following resources with the
neighboring structures: (DR, treated also as (+2R,
and “*URy (contiguity with (+DSC and +25C), ©OR,
treated as “*YR; and “*YRy and DR, treated as (t3R,
and (*9R, .

Due to the same manner of process execution, as well as the
same manner of substructures composition, the cyclic
schedule representing the behavior of the whole structure can
be perceived as a composition of corresponding (isomorphic)
schedules (Fig. 2b)):

X' = Ui (Ox) ™
where: DX’ — the cyclic schedule of the substructure VSC:
Oy’ = (( Wx, Og),(Omx, (i)ma)) ®)

D)/ ®OmX — set of the initiation moments of local /
multimodal process operations of the substructure (VSC,

Oq / Oma — periodicity of local/multimodal processes
executions, W, (®Ox) = Ox'y.. .Y Ox'Y..y@x’
composition of schedules X', @X'J®) X' — the operation
of integrating the schedule composition (DX’ ®)x’:

@yry®y = (( @x y® x, lem( @a,® a)),
((“)mX u® mX, lem( @ma,® ma)) . ©)

In order to determine the schedule X' it is enough to know
the schedule DX’ of a single substructure VSC. However, to
make the composition (7) possible, it is necessary to make
sure that the operations executed according to PX’, do not
lead to deadlocks. And in the mutual resources ( VR;, ¥R,
and DRgy) the streams belonging to various substructures
must not collide, i.e. they must be implemented alternately.

In order to determine such parameters as dispatching
rules @@ and operation times VT, OmT  of the
substructure VSC (Fig. 2a) that guarantee the attainability of
the cyclic schedule WX’ within the structure, it is possible to
apply the constraint satisfaction problem (10):

PSpex; = ({ O, ©x', ©o, Oa’}, {Dr, Dy, Do, Do),
{C, Cu, Cp}) (10)
where: OT', Ox' W@ Do’ _ decision variables,
OT1" = (OT, OmT) — sequence of operation times of
substructure DSC,  ®X'—  cyclic schedule (8) of
substructure OS¢, W = {©@°, W1} — the set of
priority dispatching rules for substructure PS¢, Wa’ =
( Da, Dma) — periodicity of local/multimodal processes
executions for substructure ¥SC,
Dy, Dy, Dg,D, — domains determining admissible value of
decision variables: Dy: mmt{fj, (i)tfj EN; Dy:
Omxf;, Oxk; € Z; Dy: Pma, Va € N;

{C.,Cy, Cp} — the set of constraints C;, and C,, describing
SCCP behavior, C; , Cy— constraints determining cyclic
steady state of local /multimodal processes, i.e. their
cyclic schedule, C, — constraints that guarantee the
smooth implementation of the stream operation executed
on mutual resources, (in case of DSC from Fig. 2a) of the
resources DR;, DR, i DRy).

The solution of the problem (10) is, among other things, the
schedule X’ that meets all the constraints from the given
set {C, Cy, Cp}. Tt means that, if such schedule exists within
the substructure (VSC, it is possible to smoothly execute the
operations of processes occurring in DSC as well as in
neighboring substructures ( “*D§C, (+25¢, ..., (+6)5(C),

4.2 The conditions for cyclic implementation of processes

The constraints C;, C,; occurring in the problem (10) are
meant to guarantee deadlock-free and smooth execution of
the operations of substructure (D SC.

They are typical of the relationship between the structure
parameters D@, OT' Oy OM and its behavior DX’ Og’
(meeting the accepted conditions: mutual exclusion protocol,
etc.) and the mutual relationships between local and
multimodal processes.

In case of the two levels structure model, i.e. including levels
SL and SM as shown in Fig. 2, the constraints C; and Cy,
determining (i)xg‘b /(i)mxg’b were described in (Bocewicz
and Banaszak 2013) .

4.3 Principle of match-up structures coupling

The constraints C;, Cy guarantee that in the
substructure WSC from Fig. 2a) the processes will be
executed in a cyclic and deadlock-free manner. These
constraints, however, cannot ensure the lack of interferences
between the operations of neighboring substructure streams
(s, H+Dgc, . (+6)5CY) with the substructure DSC. In
order to avoid interferences of this kind, additional
constraints Cp, are introduced, which describe the
relationships between the process operations of the
constituted structures. For that purpose the principle of
match-up structures coupling is applied.

The idea of the principle of match-up structures coupling is to
attain the cyclic schedule X/ (that does not lead to any
collisions between operations) in the substructure SC,, gained
as a result of the composition SC,®SC,. The cyclic schedule
is a composition of the schedules X, X;: X. = X;UX} (7) if
the following conditions hold:

o the value of the periodicity of schedule X, is the total

multiple of the periodicity of schedule Xj):

e ma, MOD ma;, = 0;and a, MOD a; =0
e the operations of mutual resources Rk = Rp, N Rp, =

{Rkl,...,Rki,...,qu} are executed without mutual
interferences.
Formally, the constraints that guarantee the lack of

interferences while executing the process operations on
mutual resources are defined in the following way:
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a) [(Ox; = Oxd, +A6) A (O}, + A6 <Dx}; +a)] v
V [(Oxd, > Oxd, +A6) A (Oxd, + At <O xf; +a) b)
°
Tmak
Omp} —— I— C— mxys (1)R12
Ok Dl Omad mmx}.,s\ .(‘)mxb ®
— Ry
©ORyo
® Ry
OR,
® R,
® Re
® Rs
® R,
® R
Oyl >yl 1 Ot OR
[(©Oxd, = Oxd, +at) A Oxd, + At < Oxdy +a)|v 2
v [(Ox}, > Ox, +At) A(Ox}, + A <O x ;) +a)] OR,
[(©xt, 2 ©x3, +A6) A (O, + At < Oxd, + @) v
V [(Oxd, = Oxd, +86) A (Oxd, + At <O xf; +a)]
[(Omxt, > Omxd, + At + m'a) A( Omai, + At < Oma} )] v Legend:
V [(Omxds > Omad, + At +ma) A(Omag, + At < Omad,)

[altemative execution of operatlona

| .
; } o} op} |
-

| _ !
[} ]
: : ) opy i
AN . . - oFf PR
1 l 1 .
" | I oy " - ; oot |
lu;é,,,.,@,,,,E,,,E,, ors| | [or]
: [} ol "
n [} ; "
@p; X | Op} (G):
| =
rory ! = 5P} (075

e

0

i
2 16

ES

10 14

O P} — execution of process’s ©Pf operation —===- — execution of process’s “mP, / operation

Fig. 2 Substructure SC with constraints that guarantee the alternate execution of P}, Opl Opl a) cyclic schedule DX’ of the
structure D SC b)

Constraints for local process operations. In order to
guarantee the smooth process implementation on the resource
Ry, € Rk the extension of the conventional constraints of
non-superimposition of time intervals is used (Bach et al.
2010). The two operations o' 'i» 0grdo not interfere (on the
mutually shared resource Ry,) if the operation 0 ; begins
(moment xl-J-) after the release (with the delay At) of the
resource by the operation og, (moment xqr of the
subsequent operation initiation) and releases the resource
(moment x + of the subsequent operation initiation) before
the beglnnlng of the next execution of the operation og,
(moment x;, + a). The collision-free execution of the local
process operations is possible if the constraint below is
satisfied:
[z x5, + k" ay + M)A (2] + - ag + AL < x5, + )]

[(xqr_ Xl Ak @y +AL) A(xS Ky + A< X+ ag) ] (11)
where: j* = (j+ 1) MOD Ir (i), r* = (r + 1) MODIr(q) ,

, _(owhenj+1<1Ilr(i) ., (0owhenr+1<lir(q)

h {1 whenj+1<lr(i)” {1 whenr +1 < Ir(q)’
a, | ap — periodicity of schedule X, / X,,; Ir(i) / lr(q) -
length of process route P; / P, h / xq » — initiation moments
i/ oGy of the structure SC ! SCy; -’-*/

—moments of operatlon executed after 0 i/ 0gr

of the operation 0

Xgr

Satisfying the constraint (11) means that on every mutually
shared resource of the composed substructures SC,, SC, the
local processes are executed alternately.

Constraints for multimodal processes. In order to
guarantee an interference-free implementation of the
multimodal processes (when the condition of mutual

exclusion is applied) the applied conditions are similar to
those used for local processes. The collision-free execution of
the multimodal process operations molh}, mog , is possible if
the following constraint is satisfied:

[(me =mxg,- + k" -may + At)

A (mxlye + k' - mag + At < mxf, +may)|
% [(qur > mx «+ k' -ma, + At)
A(mx] - + k" may, + At < mx]; + mag)|

where‘j* r*, k' and k'’ defined asin (11)

mx

(12)

mxg, — initiation moments of the operatlons mol*

i,j°
mog , of substructures SC,, SCp, respectlvely, maxl

L]’
ij* mx

— moments of operations executed after mo} mog .

l} >
Satisfying the constraint (12) means that on every mutual
resource of the composed substructures SC,, SC,, the
multimodal processes are executed alternately.

The constraints (11) and (12) must be satisfied so that the
composition of two substructures SC, = SC, @ SC, of the
known cyclic behaviors, is also characterized by the cyclic
behavior X/. If these constraints are satisfied, the manner of
executing operations on mutual resources Rk determines the
form of dispatching rules g, (5), and, to be more exact, the
form of functions (004, 07,) and 9(oiq 0i,). The
function ﬁ(a,é‘a, O',i’b) is determined based on the values of
moments of operations executed on the resource Ry,:

9(0%ar Oiep) = (Sllc,l,cr .
xll(,l,c < & xllc,j,c < e (13)
,l(_ jc ~ j™ element of the rule (r,élc determining the
stream of the process initiating its operation on the resource

Ry in the moment: Xy ; .; Sj ;. is one of the elements of the

l l
Sk,j,C’ ) Sk,lhc,C) When
l
< xk'lhc'c . le {0,1},

where: s

rules gy, 4, O p: Xi o € Xq U Xp; X4 j 0 € MXq UmX,,.

In other words, there are such dispatching rules on mutual R,
as the sequence of operations resulting from the schedules
X,, X}, satisfying the constraints (11) and (12).

5. COMPUTATIONAL EXPERIMENTS

The evaluation of the cyclic behavior (the existence of the
schedule X’) of the fractal structure SC from Fig. 1a) can be
obtained as a result of evaluating the parameters of
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isomorphic structure WSC from Fig. 2a). Therefore, the
problem PSggy,;(10) was formulated in which the constraints
C., Cy determining the relationships between the behavior
and the structure are formulated according to (Bocewicz and
Banaszak 2013). In order to formulate the constraints Cp the
principle of match-up structures coupling was applied. In
case of constraints Cj, it is necessary that they guarantee a
collision-free execution of stream
operations (WP}, (+2)p] (i+1)pl (on the
resource OR,), Dp}, +2pl (+6)pl (on the resource IR5),
Op} @+3)pl (+49)pl In order to formulate these
constraints, the isomorphic properties of substructures VSC
are used. Owing to the fact that streams (P},
(i+2)pl (i+4) pl (as well as Op} (+2)pl
(+3)pl and O p}, G+Hpl (+6)ply  of  substructures (SC,
HDge,..., +05C are executed in this manner, the
collision-free operation of the streams is equal to the non-
simultaneous execution of the operations of streams (P},
(t)p21, (l)psl.

The constraints Cp that guarantee this kind of process
execution were shown in Fig. 2a) (distinguished by dot
dashed lines). The problem PSggy,;, formulated in this
manner, was implemented and solved in the constraint
programming environment OzMozart (CPU Intel Core 2 Duo
3GHz RAM 4 GB). The first acceptable solution was
obtained in less than one second. The result of the problem
solution for the substructure from Fig. 2a) are the operation
times T and their initiation moments X’ and the
dispatching rules @ shown in the Tab. 1.

To sum up, in the substructure DSC cyclic behavior is
attainable if the operation times have such values and the
dispatching rules as those in Tab. 1. The cyclic schedule
attainable in this substructure was illustrated in Fig. 2b). It
shows that the operations executed on the mutual resources
do not superimpose on each other. According to (7) the
attained schedule is a component of the schedule X'that
characterizes the behavior of the whole structure SC.

The schedule X'(7) being a multiple composition of the
schedules @ X" is presented in Fig. 3. It is evident that the
composition of schedules ©X'of all the substructures of the
structure SCdoes not lead to interferences in the execution of
the operation — the schedules X’ on the
resources DR;, DR, i DR,. On the basis of the obtained
schedules it is also possible to determine (according to (13)
the dispatching rules for all the resources of the structure SC;
the rules are presented in Tab. 1.

To sum up, the cyclic behavior in the structure SC 1is
attainable if the operation times and the dispatching rules are
such as those in Tab. 1.

Referring back to the AGVS layout presented in Fig. 1a), the
obtained schedule should be treated as an illustration of
AGVs movement (local processes) and the method of
executing transportation routes (multimodal processes) in a
network consisting of numerous fragments of the same type
(Fig. 1b)). It should be emphasized that the periodicity of
local processes in the network of this kind amounts to a = 6
u.t. (units time), and the times of transporting elements of a

single structure amount to 10 u.t (process YmP} ) and 9 u.t.
(process OmP}).

. A (i+5) g (+3) x~ (i+6)x° ~
(H'Z)R1 A (i+z)p; | (1+z)p§
+2)pR, ! 1
(H'Z)R1 ' ' i+2)p ' i+2) p

,,,,,,,,, P D ,,[ » ,,,,,,,J,,,,[ |
N o S |
@) I ol | )
R == o O O — |
+2) R, dkaptl | oL | —
DR, 1+z)[1 E (i+2) | i (i+2) p|
(HZ)R( (1+Z)11
DR afpp? 2 p! B
DR, — fuzypl
2R oo : i |
OR| ool Op} ‘7” 77777 o @p!
(l)RrW” CT I | | | 4 i
OR;, : . ®pL @p}
R,/ +3) = =H —
(i+?t)R1 r;l . 1 L] ‘*'Pa] i) ; >
OR, E | ®p} Op ] —>
(i)R, i o1
-, === R ) X
(l)R’,,,, CJepll | [ePf] | peRd || [eRt
= m
OR, wp! QP
DR,/ o) g— 1 ; ;
(i+35)/R1 OFr A, 1 67, '+5)ﬂj —>
OR, : ol !? Op;
O] (+1)
iy o]y oin [op] i
('+1)R1; 77777777 j ________ (i+1)P; o i ________ (i+1)P;
DR, (i+1) pp ' !
i+1 F 5 T .
GOR( | =x I o @y
H+Dp : i+ ] i i p
DR P (M)ﬂ,
+HR [ 1)p1 (z+1)p1 i
G+DpR . -(i+1) D
G+DR E p] e
+DR a ! mi '
0 2 4 6 8 ¥ g

-m==- — execution of process’s @mPk
operation

Legend: — execution of

process’s @ Pk
Fig. 3. Cyclic schedule for structure SC from Fig. 1
6. CONCLUSIONS

A declarative modeling approach to AGVs fleet scheduling in
fractal-like AGVS multimodal networks environment is
considered. Opposite to traditional approach a given network
of local cyclic acting AGV services is assumed. In such a
regular network, i.e. composed of elementary and structurally
isomorphic subnetworks, the work-pieces pass their origin-
destination routes among workstations using local AGVs, i.e.
AGVs assigned to subnetworks. Since an AGVs fleet
scheduling problem can be seen as a blocking job-shop one
where the jobs might block either the workstations or an
AGVs, and this is a NP-hard problem, hence the considered
case of AGVs fleet scheduling in fractal environments also
belongs to NP-hard problems. The solution proposed assumes
that schedules of locally acting AGVs will match-up the
given, i.e. already planned, schedules of work-pieces
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machining. The relevant sufficient conditions guaranteeing
such a match-up exists were provided.

Table 1. The timing of commencement, operation times and
the dispatching rules of (VSC z from Fig. 1b)

| D] Qx| Vgl Ve Vs / Otia| Vtia| Vtia| Vtia| Vs
Optlil 2 | 3 456 Opll 1 1 1 1 1| 2
Optpl 4 | 567138 Opil 2 | 1 1 1 1|2
OpIfhl 6 | 7 | 8] 9 |10 ]|Op: 3 1 1 1 1 2
- J | Omay | Omiciy| Omicis| Omaciy| Omacs| Omoxis| Omaxi,
Omipi1| 6 7 3 9 13 14 16
Omtpi2] 2 3 4 8 10 - -
| Omtis | Omej, | Omitid Omej, | Omejs| Omej| Omej,
Omtp 1] 1 1 1 1 1 2 1
Omipl[2] 1 1 1 2 1
dispatching rule for local processes

0gd | (Oph) g0 | (Opi®pl)

g0 | (OpLo pl) g0 | (Opl®pl)

g0 | (Op)) g0 | (0pD)

dispatching rule for multimodal processes

D1 : 1 D1 : 1a 1

® o ( (t)mlpz) 0] o; ( (L)mlpz ,© m1P1 )

. . . — .

Ogl | (Om!PLOm'PY) | gl | (Om'PL)

(1)639 ((i)mlpzl’(i) mlpll)
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