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Abstract. Model veriﬁcation examines the correctness of a model implementation with respect to a model speciﬁcation. While being described from model speciﬁcation, implementation prepares to execute
or evaluate a simulation model by a computer program. Viewing model
veriﬁcation as a program test this paper proposes a method for generation of test sequences that completely covers all possible behavior in
speciﬁcation at an I/O level. Timed State Reachability Graph (TSRG)
is proposed as a means of model speciﬁcation. Graph theoretical analysis
of TSRG has generated a test set of timed I/O event sequences, which
guarantees 100% test coverage of an implementation under test.

1

Introduction

Model veriﬁcation examines the correctness of a model implementation with
respect to a model speciﬁcation. As discrete event simulation models are getting
more and more complicated veriﬁcation of such models is extremely complex.
Thus, automatic veriﬁcation of such a simulation model is highly desirable [1].
Since a model speciﬁcation is implemented in a simulation program model
veriﬁcation can be viewed as a program test. Thus, model veriﬁcation starts
from generation of input/output sequences for an implementation, which covers
all possible behaviors of a speciﬁed model. Untimed discrete event model can be
speciﬁed by ﬁnite state machine (FSM). FSM can be veriﬁed by conformance
test [5]. Test sequences of conformance test can be built by the UIO method
[3, 4], and others. Test sequences generation of timed discrete event models can
be obtained by timed Wp-method [6], which is based on timed automata and
region automata.
This paper proposes a new approach to select test cases for a module-based
testing of a discrete event simulation program at an I/O level. We assume that
speciﬁcation of each module is known and an implementation is unknown as a
black box. Time State Rechability Graph (TSRG) is proposed to specify modules of a discrete event model. TSRG represents a discrete event model in terms
of nodes and edges. Each node represents a state of discrete event model associated with which is a time interval. On the other hand, each edge represents
transition between nodes with input, output or null event in the speciﬁed time
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interval. Graph theoretical analysis of TSRG generates all possible timed I/O
sequences from which a test set of timed I/O sequences with 100 % coverage can
be constructed.
An obstacle of the test method lies in diﬀerent numbers of states between
speciﬁcation and implementation. This is because we assume that an exact number of states in implementation is unknown. However, an assumption on a maximum number of states used in an implementation can overcome the obstacle.
Note that the number does not need to be exact. Instead, it may be any number that is greater than or equal to one used in implementation, which only
determines complexity of testing. This paper is organized as follows. Section 2
proposes TSRG. Section 3 introduces TSRG related deﬁnitions and theorems,
and proposes the generation method of test input/output sequences. Finally,
conclusions are made in section 5.

2

Timed State Reachability Graph

Timed State Reachability Graph (TSRG) is a modeling means which speciﬁes a discrete event system in timed input/output behavior. Nodes represent
time constraints states; edges represent conditions for transitions between nodes.
The graph starts from an initial state of a discrete event model and generates
edges/nodes which are reachable from the state. The formal semantics of TSRG
is given below:
T SRG=N, E, θN , θE 
N : States set : Node
E : N × N : Edge
+
θN : N → +
(0,∞) × (0,∞)

: Node attribute function
θE : E → (X ∪ Y ∪ {τ }) × Boolean
: Edge attribute function
X : Input events set
Y : Output events set
τ : null output event
Boolean∈{true, f alse} : CONTINUE or NOT
TSRG has two types of an edge: input transition edge and output transition edge. While one or none output transition edge can be attached at a node,
one or more input transition edges can be attached at the same node. An attribute associated with a node is interpreted as a waiting time for the state to
be transit. An edge attribute include a Boolean of CONTINUE. Meaning of
CONTINUE is that (1) an input transition occurs at a state before a deadline
of a maximum elapsed time deﬁned at the state, and (2) a new state continues
keeping the deadline deﬁned at the previous state.
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Fig. 1. Event time diagram of continue example.

Let us explain CONTINUE in more detail using an example shown in Fig
1. In the Fig, there are two paths from state A to state C. The ﬁrst path is
?b@[0,5]
?a@[0,5],continue
A −−−−−−−−−−−−−−→ C, and the second one is A −−−−−−→ C. A waiting time
of state A is the same value 5 for both paths, but a waiting time of state C is
diﬀerent for each path, because of continue in the ﬁrst path. If ε is an elapsed
time for an arrival event ?a of state A, a waiting time of state C for the ﬁrst
path is 5-ε, 0 < ε ≤ 5, and a waiting time of state C for the second path is
4. Brieﬂy, CONTINUE means that the waiting timer is continued from the
previous state, without resetting for the next state. Due to such timer semantics
of CONTINUE, a pair of nodes connected by an edge with CONTINUE
should have a ﬁnite waiting time and an output edge.

3

Theorem and Deﬁnition: TSRG

The following equivalent node’s deﬁnition in TSRG is prerequisite to deﬁne the
minimization of TSRG.
Definition 1 (Equivalent node). Let s1 , s2 ∈ N be nodes. Node s1 and s2
are equivalent, i.e., s1 ≡ s2 , when the following condition is satisﬁed: θN (s1 ) =
θN (s2 ) ∧ (∀e1 = (s1 , ś1 ) ∈ E, ∃e2 = (s2 , ś2 ) ∈ E, θE (e1 ) = θE (e2 ) ∧ ś1 ≡ ś2 ) ∧
(∀e2 = (s2 , ś2 ) ∈ E, ∃e1 = (s1 , ś1 ) ∈ E, θE (e1 ) = θE (e2 ) ∧ ś1 ≡ ś2 ).
Definition 2 (Minimization of TSRG). TSRG is minimized if and only if
there is no equivalent relation for any two nodes in the node set.
Figure 2 shows an example of equivalent nodes. Timed input/output (TIO)
event trace of model (a) is repetitive sequences of ?a@[0,tA ]·!b@[tB ,tB ]·?c@[0,tC ],
?a@[0,tA ]
!b@[tB ,tB ]
which is extracted from a state trace with a TIO event A−−−−−−−→B −−−−−−−→C
?c@[0,tC ]
−−−−−−→A. The TIO event trace of model (b) is repetitive sequences of ?a@[0,tA ]·
?a@[0,tA ]
!b@[tB ,tB ]
?c@[0,tC ]
→B −−−−−−−→C −−−−−−→D
!b@[tB , tB ]· ?c@[0, tC ], extracted from A−−−−−−−
?a@[0,tA ]
−−−−−−−
→B. Thus, model (a) and (b) in ﬁgure 2 have the same TIO event trace.
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Fig. 2. Equivalent states.

While model (a) is minimized, model (b) has equivalent nodes, A ≡ D. In addition, the number of nodes of each model is diﬀerent.
Test sequences for TSRG visit all edges in a TSRG model through a path
from a start node to an end node. Such a path is deﬁned as:
Definition 3 (Path). Let i, n ∈ Z be integers with i < n, si ∈ N be a node, ei ∈
E be an edge with ei = (si , , , si+1 ), and ti = θN (si ) be a node attribute function.
A path P from s0 to sn expressed as P (s0 , sn ) = (e0 , t0 )(e1 , t1 ) · · · (en−1 , tn−1 ),
which is the sequence of all pairs of a visited edge ei and its waiting time ti from
the start node to the end node.
Each small paths can concatenate to the big one. Path concatenation operator
is deﬁned formally to describe such concatenation behavior.
Definition 4 (Path concatenation operator). Let si , sj , sk ∈ N be nodes
and P (si , sj ), P (sj , sk ) be paths. Path concatenation operator • is deﬁned as
P (si , sj ) • P (sj , sk ) = P (si , sk ) with the following properties.
P (sj , sk ) • P (si , sj ) = φ
P (si , sj ) • φ = P (si , sj )
φ • P (si , sj ) = P (si , sj )
For full coverage of states and transitions in model veriﬁcation all states
and edges in TSRG should be reachable, or strongly connected, deﬁned in the
following.
Definition 5 (Reachable). TSRG is reachable if and only if there exists one
or more path between any two nodes in TSRG.
If TSRG is reachable, it is possible to visit all edges and nodes to verify
TSRG. Otherwise, TSRG is not veriﬁable. The visit of all nodes can be covered
through the visit of all edges in reachable TSRG. Thus, a loop is introduced for
the visit of all edge in reachable TSRG. If TSRG is a strongly connected graph,
there exist one or more loop paths which can visit any edge and node in the
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graph. There exists a set of loop paths which can visit all edges and nodes in
the graph. If there exists an intersection between two loops an adjacency set to
be deﬁned contains the intersection relation between loops. A traversal from an
initial state to any other state can be contained by some interconnected loops.
Interconnected loops can be bound by an adjacent loop chain.
Theorem 1 (Loop). Let T SRG be reachable. Any node in T SRG can be traversed by one or more loop paths.
Proof. ∀si , sj ∈ N, ∃P (si , sj ) and P (sj , si ) s.t. P (si , si ) = P (si , sj ) • P (sj , si )
Definition 6 (Loop set). In a reachable TSRG, a loop set is a collections of
loops which cover all edges in TSRG.
All edges of TSRG is covered from the deﬁnition of a loop set. If a test target
has an equivalent node, visiting routes of all possible edges are made from the
loop set of TSRG by the following loop joining concatenation.
Definition 7 (Adjacency set). Any two loops in a loop set L has adjacent
relation if and only if these loops visit the same node. An adjacent relation set,
called an adjacency set, has the condition: Madj ⊆ L × L.
Definition 8 (Loop joining concatenation operator). Let L be a loop set,
Madj be an adjacency set, p1 , p2 be paths in TSRG, s1 , s2 , si be in N , si be the
ﬁrst met adjacent node, and l1 , l2 ∈ L be loop paths. Then, the following operators
are hold.
l1 • φ=l1 , φ is identity
φ • l1 =l1
l1 • l2 =φ, if (l1 , l2 ) ∈
/ Madj
l1 • l2 =l3 , if (l1 , l2 ) ∈ Madj
l1 =p1 (s1 , si ) • p1 (si , s1 )
l2 =p2 (s2 , si ) • p2 (si , s2 )
l3 =p1 (s1 , si ) • p2 (si , s2 ) • p2 (s2 , si ) • p1 (si , s1 )
Definition 9 (Loop set joining concatenation operator). Let L0 , L1 be
loop sets.

L1
L2 = {l0 • l1 |∀l0 ∈ L0 , ∀l1 ∈ L1 }
Definition 10 (All possible I/O sequences). Let T SRG be reachable and
L be all possible loop sets of T SRG. All possible input/output sequences, Ω(h),

is Ω(h) = hi=0 L.
The function Ω(h) of all possible I/O sequences is to explore all possible state
trajectories from an initial state through a loop set under adjacency relation. h
in Ω(h) represents a depth of adjacency tree exploration. Figure 3 shows an
example of adjacency tree exploration. In ﬁgure 3, since loops ’A’ and ’B’ have
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Fig. 3. Adjacency tree exploration.

an initial state at their paths, they only can be selected at the ﬁrst time when the
tree is just explored. After selection of all such loops, next loops may be selected
only by the adjacency relation until ﬁnding synchronized event sequences.
In the view of test sequences, all possible sequences Ω(h) can cover all nodes
and edges with time intervals. However, Ω(h) has very high complexity both in
time and in space. This is because the size of all possible loop set of TSRG is increased at an exponential rate by the number of edges. To reduce the complexity
of Ω(h), a basic loop set is introduced as the following deﬁnition.
Definition 11 (Path inclusion). Let A, B be paths in TSRG. The path A
includes the path B, i.e. A ⊇ B, if and only if the path A visits all edges in the
path B.
Definition 12 (Loop independency). Let L be a loop set and li ∈ L. The
loop set L is independent if only if there is no li ∈ {l1 , l2 , · · · , ln }, such that li ⊆
•nk=1,k=i lk .
Definition 13 (Basic loop set). Let L be a loop set. L is a basic loop set if
and only if a loop set l1 ∈ L has an independent path for other loop paths in the
loop set, i.e., the remaining loop paths without any selected loop path l1 can not
cover all nodes and edges in TSRG.
A basic loop set passes through all edges in TSRG. However, since a basic loop
set is a subset of a loop set its size is less than that of a loop set. It implies that
redundancy of visiting edges is reduced by using loops in a basic loop set. Since
a previous edge with CONTINUE aﬀects time scheduling of a current edge, a
minimal independent loop set to visit all edge can not verify time scheduling of
all nodes. To solve this, a TSRG model with CONTINUE is modiﬁed by the
following rules. If TSRG has one or more edges with CONTINUE, all edges
with CONTINUE are merged into a newly inserted equivalent node, and they
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Definition 15 (Mergeable node). Assume that a node s0 with waiting time
T (s0 ) connected to edges with transition rules. Then, the node s0 is mergeable if and only if there exists a node si in TSRG with the following conditions : ∀e1 = (s0 , s1 ), e2 = (si , sj ) ∈ E, si = s0 ∧ θN (s0 ) = θN (si ) ∧ θN (s1 ) =
θN (sj ) ∧ ((θE (e1 ), θE (e2 ) ∈ ((Y ∪ {τ }) × boolean) ∧ θE (e1 ) = θE (e2 )) ∨ ((x1 , ⊥) =
θE (e1 ), (x2 , ⊥) = θE (e2 ) ∈ (X × boolean) ∧ (x1 = x2 ∨ s1 ≡ sj ))).
To cover mergeable nodes, the following deﬁnes the concept of a unique timed
I/O (UTIO) which is similar to UIO and UIOv [3].
Definition 16 (UTIO). An UTIO sequence which discriminates a node s0
from the other one is an input or time-out sequence, x0 . The output sequence
produced in response to x0 from any node other than s0 is diﬀerent from that
responded from s0 . That is, for yi , y0 ∈ Y, eij = (si , sj ), e01 = (s0 , s1 ) ∈ E,
(yi , f alse) = θE (eij ), (y0 , f alse) = θE (e01 ), ∀si ∈ N ∧ si = s0 , θN (si ) =
θN (s0 ) ∨ yi = y0 ∨ θN (sj ) = θN (s1 ). And, an ending point of the UTIO sequence at node s0 is s0 , which means UTIO sequence at node s0 is a loop path.

4

Simple Example: Veriﬁcation of Buﬀer

The UTIO sequence of a mergeable node should be a loop path, which can be
easily attached to basic loop paths. Consider an example of a buﬀer model of
length 2 in ﬁgure 5. As shwon in the ﬁgure state space of the buﬀer is two dimensional: processing status and queue length. Processing status, either in Busy
or Free, is a status of a processor cascaded to the buﬀer. Queue length is a
maximum size of the buﬀer. Let us ﬁnd mergeable nodes and UTIO sequences.
Mergeable nodes S4 , S6 , UTIO sequences of nodes S4 and S6 are shown in table 1. Two UTIO sequences are attached into the basic loop set of ﬁgure 5. The
attached basic loop set is shown in table 1. The four basic loop paths can visit
all nodes and edges of the buﬀer model shown in ﬁgure 5. Let us further consider
another example of a buﬀer model of length 2 with equivalent nodes. Figure 6
shows two such models: (a) one with three equivalent states and (b) the other
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Fig. 5. TSRG of buﬀer model of length 2.
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Table 1. Basic loop paths for buﬀer of length 2.
UTIO Node
S4

UTIO Seq.
!out@[3, 3]·?done@[0, ∞]·?in@[0, 3]

S6

!out@[3, 3]·?done@[0, ∞]·?in@[0, 3]

No.
l1

Loop paths
S2 →?in@[0, 3]·!out@[3, 3]·?done@[0, ∞]
S4 → !out@[0, 3]· ?in@[0, ∞]· ?done@[0, ∞]·
!out@[3, 3]·?done@[0, ∞]·?in@[0, 3]
S4 →?in@[0, 3], C·
!out@[3, 3]·?done@[0, ∞]·?in@[0, 3]·
!out@[3, 3]·?done@[0, ∞]·
!out@[3, 3]·?done@[0, ∞]·?in@[0, 3]
S6 →!out@[3, 3]· ?in@[0, ∞]· ?done@[0, ∞]·
!out@[3, 3]·?done@[0, ∞]·?in@[0, 3]

l2

l3

l4

Nodes UTIO Nodes
S2 , S 4 , S 1
NA
S4 , S 1 , S 3

S4

S4 , S 6 , S 3

S6 , S 4

S6 , S 3 , S 5

S6

with three equivalent nodes and one transition fault in S1 → S5 . The variable h
of Γ (h) is assigned to 1. Test sequences set, generated from Γ (1) of ﬁgure 5, is
{l1 • l1 , l1 • l2 , l1 • l3 , l2 • l1 , l2 • l2 , l2 • l3 , l3 • l1 , l3 • l2 , l3 • l3 , l3 • l4 , l4 • l2 ,
l4 • l3 , l4 • l4 }. The test sequence l3 • l2 detects the diﬀerence between (a) and
(b) of ﬁgure 6. The test sequence l3 • l2 visits the nodes in ﬁgure 6(a) through
the following order: S4 → S1 → S3 → S4 → S6 → S3 → S4 . However, for ﬁgure
6(b), the order of node visits of l3 • l2 is S4 → S1 → S5 → S6 → S3 → S4 .
Consequently, the UTIO sequence of S4 detects transition fault of ﬁgure 6(b).
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(a) Equivalent states : S˅1, S˅ 2, S˅4

(b) Equivalent states: S˅ 1, S˅2, S˅4
and fault transition : S˅1  S5

Fig. 6. Buﬀer model of length 2 with equivalent states.

5

Conclusion

This paper introduced a method for veriﬁcation of a discrete event model using
a test set of timed I/O event sequences. TSRG was employed as a means of modeling of discrete event systems; an implementation of TSRG was assumed to be a
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black box with a maximum number of states known. A graph-theoretical analysis
of TSRG showed all possible timed I/O sequences Ω(h) which covers all edges
and nodes of TSRG. However, due to some redundancy in visiting nodes/edges
of TSRG complexity of Ω(h) is too high to apply practical veriﬁcation problems. To solve the problem a basic loop set of TSRG was introduced based on
which a minimal test set Γ (h) of timed I/O event sequences was extracted. Introduction of predeﬁned UTIOs attached to basic loop paths for mergeable nodes
guaranteed that a test coverage of discrete event models using Γ (h) was 100 %.
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