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Abstract—This paper presents a partial-order re-
duction method for performance analysis of max-plus
timed systems. A max-plus timed system is a network of
automata, where the timing behavior of deterministic
system tasks (events in an automaton) is captured in
(max,+) matrices. These tasks can be characterized in
various formalisms like synchronous data flow, Petri
nets, or real-time calculus. The timing behavior of the
system is captured in a (max,+) state space, calculated
from the composition of the automata. This state space
may exhibit redundant interleaving with respect to
performance aspects like throughput or latency. The
goal of this work is to obtain a smaller state space
to speed up performance analysis. To achieve this, we
first formalize state-space equivalence with respect to
throughput and latency analysis. Then, we present a
way to compute a reduced composition directly from
the specification. This yields a smaller equivalent state
space. We perform the reduction on-the-fly, without
first computing the full composition. Experiments show
the effectiveness of the method on a set of realistic
manufacturing system models.

I. INTRODUCTION AND RELATED WORK

Performance is one of the key aspects in the design
of complex systems. Besides having to meet functional
requirements, systems need to adhere to timing con-
straints, and optimize productivity, typically expressed
with throughput or latency metrics. Throughput describes
the system performance in the long run, for instance the
number of products produced by the system per hour.
Latency describes the temporal distance between certain
events, for instance the time between the start and end
of processing a product. Usually, system performance can
only be measured at a later stage in the development
process, once the system is assembled. A model-based
design approach to performance engineering [1] can be used
to address this issue. In such an approach, formal models
capture the system behavior under the various scenarios
of execution. Moreover, by adding timing information,
performance analysis techniques can be used to predict
the system performance at an early stage in the design
process. However, in many industrial applications, the
underlying timed state space of these models becomes large,
and performance analysis quickly becomes a bottleneck.

In this work, we introduce a new partial-order reduction
technique to speed up performance analysis of timed
systems. The reduction explores only a restricted number

of interleavings of concurrently enabled system operations
that use different sets of system resources. The ample
conditions on the reduction guarantee that the perfor-
mances properties of the original model are preserved in
the reduced model. Traditional partial-order techniques
typically consider local properties such as deadlocks, and
temporal properties formulated in logics like LTLy  (next-
time-free Linear-time Temporal Logic) [2] and CTL{
(next-time-free Computation Tree Logic) [3].

There has been some initial work in applying partial-
order reduction techniques to timed systems. Bengtsson
et al. [4] apply standard partial-order reduction on timed
automata for reachability analysis. These automata execute
asynchronously, in their own local time scale, and synchro-
nize their time scales on communication transitions. This
work has been extended by Minea [5] to perform model
checking for an extension of LTL, that can express timing
relations between events. Yoneda et al. [6] investigated
partial-order reduction for timed Petri nets, that allows
the verification of similar timing relations. Theelen et al. [7]
apply ideas from partial-order reduction on Scenario-Aware
Data Flow models, where they use an independence relation
among actions to resolve non-deterministic choices that
have no impact on the performance metrics.

In this paper, we consider max-plus timed systems as
a formal model. Such systems are described by a set
of (max,+) automata [8] and a composition operator. A
(max,+) automaton is a conventional automaton, where
the timing semantics of each system task (event in an
automaton) is described by a (max,+) matrix. Such
a matrix captures the corresponding timing behavior,
induced by the corresponding action execution times and
action dependencies. Max-plus timed systems can express
the timing semantics of a broad range of specification
formalisms, such as Network Calculus [9], Real-Time
Calculus [10], Synchronous Data Flow [11], Scenario-Aware
Data Flow [12], and Timed-Event Graphs [13], [14], an
important subclass of timed Petri nets. A broad range of
industrial systems can be expressed using these formalisms.

To illustrate the concepts in this paper we use a speci-
fication framework [15] suitable for performance analysis
of manufacturing systems. It allows analysis of both
throughput and latency as performance metrics. System
tasks are described by activities, which consist of a set
of actions that execute on resources and dependencies



among those actions. The timing behavior of each activity
is captured by a (max,+) matrix. A parallel composition of
(max,+) automata describes the order in which activities
can be executed. As composition operator, multi-party
synchronization [16] is used. From the system specification,
a timed (max,+) state space is derived that captures the
system behavior and the necessary timing information to
evaluate system throughput and latency. We use partial-
order reduction to compute a reduced composition of
(max,+) automata directly from the specification. From
the reduced composition a reduced state space is computed
that preserves performance properties.

Well-known partial-order reduction techniques include
the stubborn sets method of Valmari [17], the persistent
sets method of Godefroid [18], and the ample sets method
of Peled [19]. The idea in these methods is to exploit
information about the independence of certain activities
to reduce the size of the state space, while preserving the
properties of interest. In each state, only a subset of all
possible transitions is selected. In this work, we use ample
sets and the extension of cluster-based ample sets [20].

In the remainder of this paper, we first formally introduce
max-plus timed systems and define the properties of
interest. Then, we introduce a reduction function that
preserves the specified properties on the level of the state
space. Next, we introduce local conditions to compute a
reduced composition automaton directly from the network
of (max,+) automata. The reduced state space can be
computed from the reduced composition automaton. An
experimental evaluation shows the effectiveness of the
reduction technique.

II. Max-PrLus TIMED SYSTEMS

In the specification framework that we use [15], a system
is modeled in terms of resources that provide the actions
that the system can execute. Deterministic system tasks are
described by activities. An activity consists of a fixed set
of action instances and dependencies among those action
instances. A resource must be claimed before its actions
can be used. After execution of the actions, the resource
must be released. The timing information of each activity
is captured in a (max,+) matrix. This matrix describes
the release time of each system resource in terms of when
the resources are available at the start of executing the
activity. The availability times of resources are captured
in a (max,+) vector. Given such a resource availability
vector, we obtain the new resource availability vector
after execution of some activity by multiplying with the
corresponding (max,+) matrix.

We use (max,+) algebra (see for instance [21]) to capture
the timing semantics of activities in a concise way. Two
essential characteristics of the execution of an activity
are synchronization, when an action inside an activity
waits until all preceding actions are finished, and delay,
when an action execution takes an amount of time before
it completes. These characteristics correspond well to
the (max,+) operators mazimum (max) and addition
(4), defined over the set R™>° = R U {—o0}. Operators
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(a) Activities A, B, C' and D. Actions are from a till A, and the
action timings are given inside the nodes. Resources r1,r2 and
r3 are claimed (cl) and released (rl).

Composition of

(b) Max-plus timed system. (c) the

Activities A, B, D havereward (max,+) automata. The

0; C has reward 1. reduced composition is shown
with thick transitions.

Fig. 1. Running Example.

Fig. 2. (max,+) matrices of activities A, B, C and D.

max and + are defined as usually in algebra, with the
additional convention that —oo is the unit element of max:
max(—00, ) = max(x, —00) = z, and the zero-element of
+: -0+ =x+ —00 = —00.

Since (max,+) algebra is a linear algebra, it can be
extended to matrices and vectors in the usual way. Given
matrix A and matrix B, we use A ® B to denote the
(max, +) matrix multiplication. Given m x p matrix A and
p X n matrix B, the elements of the resulting matrix A® B
are determined by: [A ® BJ;; = I?%i(([A]ik + [Blg;). For
any vector &, ||| = max;[x]; denotes the vector norm of .
For vector @, with ||&| > —oco, we use norm(x) to denote
@ — ||x||, the normalized vector, such that ||norm(z)|| = 0.
We use 0 to denote a vector with only zero-valued entries.

In this paper, we use the running example shown in
Fig. 1. This max-plus timed system consists of activities
A,B,C and D (see Fig. 1a), and three (max,+) automata
(see Fig. 1b). Fig. 1c shows the composition of the (max,+)
automata. Each activity has a corresponding (max,+)
matrix that captures the timing behavior, shown in Fig. 2.
Each matrix row represents the symbolic release time of a
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Fig. 3. Gantt chart of activity sequence ABC' when all resources are
initially available.

resource in terms of all system resources, which is denoted
by set R. Let R be a function that maps each activity
to the set of resources the activity uses. As an example,
consider the first row of matrix M 4. This row describes the
release time of resource r; € R, expressed in terms of when
resources r1, Ty and 73 are available at the start of executing
A. In the execution of activity A, there is a timing delay
of 4 time units between the claiming of resource r; and
the subsequent release of resource ry. Similarly, a delay
of 5 is present between the claiming of resource ry and
the release of r;. There is no dependency between the
availability times of resource r3 and the release of resource
r1, indicated by —oo. This can also be seen in the structure
of activity A (Fig. 1a), since resource r3 is not involved in
the execution. For details on how to compute the (max,+)
matrices of activities, see [15].

The timing evolution of the system is expressed using
(max,+) matrix multiplication. Assume that all resources
are initially available, captured in vector 0. The new
availability times of the resources after executing activity
A with corresponding matrix M 4 are computed as follows:

max(4 + 0,5+ 0, —o0 + 0) 5
My®0= |max(—00+0,34+0,—0c0+0)| = |3
max(—oo + 0, —o00 + 0,0 + 0) 0

Resources r1 and ro are available again after 5 and 3
time units respectively. The availability time of resource
rg stays 0, since it is not used by activity A.

The timing semantics of an activity sequence is defined
in terms of repeated matrix multiplication. As an example,
consider the execution of activity sequence ABC, shown in
Fig. 3. The new resource availability vector after execution
of this sequence is computed as follows:

Me® Mp® My ®0=[6,6,4]T.

To capture all possible activity orderings in the system,
we use (max,+) automata.

Definition 1 ((max,+) automaton (adapted from [8])). A
(max,+) automaton A is a tuple (S, 3, Act, reward, M, T
where S is a finite set of states, § € S is the initial state, Act
is a momempty set of activities, function reward : Act —
RZ9 quantifies the amount of progress per activity, function
M maps each activity to its associated (maz,+) matric
of size |R| x|R|, and T C S x Act x S is the transition
relation. Let s = s' be a shorthand for (s,A,s"y e T. It
is assumed that A is deterministic, which means that for

A A ,
any s,s',s" € S and A € Act, s = s’ and s = 5" imply
/ "
s =s".

Let A= (S, 3§, Act, reward, M,T) be a (max,+) automa-
ton. An activity A € Act is said to be enabled in a state
s€Sifs s for some s’ € . Set enabled(s) = {A €
Act | 3" : s Ay } contains all activities enabled in s.
State s is a deadlock state if enabled(s) = . Since A
is deterministic, for any activity A € enabled(s), there
is a unique A-successor of s, denoted by A(s). For an
activity sequence A ... A,, the resulting state is defined
inductively as (A1)(s) = Ai(s) if A1 € enabled(s), and
(Al . AnAn+1)(8) = An+1((A1 . An)(S)) if An+1 S
enabled((A; ... A,)(s)). Otherwise, (A; ... Ant1)(s) is un-
defined.

A (max,+) automaton is an w-automaton [22] that
accepts infinite w-words over Act. There are no specific
acceptance conditions on these words, so any infinite word
that conforms to a sequence of transitions starting in the
initial state is accepted. A possible behavior of the (max,+)
automaton is described in a run. An infinite run p of A is
an infinite, alternating sequence of states and activities:

p = 50A151A252A3 ... such that So = §

and Si+1 = Ai+1(8i) for all ¢ > 0.

Given run p, let pl[..i] denote the prefix spA4; ...s;, and
let p[i,j] = s;Ait1...s; denote a run fragment from state
s; until s;. Furthermore, let p[i] denote state s; in p.

We use the term (max,+) automaton to emphasize that
the timing semantics of the automaton is expressed in
(max,+) algebra. Note that the original definition in [8]
does not consider rewards, but this extension is considered
for instance in Weakly-Consistent Scenario-Aware Data
Flow [23]. Tt allows for a refined, explicit specification
of progress. A max-plus timed system is defined as a
composition of (max,+) automata. In our framework we
use multi-party synchronization as composition operator,
which is defined in the following way.

Definition 2 (Multi-party synchronization). Given
(maz,+) automata Ay = (S1, 81, Acty, rewardy, My, Th)
and As = (5,8, Acty, rewards, My, To), we define
the multi-party synchronization Ay || Az = (51 X
Sa, ($1, $2), Act; UActy, reward; Urewards, My U Ms, Ts),
where

if A € Acty N Acto,
A A
81 =1 81,82 —2 Sy
A . A
<81, 82> —12 <Sll, 82> ZfA S Act1 \Actg, S1 —1 8/1
A . A
<81, 52> —12 <81, 5/2> ’LfA € Act2 \Actl, S9 —9 8/2.

A
(s1,52) =12 (51, 85)

Definition 3 (Max-plus timed system). 4 max-plus timed
system M is described by M = Ay || - || Ap with (max,+)
automata A; and multi-party synchronization operator ||. It
is assumed that all matrices have the same dimensions of
|R| X|R|, and that the reward functions agree for the same
activities.



The composition of all the individual automata is again
an automaton. Fig. 1c shows the composition of the
automata shown in Fig. 1b. Each (max,+) automaton
can be interpreted as a normalized (max,+) state space
that captures all the accepted runs, and contains all the
necessary information to evaluate performance properties.

Definition 4 (Normalized (max,+) state space
(adapted from [12])). Given (maz,+) automaton
A = (5,8 Act,reward, M,T) with matrices of size
|R| x|R|, we define the normalized (max,+) state space
S =(C,¢ Act, A, M, wy,ws) as follows:

e set O =8 x R=™ of configurations that consists of
a state and a normalized (resource availability) vector;

o initial configuration é = (8,0);

e a labeled transition relation A C C x Act x
C' that consists of the transitions in the set
{((5.7), A, s/ snorm(y)) | s % s’ Ay = M(A) @)

o function w; that assigns a weight wi(c, A, c) =
reward(A) to each transition (¢, A,c) € A;

o function ws that assigns a weight ws(c, A,c) =
|M(A) @~ to each transition (c,A,c') € A. This
weight indicates the total added execution time to the
complete schedule.

We define the set of enabled activities and runs in a
(max,+) state space in a similar way as in a (max,+)
automaton. The state space of A; || -+ || A, is computed
in two steps. First, we compute the composition, and
subsequently we compute the corresponding state space.
Fig. 4 shows the state space of the max-plus timed system of
Fig. 1. In some cases, this state space might be infinite [12].
The state space is guaranteed to be finite, if for every
activity sequence u allowed by the (max,+) automaton
and any k > 0, there is some m > k such that the matrix
My @ -+ @ My -1y contains no entries —oo [12]. We
can make the following observation.

Proposition 5. Given (maz,+) automaton A and corre-
sponding (maz,+) state space S, S is finite iff each resource
is used by at least one activity in any cycle in A.

In the (max,+) automaton shown in Fig. lc, each
cycle involves activities A, B,C, and D. Together, these
activities use all three resources rq,rs, and r3. Therefore,
the corresponding state space shown in Fig. 4 is finite.

The behavior of a (max,+) automaton S is captured by
set R(S) of all allowed runs. A run p € R(S) is an infinite,
alternating sequence of configurations and activities:

p = cpAic1AzcoAs ... such that ¢g = ¢é

and Ci+1 = Ai+1(ci) for all ¢ > 0.

Given run p, we define run prefix p[..i] = cod;...c,
run fragment pli,j] = ¢;Aiy1...¢; from configuration
¢; until ¢, and p[i] = ¢;. We also define vector 7, =

(®i_; M(Ak)) ® 0, which is the resulting resource avail-
ability vector after executing activities A; ... A, without
normalization. These vectors can be derived from the
normalized (max,+) state space.

Theorem 6. Let S be a (max,+) state space, and p =

coAic1AscaAs ... be a run in S. Then, for each n > 0 it
— n—1

holds that v, = Y1 _g wa(Cr, Akt1, Ch1) + Yn-

Proof. Proof by induction over n. First consider the base
case n = 0. Then, 79 = 7 = 0. Now, consider the
induction step. As induction hypothesis assume ~, =
ZZ;& wa(ck, Aki1,Chr1) + Yn- Then:

Z wa(Ck, Aky1, Cht1) + Ynt1
k=0
n—1
= Z wa(Cky, Akt1, Cht1) + wa(cn, Ant1, Cng1) + Yn1
k=0
= {Def. 4}
n—1
Z wa(Cr, Apt1s 1) +|| M (Ang1) ® yal| +
k=0
M(AnJrl) & Yn — HM(AnJrl) ® 7n||
n—1

= > wa(cr, Apy1, Chy1) + M(Ani1) @ Yn

k=0
={c+Mey=M®e(y+c)}
n—1
M(Ap1) ® | Y waler, Apsr, i) +¥n
k=0

= {induction hypothesis}

M(Any1) ® (® M(Ag)) ®0
k=1

n+1

= (R M(Ax)®0

k=1
- 'Vn_—}-l
O

Example 7. Consider the normalized (maz,+) state space
shown in Fig. 4, and the execution of activity sequence
ABC starting from the initial state. This corresponds to
some run p that starts with run fragment p[0, 3] =

0
(s1,]00) 25 (s, [ =21 25 (sau 0 1) 2% (50| 0 [).
0 -5 —06 -2

The vector in each configuration without normalization can
now be computed using Theorem 6; ¥9 = ~vo = 0 and

4 =0+5+[0,-2,5]T = [5,3,0]T
Y2 =0+5+1+10,0,—6]T =[6,6,0]T
¥3=0+5+1+0+][0,0,—2]T =[6,6,4]T.
Fig. 3 shows the same availability times of 6,6, and 4 for
resources r1, T2, and r3 after executing ABC.
III. PARTIAL-ORDER REDUCTION FOR PERFORMANCE
ANALYSIS

In this section we present a partial-order reduction
technique that preserves throughput and latency properties.
We first define throughput and latency.
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Fig. 4. Normalized (max,+) state space of the (max,+) automaton shown in Fig. 1c. The reduced state space is shown with thick transitions.
Transitions are annotated with the corresponding activity and wa value. Activity C has reward 1, and activities A, B, and D have reward 0.

Throughput: We quantify the throughput of a run as
the ratio between the total reward (sum of w; weights)
and the total execution time (sum of wy weights).

Definition 8 (Ratio value of a run). The ratio of a run
p = cgAic1AscoAs ... is the ratio of the sums of weights
wy and we, defined as follows

l
' A,
Ratlo(p) = lim sup Z’ZL:O w1 (C’M i+1 CZ+1) .

l=oo Y. gwa(ci, Aip1, Cip1)

We define the ratio value of a run fragment pli, j] as

e S wi(ers A, i)
Ratio(p[i, j]) = f -
D i WalCky Apt1, Ch1)

The system throughput is determined by the possible
ratio values over all infinite runs on some state space S. We
can quantify a guarantee on the throughput of the system
by the minimum ratio value achieved by any of those runs:

Tmin(S) = pglni&) Ratio(p).

If S is finite, each infinite run eventually reaches a
recurrent configuration. Each reachable simple cycle in this

state space allows for a periodic execution of the system.

Since S has a finite number of simple cycles (no repetition
of transitions is allowed), we can determine the minimum
ratio value of the graph from a minimum cycle ratio (MCR)
analysis [24]. The minimum cycle ratio (MCR) over all the
cycles in S, say cycles(S), is defined in the following way:

MCR(S) = min

Rati = Tmin(S).
cecycles(S) 2 IO(C) i ( )

Example 9 (Cycle ratio). Consider the normalized
(max,+) state space S shown in Fig. 4. Recall that activity
C has a reward of 1, and activities A, B, and D have a
reward of 0. In this way, the ratio relates to the number
of C' occurrences per time unit. The minimum cycle ratio
MCR(S) = 3/8, which can for instance be found in the
following cycle corresponding to the execution of (CBAD) :
0 —4 -3 0

—4|) Gh (ss,|=8|) B (s7,| =3 |) A2 (54, =2])-

0 0 0 —2
\M
The other periodic executions where B precedes A, i.e.

(BACD)¥ and (BCAD)%, have the same minimum cycle
ratio value.

<317

Latency: In general, latency is the time delay between
a stimulus and its effect. In the context of max-plus timed
systems, we define the latency in terms of the temporal
distance that separates the resource availability times of
a resource at the start of two activities Ag.. and Ag,x.
In the state space, consider some run p = cgAiciAs...
with ¢; = (s;,7;) containing run fragment pli,j + 1] =
CZ'A7;+1 N CjAj+1Cj+1, with A7;+1 = Asrc and Aj+1 = Asnk~
Then we define the start-to-start latency A between the
resource availability times of resource r in ~; and v; as

)‘(p7iaj7 ’I") = [’YJ}T - [iz]r

Example 10 (Latency). Consider again the execution of
activity sequence A - B - C starting from configuration co in
the (maz,+) state space shown in Fig. 4. Suppose we want
to compute the start-to-start latency between the resource
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Fig. 5. Adaptation of an activity to measure the start time of action
a in terms of the availability time of resource ;.

availability times of r1 in Yo (start of activity A) and 2
(start of activity C). Recall from Example 7 that v9 = 0
and v3 = [6,6,0]T. The latency is now computed as

6 0
/\(p70727T1) = [‘)72}7"1 - [70]7”1 = [ 6 }7"1 7[ 0 ]T1 = 0.
0 0

The above focuses on resources. The temporal distance
between the start of two actions can also be determined
from the resource availability times in the state space,
by slightly adapting the corresponding activities that
contain the actions. Assume action instances a and f in
activities A, and Ag,r. To determine the start-to-start
latency between a and f, we slightly transform activities
Agre and Ag,. We illustrate the approach for Ag,.., the
transformation for Ay, is analogous. First, we add a new
action s, to Ay, using the same resource as a, that does
not take time. We remove the incoming dependencies from
a and add them to s,. Then we add a dependency from
Sq to a. Next, we add a new resource r; and a dependency
from the claim node of resource r; to s,, and from s, to
the release node of ;. In this way, we encode the start time
of action a in terms of the resource availability of resource
r;. The transformation is illustrated graphically in Fig. 5.

We assume that the occurrences of Ag.. and A,
activities are related. In any run, for any k > 0, the k-th
occurrence of Ag,. is paired with the k-th occurrence of
Agnr. We refer to such a pair of related activities as a
source-sink pair. Let getOccurrence(p, A, k) be a function
that returns the index of the k-th occurrence of activity
A in run p. The start-to-start latency for resource r in
p with source-sink pair A;41 = Ay and A; = Agyp in
run fragment p[é, j + 1], is now equal to A(p,4,j,r). The
maximum start-to-start latency in a run is now obtained
by looking at all source-sink pairs:

)\ma:r (vas'r‘ca Asnk» 'I’) = sup )‘k (p) where

k>0
Ae(p) = Apy i, j, ),
i = getOccurence(p, Agre, k), and
j = getOccurence(p, Asni, k).

Definition 11 (Latency). Given normalized (max,+) state
space S, the mazimum start-to-start latency of resource r
with source-sink pair Agre, Asnr in S is found by taking the
mazimum latency over all runs in the state space:

)\maw (8) = Sup )\maw ([)7 Asrca Asnk; T)-

PER(S)

Ratio Independence: In the state space, there can be
redundancy with respect to multiple runs that have the
same ratio value. Part of this redundancy is caused by the
interleaving of activities that have no mutual influence. We
reduce the size of the state space by removing redundant
interleaving of ratio-independent activities.

Definition 12 (Ratio independent).  Let
S = (C,¢ Act, A, M, wy,w3) be a (mazx,+) state space,
¢ € C be a configuration, and A,B € enabled(c) be
activities enabled in c. Activities A and B are ratio
independent in c iff if they satisfy the following conditions:

1) if A, B € enabled(c), then B € enabled(A(c)),
A € enabled(B(c)), and AB(c) = BA(c);
2) w;(e, A, A(c)) + w;(A(e), B, AB(c)) =
w;(e, B, B(c)) +w;(B(c), A, BA(c)) forie€ {1,2};
3) R(A)NR(B) = 0.
Two activities are ratio dependent if they are not ratio
independent.

The first property is the classical notion of independence:
in every configuration where A and B are both enabled,
the execution of one activity cannot disable the other
activity, and the resulting configuration after executing
both activities in any order is the same. The second
property requires that the sum of the weights w; and
wy of the corresponding transitions of A and B is the same.
The third property requires that activities A and B do not
share resources.

Reduced state space: In the remainder of this section,
we formalize an ample reduction on a (max,+) state space
that preserves throughput and latency.

Definition 13 (State space reduction function). A re-
duction function reduce for a (maz,+) state space S =
(C,e,Act, A, M,wy,ws) is a mapping from C to 2 such
that reduce(c) C enabled(c) for each configuration c € C.
We define the reduction of S induced by reduce as the small-
est (max,+) state space 8" = (C', &, Act’, A, M’ ,w', wh)
that satisfies the following conditions:
e O'CC, & =¢ At =Act, A'CA, M'=M;
o for every c € C' and A € reduce(c), (¢, A, A(c)) € A/,
’LU'l(C, A, A(C)) - wl(cv A, A(C))’ and ’LU/2 (Ca A, A(C)) =
wa (e, A, A(c)).

Definition 14 (Ample conditions state space). Let ample
be a reduction function on a (max,+) state space that
satisfies the following conditions:

(R1) Non-emptyness condition: if enabled(c) # 0,
then ample(c) # 0.

(R2) Ratio-dependency condition: For any configura-
tion cg € C' and run coAic1As ... Apcy with m > 1
in S, if activity A,, and some activity in ample(cy)
are ratio dependent in cg, then there is an index i with
1 <i < m with A; € ample(cp).

Example 15. Consider initial configuration ¢y = (s1,0)
in the state space shown in Fig. 4. Activities A and B are
ratio dependent in co (they do not satisfy condition 1 in



Def. 12) and ratio independent with activity C. Ample sets
{A, B} and {C?} both satisfy conditions (R1) and (R2).

Condition (R2) implies that starting from some config-
uration ¢;, any activity in ample(c;) remains enabled as
long as no activity in ample(c;) has been executed.

Lemma 16 (adapted from [25, Lemma 8.15]). Let p[i, j] =
¢iBicit1...Bjc; be a run fragment in S. If ample(c;)
satisfies condition (R2) and {B;,...,B;} Nample(c;) =0,
then all activities A € ample(c;) are ratio-independent of
{Bi,...,Bj,}. In addition, we have A € enabled(cy) for
i< k<j.

Conditions (R1) and (R2) ensure that for each run in the
(max,+) state space we can find an equivalent run in the
reduced (max,+) state space. First we define equivalence
of run prefixes. Two run prefixes are equivalent iff their
corresponding activity sequences can be obtained from each
other by repeatedly commuting adjacent ratio-independent
activities.

Definition 17. Activity sequences v, w € Act* are consid-
ered equivalent [26], denoted v = w, iff there exists a list of
activity sequences ug, U1, - . . Un, where ug = v, U, = w, and
foreach 0 < i <mn,u; = uABG and u;11 = uBAQ for some
u, 4 € Act* and ratio-independent activities A, B € Act.

Given prefix p[..m] = cg4; ... Apcy of some run p, let
p"™ denote the activity sequence Aj ... A,,.

Definition 18. Prefizes p[..m| and o[..m] of runs p and o
are equivalent, denoted p[..m| = o[..m], iff p™ = o™.

Throughput is defined as a limit on prefix ratios of
infinite runs. To define equivalence of runs in terms of
throughput, we need to consider run prefixes with a
bounded difference in activities following those prefixes.

Definition 19 (Equivalence of runs). Let p and o be two
runs. We define p = o iff there exists a ¢ € N such that for
all n > 0 4t holds that p =, o, where p =, o is defined if
there exists some k > n, run prefizes p[..k] and p[..k] with
P = p¥ such that p¥ = o™ - 1 for some T, and k —n < c.
Runs p and o are equivalent, denoted p = o, iff p = o and

o= p.

If a reduction satisfies conditions (R1) and (R2), then
for each run in the full (max,+) state space we can find
an equivalent run in the reduced (max,+) state space.

Theorem 20 (Equivalent runs). Let S =
(Cyé, Act, A, M, w1, wa) be a finite normalized (max,+)
state space, and S’ be the reduced (max,+) state space
induced by reduction function ample. If ample satisfies
conditions (R1) and (R2), then for each run p € R(S),
there exists a run o € R(S’) with p=o0.

Proof. Let p € R(S) be some run in S. Now, we need to
show that there exists an equivalent run o € R(S’) such
that p = o and o > p.

First, we show that there exists a run o € R(S’) such
that p = o with ¢ =|C|. To this end, we first define o”

recursively as follows:

o' =¢
o™ =" . A where A € ample(p[n]) is the first

such activity in p[n..].

We now prove that such an activity A can be found
in p[n..] = ¢xBicpy1Ba ..., with ¢, = p[n]. Let R" C R
denote the set of resources used by activities in ample(c,,),
i.e. R" = Uacample(c,) F(A). Since the normalized (max,+)
state space is finite, eventually we always reach a cycle.
By Corollary 5, there is at least one activity on this cycle
that uses one of the resources in R’ that is also used by
some activity A € ample(c,). Let A = B, be the first
such activity.

Let o™ for each n > 0 be constructed using this proce-
dure, and let 0 = | |, o™. We now prove that p =, o
for all n > 0 by induction on n. As a base case, consider
n = 0. Then, obviously ¢° = p° = ¢ satisfies p =¢ 0. As
induction hypothesis assume that p >=,, . This means that
there exists a k > n, and p* = p* such that pF = o™ -7 for
some 7, and k —n <|C|. In the construction, we find some
I>n+1,such that o' =¢"- A, 7' =B, ... B,,_1 and
pl = o™t . 7. By Lemma 16, A = B,, € ample(c,), and
B,, is ratio-independent with Bj ... B,,_1, which means
that AB;...By,—1 = By ...By,—1A. The value of m (and
subsequently also the length of 7') is bounded by the max-
imum simple cycle length in the state space, i.e. m <|C|.
Since o™ = p" and ABy...B,_1 = By...B, 1A, we
have that p' = p'. By the principle of induction, p =, o
for all n > 0.

Since p =, o for all n > 0, run o satisfies p = 0. The
fact that o = p, follows from the observation that each run
o € R(S') is also a run in R(S). Therefore, we have shown
that for each run p € R(S), there exists a run o € R(S’)
such that p = 0. O

Theorem 21 (Equivalent runs have the same throughput).
Let p and o be runs. If p = o, then Ratio(p) = Ratio(o).

Proof. Since p = o, by Def. 19, we have p =,, o for n > 0.
This means that there exists a £ > n, and run p such that
ﬁkZO'n-TfOI“ some 7, and kK —n < c.

The maximum difference between w;(p™) and w;(c™) for
i € {1,2} and any n > 0 is bounded by the maximum total
w; sum of suffix 7, whose length is bounded by c. Let k;
denote the maximum total w; sum of 7, i.e. the maximum

total w; sum over all simple cycles in the graph:
wi(p") < w;(o™) < w;i(p") + ki for some k; > 0.

Since limsup,,_, ., wi(p") = oo for i € {1,2}, the
constant k; can be ignored, and we obtain the following
result:

n
= lim sup wi(o")

Ratio(p) = lim sup wi(p") w2(0")
n—00 2\0

n—oc Wa(p™)

= Ratio(o).

O

Theorem 22 (Equivalent runs have the same latency). Let
p,0 € R(S). Let Ay and Agpny be any source-sink pair, and
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let T be the resource for which we want to calculate the start-
to-start latency. If p = o, then Aoz (0, Asre, Asni,T) =
)\max (Ua Asrm Asnka T‘) .

Proof. Consider any source-sink pair instance k in run p
with latency Ap(p) = Ap,i,4,7) = [¥;]r — [¥i]» for some
0 <i < j. Furthermore, let Ai(o) = A(o, m,n,r) for some
0<m<n.

The order of A,.. and A, activities in o is the same
as in run p, since R(Ag.c) N R(Asnk) # 0 and activities
Agre and Agyy are ratio-dependent in any configuration.
The corresponding run fragments p[i, j| and o[m, n] start
with the k-th occurrence of A,,. and end with the k-th
occurrence of Ag,k.

Let [ = maxz(j,n). Since p = o, also p »=; o and there
exists some p and k > [ such that p*¥ = p* = o' -7 for some
7. Prefix p* is obtained from p by repeatedly commuting
ratio-independent activities. We need to show that each
such swap has no influence on the latency of source-sink
pair instance k. Let A, B be any pair of such activities,
ratio-independent in some configuration cs.

First, consider the case where both A and B are different
from Ag. and Agpr. Let ; be the resource vector of
interest. Assume that s < j, since for s > j, obviously
the swap has no impact on the value. Since A, B are ratio-
independent, their matrices commute, and therefore the
value of 7; remains the same:

J
vi = Q) M(Ar) ©0
k=1

= QM (Ap)®M(Acr1)@M(A,) ® ® M(Ax) ®0
k=1

k=s+2
7 s—1
= Q) M(Ap) @M (A)@M(Agpr) @ Q) M(Ax) © 0.
k=s+2 k=1

Now assume a swap of activities Ag.. and B, ratio-
independent in configuration cs. Assume that A, = A% 11
in run p, and B = A7, in run 0. We need to show
that [¥s], = [vZ,1]r, where 47, is the resource vector
after executing B from configuration c¢,. Since A, and B
are ratio-independent, resource r is not used by B. This
means that the resource availability time before and after
executing B stays the same for resource r. This implies
that [v,], = [¥7.1]r- A similar reasoning can be used for
the case where Ag,r and B are swapped, and when B
is executed first in run p instead of in run o. Since the
resource availability vectors corresponding to the start of
the k-th occurrences of Ag.. and Ag,; are the same, we
conclude that Ag(p) = Ax(o) for any k > 0. It follows that
)\maw (p7 Asrca Asnk; T) = )\mam (0'7 Asr07 Asnka T). O

From Theorems 20-22, it immediately follows that a safe
reduction preserves throughput and latency aspects.

Corollary 23. Let S be a finite normalized (maz,+) state
space, and S’ the reduced (maz,+) state space induced
by reduction function ample. If ample satisfies conditions

(R1) and (R2), then Tmin(S) = Tmin(S") and Apaz(S) =
Amaz(S').

Reduced (maz,+) automata composition: We want to
perform the partial-order reduction at the level of (max,+)
automata, rather than at the level of the (max,+) state
space. To achieve this goal, we introduce the notion of
resource independence at the level of a (max,+) automaton.
This notion is used in the ample conditions on reductions
of a (max,+) automaton.

Definition 24 (Resource-independent activities). Given
(max,+) automaton A = (S,8, Act,reward, M,T) and
state s € S, activities A, B € enabled(s) are resource
independent in s if they satisfy the following conditions:

o B € enabled(A(s)) and A € enabled(B(s));
o AB(s) = BA(s);
e R(A)NR(B) = 0.

Two activities are resource dependent, if they are not
resource independent.

If two activities are resource independent in some state
in the (max,+) automaton, then they are also ratio
independent in the corresponding configurations in the
underlying state space. When two activities are resource
independent, it holds that R(A) N R(B) = (). In this case
their corresponding (max,+) matrices commute, which
means that My @ Mg = Mpg ® M 4. As a result, the
resulting normalized vector after multiplication is the
same, and the sum of the weights w; and ws is the same,
independent of the execution order.

If two activities are resource independent, then they are
ratio independent in the underlying state space.

We show the relation between resource independence and
ratio independence in a number of steps. First we show that
if for activities A and B it holds that R(A) N R(B) = 0,
then their corresponding (max,+) matrices commute.

Definition 25 (Commuting matrices). Two (maz,+)
matrices M 4 and Mp are said to commute if MA@ Mp =
Mp® My,.

Lemma 26. Let A and B be activities with corresponding
matrices M and Mp. If R(A)NR(B) =0, then M4 ®
Mp=MpQ My,.

If the (max,+) matrices of two activities commute, then
the resulting normalized vector in the (max,+) state space
is the same.

Lemma 27. Consider (max,+) matrices M, Mp and
vector . If My and Mp commute, then the resulting
normalized vector after multiplication in the normalized
(mazx,+) state space is the same.



Proof.

norm(Mp ® norm(Ma ® 7))
=Mp®(Ms®y — [Ma®|)

— |[Mp® (Ma®~ — [|[Ma®~])|
=MpMs®y — [|[Mac|

— [[Mp @ Ma®~[ + [Ma® |
=MpMas®y — [|[Mp®Ms@79|
= {using M4 ® Mp = Mp ® M}

My@Mp®y — ||Ms® Mp 7|
= { same steps in reverse direction }

norm(M, @ norm(Mp ® 7)).
O

Given resource-independent activities, the sum of the
weights for both w; and ws after execution are the same,
independent of the execution order.

Lemma 28. Let ¢ be a configuration and A, B be resource-
independent activities. Then, the sum of weights w1 and wo
of the paths after execution of both A and B starting from c
is the same, independent of the relative order of A and B.

Proof. For weight w;: trivial. For weight ws:

wa(c, A, A(c)) + wa(A(c), B, AB(c))
= | Ma®@~ | + || Mp ® norm(Ma @) ||
= [ Ma@y |+ Mp®(Ma@y — || Ma® ) |l
= {using M4 ® (y—¢c) =My Qv —c}
I Ma@y |+ Mp®Ma®y — | Ma® |
{using [y —c =117 —c}
| Mp® M@ |
= | Ma® Mp @~ |
{ same steps in reverse direction }
wa (¢, B, B(c)) + wa(B(c), A, BA(c)).

O

Theorem 29. Given are a (maz,+) automaton A =
(S, 8, Act,reward, M, T) and state s € S with activities
A, B € enabled(s). Consider any configuration ¢ = (s,)
in the underlying normalized (max,+) state space. If A
and B are resource-(in)dependent in s, then they are ratio-
(in)dependent in c.

Proof. Assume that A and B are resource independent in
s. To prove that A and B are ratio independent in ¢, we
show that the three conditions stated in Def. 12 hold. The
first part of condition 1 follows directly by independence of
A and B. The second part requires a unique configuration
¢ = (s',v') after executing A and B in arbitrary order.
The fact that the same state s’ is reached follows from
the independence of A and B, and that the same resource
availability vector 4’ is reached follows from Lemma 27.
Condition 2 requires that the sum of the weights for both
wy and ws is the same, independent of the execution order.
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This follows from Lemma 28. Condition 3 requires that A
and B have no resources in common, which follows directly
from the definition of resource independence.

The proof for the case that A and B are resource
dependent is analogous. O

A reduction function on a (max,+) automaton is defined
in the following way.

Definition 30 ((max,+) automaton reduction function).
A reduction function reduce for a (maz,+) automaton A =
(8,3, Act, reward, M, T) is a mapping from S to 2°°* such
that reduce(s) C enabled(s) for each state s € S. We
define the reduction of A induced by reduce as the smallest
(mazx,+) automaton A’ = (S', 8, Act’, reward', M', T") that
satisfies the following conditions:

« §'CS, & =35 Act' = Act, T' CT;

o for every s € S’ and A € reduce(s), (s, A, A(s)) € T',

reward' (A) = reward(A), and M'(A) = M(A).

Given reduction function ample 4 on a (max,+) automa-
ton A = (5,8, Act,reward, M,T), we define reduction
function amples on the corresponding (max,+) state
space S = (C, & Act, A, M,wy,ws) in the following way:
for any ¢ € C with ¢ = (s,7) and s € S, define
amples(c) = ample A(s).

Lemma 31. Let A = (S, 3, Act,reward, M, T) be any
(max,+) automaton with corresponding state space S =
(C, e, Act, A, M, wy,ws). Let ample 4 be an ample reduction
on A that yields A" with corresponding state space S’. Let
amples be an corresponding ample reduction on S that
yields state space S, then S = S'.

Proof. To illustrate the approach, consider the following
figure.

4 ample_4 y
! !
S §=8'
ampleg
For each s € S, it holds that enableds: (s) = ample 4(s).
For each configuration ¢ € C with ¢ = (s,7) we

have enableds/(¢) = enabledy (s) by Def. 4. Also,
enableds(c) = enabled 4(s) by Def. 4, and enabledg(c) =
amples(c) = ample(s) by definition of amples. This
implies that enabledg(c) = enableds: (c) for each configu-
ration ¢ € C'. Since the set of enabled activities is the same,
the set of configurations and transitions in both Sand S is
also the same. Also Act’ = Act = Act, M’ = M = M, and
w) = ; = w; for i € {1,2}. This proves that S =&’. [

To preserve latency and throughput properties, we
impose the following ample conditions on a reduction
function of a (max,+) automaton.

Definition 32 (Ample conditions (max,+) automaton).
Let ample be a reduction function on a (max,+) automaton
that satisfies the following conditions:
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(A1) Non-emptyness condition: if enabled(s) # 0,
then ample(s) # 0.

(A2) Dependency condition: For any state sg € S’ and
run sgA1814s ... Apsy, with m > 1 in A, if activity
A, and some activity in ample(sg) are resource
dependent in sq, then there is an index i with1 <1 < m
with A; € ample(so).

Example 33. Consider state sy in the (max,+) automaton
shown in Fig. 1c. Activities A and B are resource dependent
in s1 and resource independent with activity C. Ample sets
{4, B} and {C} both satisfy conditions (A1) and (A2).

Lemma 34. If ample reduction ampley on A satisfies
conditions (A1) and (A2), then the corresponding ample
reduction amples on the corresponding state space S
satisfies (R1) and (R2).

Proof. Condition (R1) follows directly from (Al). By
Lemma 29, if activities are resource (in)dependent in s, then
they are also ratio-(in)dependent in any ¢ with ¢ = (s,7).
Combined with the definition of amples, (R2) now also
follows from (A2). O

An ample reduction on a (max,+) automaton preserves
the minimum throughput and maximum latency values.

Theorem 35. Let A be any (maz,+) automaton with cor-
responding state space S. Let ample be an ample reduction
on A satisfying conditions (A1) and (A2) that yields A
with corresponding state space S'. Then Tpin(S) = Tmin(S")
and Amaz(S) = Amaz(S).

Proof. Let amples be the corresponding ample reduction
on S that yields state space . By Lemma 31, S = S'.
Since ampley satisfies conditions (A1) and (A2), by
Lemma 34, amples satisfies conditions (R1) and (R2). By
Corollary 23, this implies that 7,,in(S) = Timin(S’) and
Amaz(S) = Amaz(S'). Therefore, if ample 4 satisfies (A1)
and (A2), then the minimum throughput and maximum
latency values are preserved in the reduced state space
S’ O

IV. ON-THE-FLY REDUCTION

The previous section gives sufficient conditions for a
reduction function on a (max,+) automaton to preserve
performance properties in the corresponding (max,+) state
space. For an efficient reduction, we avoid first computing
the full composition of the (max,+) automata. Rather, we
use sufficient local conditions on the network of (max,+)
automata to compute a reduced composition on-the-fly.

The traditional on-the-fly method of Peled [19] selects
the enabled activities enabled;(s) = enabled(s) N Act;
of some automaton 4; as ample set, while exploring a
state s = (s1,89,...,8,). The ample condition requires
that all locally enabled activities in enabled(s;) of this
automaton A; are resource-independent with all activities
in the other automata. Otherwise, all enabled activities
in s are selected. In an experimental evaluation, we found
that this approach did not yield any reduction on the

models described in Section V. Therefore, we consider
a generalization of the approach to clusters, as in [20].
The cluster-inspired ample reduction selects a safe cluster
in each state in the composition. Given max-plus timed
system M =A; || -+ || A, and A= {A; | 1 <i<n}, we
define a cluster C C A. Let Act(C) = | 4,¢c Acti denote
the set of activities that occur in C. The set of enabled
activities that is selected in state s induced by a cluster C is
enablede(s) = enabled(s) N Act(C). We define a projection
to consider the local state m¢(s) in a cluster C C A in the
following way:

ma,(s) = 5
me(s) = (ma,, (s),...,ma,, (s)) where C = {A,, ...
and for all 1 < j < k,¢; < c¢jta.

7Ack}7

Given local state mc(s), enabled(mc(s)) denotes the
set of activities that are enabled in the composition of
precisely the automata in C. Note that enabledc(s) C
enabled(mc(s)), since the latter might contain activi-
ties that are enabled in the local state of the cluster-
composition, but disabled in the global composition due
to an automaton outside the cluster that disables the
activity. We only consider independence of activities among
automata, and not within the same automaton. The former
can be checked locally, whereas the latter requires an
exploration on the internal transition structure. We treat
activities inside the same automaton as resource dependent.

Definition 36 (Cluster safety). Let C C A be any cluster,
and s be a state in the composition. Cluster C is safe in s
if the following conditions are satisfied.

(C1) if enabled(s) # 0, then enabledc(s) # 0;
(C2.1) for any A € enablede(s) and B € Act(A)\Act(C),
R(A)NR(B) =0;
(C2.2) for any A € enabled(nc(s)), if A € Act; then
.Ai eC.

Condition (C2.1) requires that each enabled activity
in enabledc(s) does not share resources with any activity
outside Act(C). Condition (C2.2) requires that each activity
in enabled(me(s)) does not occur outside of the cluster.
Together, these two conditions ensure that no activity
A € Act(A) \ enabledc(s), dependent on some activity in
enabledc(s), becomes enabled by executing only activities
outside the cluster. We define a cluster-inspired ample
reduction through a safety condition M on a max-plus
timed system in the following way.

Definition 37 (Cluster-inspired ample reduction). A
cluster-inspired ample reduction function ample for a max-
plus timed system M = Ay || -+ || Ay is a mapping from
S =81 x...x8, to 2 such that ample(s) = enabledc(s)
for some cluster C C A, and satisfies the following
condition:

(M) Cluster-safety condition: for any state s,
ample(s) = enabledc(s) where C is safe in s.

The reduction of M is defined using Def. 30.



Theorem 38. Let ample be a cluster-inspired ample
reduction on M = Ay || --- || A,. Then ample satisfies
conditions (A1) and (A2).

Proof. Consider any state s in the composition of A; ||
-+« || Ay. First consider the case where enabled(s) = 0.
Then by Def. 37 ample(s) = @), and conditions (A1) and
(A2) are satisfied. Now assume that enabled(s) # 0, and
let ample(s) = enabledc(s), where C is any safe cluster in
s. Since cluster C is safe, by Def. 36 it satisfies conditions
(C1), (C2.1) and (C2.2). We need to show that enabledc(s)
satisfies conditions (Al) and (A2).

Condition (A1) follows directly from the definition.
We prove condition (A2) by contraposition. Assume that
condition (A2) does not hold. This means that there exists a
finite run fragment p = s Ay s1 Az So A3 e Sp—1 @, where
Ay ...A,_1 are resource-independent with ample(s) =
enabledc(s), and A, is resource-dependent with some
activity in enabledc(s).

Since A, is resource-dependent with some activity in
enabledc(s), by condition (C2.1), A,, € Act(C). Moreover,
we have A, ¢ enabledc(s). Since activities Ay ...A,—1
are resource-independent with amplec(s), A;... A,—1 €
Act(A)\ Act(C) and they do not affect the state of C, which
means that 7¢(s) does not change in the first n—1 steps. As
A, € enabled(sp—1), A, € enabled(mc(s)). We also have
that A,, ¢ enabledc(s), since otherwise A,, € enabledc(s),
contradicting our assumption. This means that A,, becomes
enabled in 7¢(s) by executing one of the activities in set
Aq,...,A,_1. Since Aq,..., A, _1 are activities outside of
C, there must be some A; with 1 <¢ <n — 1 that enabled
A,,, which can only happen if A,, occurs outside of cluster C
by definition of synchronous composition. This contradicts
condition (C2.2). O

In each state in the composition, there possibly exist
multiple safe clusters that can be chosen. Heuristics can
be used to select a cluster that likely leads to a large
reduction. In our experiments, we use a heuristic that
chooses a smallest safe cluster in each state. This heuristic
often performs well [27], because it allows to prune most
enabled transitions. Starting from each enabled activity
in s as a candidate, we construct a safe cluster. After
trying all candidates, we select a cluster C with the smallest
enablede(s) set. This approach is best suited when the
enabled sets are small. If there are many states with large
enabled sets, then a heuristic could be used to compute
only one safe cluster starting from activities that occur in
only few automata.

Algorithm 1 shows the algorithm to compute a safe
cluster in a state. The algorithm checks for each activity
enabled in the current cluster C whether condition (C2.1)
or (C2.2) is violated. The algorithm starts with initial
candidate activity A. If A is enabled in the composition,
we add all automata that contain A and add an automaton

for each dependent activity outside the current cluster.

This ensures that condition (C2.1) is satisfied for activity
A and the cluster obtained after executing lines 5-9. If A
is enabled in the composition of automata in the cluster,
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Algorithm 1. Algorithm to compute a safe cluster.

1: proc COMPUTECLUSTER(s, candidate)
2: A <+ candidate; C <+ (); processed < ()

3:  while A# 1 do

4: processed < processed U {A}

5: if A € enabled(s) then

6: C+ CU{A;i| A€ Acti}

7 for B e {D € Act | R(D) N R(A) # 0} do
8: if B ¢ Act(C) then

9: C + CU[A; | B € Acty].first()

10: if A ¢ enabled(s) A A € enabled(mc(s)) then
11: for A; € A do

12: if Ae Act;i NA; ¢ CA A ¢ enabled(s;) then
13: C+ CU{A}

14: break;

15: if |enabled(7rc(s)) \processed| > 0 then

16: A + [enabled(mc(s)) \ processed). first()
17: else

18: A+ L

19: return C

but not in the full composition, then we add an automaton
that causes A to be disabled in the full composition. This
ensures that condition (C2.2) is satisfied for A for the
cluster obtained after executing lines 10-14. We use the
notation [A; | B € Act;] to denote a list comprehension,
and function first() picks the first element from a list.
After handling the activity, we check whether there are
other activities that are locally enabled in the new cluster
and not yet processed (line 15-18). We continue until all
locally enabled activities are processed. The algorithm
is repeatedly called for each activity in enabled(s) as a
candidate, and afterwards the cluster with the smallest set
of enabled activities is chosen.

Theorem 39. Let s be a state in the composition, and A
be the candidate activity. COMPUTECLUSTER(s, A) returns
a cluster that is safe in s.

Proof. Consider activity A and let Cj denote the value of
C at line 6, and Cj41 the new cluster after executing lines
4-18. We show that conditions (C2.1) and (C2.2) hold for
A in C41 and any superset of Cx41. We consider two cases:

o case A € enabled(s): Cx+1 contains all automata A;
with A € Act; (added at line 6), which means that
condition (C2.2) is satisfied for A. Since there are no
automata outside A; with A, condition (C2.2) holds
also for any superset of Cyy1. After executing lines 7-9,
there is no resource-dependent activity outside cluster
Cr+1, which means that condition (C2.1) is satisfied.
It suffices to add only one automaton with such an
activity to the cluster to satisfy condition (A2.1), since
then this resource-dependent activity becomes part of
the cluster. Condition (C2.1) is also satisfied in any
superset of Cry1.

o case A ¢ enabled(s) N A € enabled(nc(s)): after
executing lines 11-14, condition (C2.1) trivially holds
since A ¢ enabled(s). Since A ¢ enabled(s) and
A € enabled(mc(s)), there exists at least one au-
tomaton A; ¢ Cp where A ¢ enabled(m;(s)). Let
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automata composition normalized (max,+) state space
full full
T T I (S I TN S 1A

TWI1 1280 2170 1260 2130 3585 6120 3555 0.8% 6060 1.0%
TW2 63 128 34 44 379 756 149 60.7% 207 72.6%
TW3 343 759 151 209 4949 10655 1507 69.5% 2261 78.8%
TW4 318 768 139 202 18792 40957 5280 71.9% 7785 81.0%

reduced reduced

TABLE 1
REDUCTIONS ACHIEVED ON THE TWILIGHT SYSTEM MODELS.

Cry1 = Cr U {A;}, obtained at line 13. Then A ¢
enabled(me, ., (s)), which means that condition (C2.2)
holds. Since A; € C41, A will remain disabled in any
superset of Cy1.

After executing lines 4-14 for activity A, conditions
(C2.1) and (C2.2) hold for A and keep holding for any
extension to the cluster. Upon termination of the algorithm,
we obtain some cluster C; where conditions (C2.1) and
(C2.2) hold for each activity in enabled(me,(s)). From this
it follows that C; is safe in s. O

Example 40. Consider the initial state s1 in the com-
position Ay || Az || As shown in Fig. 1b. We show how
Algorithm 1 computes a valid ample set for s1. Assume that
A is the candidate activity. Since A is enabled, we add all
automata with A (line 6) to cluster C, i.e. Ay. Since activity
B is resource-dependent with A in s; and B is not yet in
the cluster alphabet, we add the first automaton with B,
i.e. Az, to C (line 9). There are no other activities enabled
within the local state me(s1) of the cluster, so we skip lines
11-14. Since we processed all activities and A = L, cluster
C is returned. This yields ample(s;) = enabledc(s1) =
enabled(sy) N Act(C) ={A,B,C}N{A,B,D} = {A, B}.

Using a similar reasoning, one can validate that Co =
{A3} (with enablede,(s1) = {C}) is also a safe cluster in
s1. A reduced composition obtained with an ample reduction
s shown in Fig. 1c. Since activity C is resource-independent
with activities A and B, only one interleaving of C with A
and B is explored. Both interleavings of A and B are still
present, since activities A and B are resource-dependent.
Fig. 4 shows the (max,+) state space after reduction.

V. EXPERIMENTAL EVALUATION

In the previous section, we described an on-the-fly
reduction on the level of (max,+) automata to compute
a reduced composition that preserves throughput and
latency values. To test the effectiveness of the partial-order
reduction on models of manufacturing systems, we created
a number of variants of the Twilight system [15] model.

The Twilight system, shown in Fig. 6, processes balls
that need to be drilled. First, a ball is picked up by the
load robot (LR) from the input buffer (IN). Then, the ball
is put on the conditioner (COND), to heat the ball to a
desired temperature. The conditioner has a heater action
(H) to heat a ball. Once heated, the ball is transported to
the (DRILL) by the load robot or unload robot (UR) to

LR UR

= &

o (N

COND DRILL ouT

Fig. 6. Twilight manufacturing system [15] with two robots and two
production stages.

drill a hole in the ball. The drill has an R-motor (R) to
rotate the drill bit, and a Z-motor (Z) to move the drill
bit up and down. After drilling, the unload robot puts the
finished ball in the output buffer (OUT). Both robots have
a clamp (CL) to pick up and hold a ball, an R-motor (R)
to move along the rail, and a Z-motor (Z) to move the
clamp up and down. Both processing stations have a clamp
(CL) to ensure that the ball stays positioned correctly.

The system specification contains activities that describe
the conditioning and drilling step, as well as activities that
describe how a robot transports a product. In order to
ensure safe movements, we model collision areas above
the conditioner and the drill as virtual resources. The
(max,+) automata describe constraints on valid activity
orderings. The best-case and worst-case throughput and
latency values are analyzed on the (max,+) state space of
the composition of these automata.

We examine four variants of the Twilight system. The
first variant (TW1) is the model described above, of which
the full model is given in [15]. The life cycle and location
of each product is explicitly modeled. In TW2, we remove
these product-location and life-cycle automata, and instead
use a set of automata that ensure that products are always
moved forward in the production process. The TW2 model
is more compact, leads to faster analysis, and is still correct.
In TW3, we extend TW2 with a polish station, where each
product undergoes the polish step and drill step after the
condition step but not in a fixed order. In TW4 we fix the
order so that a product is always first conditioned, then
drilled, and then polished.

Table I shows that a reduction is achieved in all models.
The reduction for TW1 is very small (0.8%) compared
to the reductions of the other models (60.7%, 69.5&,
and 71.9% for TW2, TW3, and TW4). The reduction
for model TW1 is very small, because there is a lot of
event synchronization by the product-location and life-
cycle automata. Recall condition (C2.2), that requires that
each enabled activity in the local state of a safe cluster must
be independent with activities outside the cluster. During
state-space exploration of model TW1, the algorithm often
needs to add product-location or life-cycle automata to the
cluster to satisfy this condition (C2.2); this limits reduction
possibilities. The reduction for TW2, TW3, and TW4 is
much larger, since we do not explicitly model the product-
location and life-cycle automata. Note that the TW2 state



space also before reduction is already much smaller than
the TW1 state space. The TW2 model is therefore arguably
a model better suitable for performance analysis than the
original TW1 model.

VI. CONCLUSION

In this paper, we presented a new partial-order reduction
technique to speed up performance analysis of max-plus
timed systems. The technique is inspired by existing
cluster-based ample set reduction for non-timed systems.
It tries to compute a smaller state space by exploiting
the structure of the concurrent (max,+) automata, and
information about resource sharing. We derived conditions
to compute a reduced composition, from which a reduced
state space can be calculated. In this reduced state space,
performance properties (throughput and latency) of the
system model are preserved. The experimental evaluation
shows that the partial-order reduction technique can be
successfully used to reduce the size of the state space for
a set of example models of manufacturing systems. The
reductions that can be achieved are highly dependent on the
structure of the input model, the amount of synchronization
on activities among automata, and the extent to which
activities use the same resources. In our models, the partial-
order reduction technique successfully exploits redundant
interleaving related to processing stations that can perform
operations on products in parallel, and movements of the
robots that can be executed simultaneously.
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