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Abstract
The executable subset of UML provides the ability to execute and simulate design models prior to implementation.
In this paper, we introduce time semantics and relativized
time input/output conformance rtioco relation for executable
UML activity diagrams. The aforementioned features are
essential and viable to perform online conformance testing.
We present a tool support by extending the fUML execution
engine, and demonstrate the approach on an example.
CCS Concepts: • Software and its engineering → Software verification and validation.
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1

Introduction

Executable UML [8] aims at defining behavioral specification precise enough to be executed via the fUML execution
engine [3]. It is based on a limited subset of UML comprising
class diagrams, state charts, and activity diagrams (ADs). By
following the Coloured Petri Nets (CPN) [16] semantics, the
fUML activity constituents offer and consume control and
object tokens. The fUML activity diagram (AD) involving
clocks can be mapped to Clock Transition System (CTS) [7],
capable of modeling both Time Petri Nets (TPNs) and Timed
Transition Systems (TTS) [5]. However, while considering
time as an extra feature, the fUML semantics differs from
that of Petri Nets (PN) extended with time.
Model-based testing (MBT) is an approach to generate
tests from behavioral models of the system [1]. Most often,
MBT is applied for conformance testing to check if the implementation (further Implementation Under Test, IUT) has
the same input/output behavior as the one defined by its
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specification. In this work, we focus on the relativized timed
input/output conformance relation (rtioco) in terms of an ordered sequence of inputs and outputs extended with explicit
time and environment assumptions [5].
The main contributions of this work are as follows: (a)
We introduce time semantics for executable fUML ADs; (b)
propose observable input-output labels semantics for fUML
ADs; (c) define the relativized conformance relation (rtioco)
for fUML ADs; and (d) provide tool support for modeling,
simulation and conformance testing using executable fUML
ADs. To the best of our knowledge, our work is unique concerning the time semantics of executable fUML AD models,
and its use for relativized timed i/o conformance testing.

2

Time semantics for fUML ADs with
observable labels

In this section, we (1) introduce time semantics for fUML
ADs and (2) introduce the notion of observable labels in
fUML ADs to define the rtioco relation in the context of ADs.
The semantics of fUML AD follows the newly defined fUML
standard [3]. Since our focus is behavioral aspect of fUML,
we defer its full description to [11], and introduce only fUML
AD as base notation.
In order to augment time semantics in fUML ADs, we
define set of clocks 𝑋 ∈ N≥0 over set of positive integer
values. The set of clock constraints 𝒞(𝑋 ) over a set 𝑋 consist
of atomic propositions of the form: 𝑥 ≺ 𝑐, where 𝑥 is a clock,
𝑐 ∈ N≥0 is a constant, and ≺ is binary relational operator in
{<, <=, >, >=, ==, 𝑤ℎ𝑒𝑛, 𝑎𝑓 𝑡𝑒𝑟 }.
The 𝑤ℎ𝑒𝑛 operator denotes an absolute time event, for
example, (︀𝑥 𝑤ℎ𝑒𝑛 12⌋︀ which evaluates to true when x is equal
to 12 or to false otherwise, thus delaying the enabling of
a a transition. The 𝑎𝑓 𝑡𝑒𝑟 operator, for example [x after 5],
denotes a relative time event which delays the execution of
an enabled transition, in this case by 5 seconds. For a given
set of clocks 𝑋 , we define the set of clock constraints 𝐺 (to
which we refer as guards).
Definition 1 (Guard). A guard 𝑔 is defined as of the form
𝑔 ∶∶= 𝑥 ≺ 𝑐, where 𝑥 ∈ 𝑋 and ≺∈ {<, <=, >, >=, ==, 𝑤ℎ𝑒𝑛, 𝑎𝑓 𝑡𝑒𝑟 }.
A clock valuation is a mapping 𝜈 ∶ 𝑋 ↦ N+ . The set of all
clock valuations is N𝑋+ , and we write 𝜈 ⊧ 𝑔 when valuation 𝜈
satisfies the clock constraint 𝑔. For an element 𝑡 of N+ and a
subset 𝛼 of 𝑋 , the valuations 𝜈 + 𝑡 and 𝜈 (︀𝛼 ← 0⌋︀ are defined

respectively by (𝜈 + 𝑡)(𝑥) = 𝜈(𝑥) + 𝑡, for each clock 𝑥 in 𝑋
and 𝜈 (︀𝛼 ← 0⌋︀ (𝑥) = 0 if 𝑥 ∈ 𝛼, 𝜈(𝑥) = 𝜈 + 𝑡 otherwise.

have a Zeno behavior, that is, it can not take an infinite
number of discrete transitions in a finite time interval. we
also assume that guard conditions are logically consistent.

We present our formal syntax of Time fUML AD augmented with clocks as follows:

2.0.1 fUML Step Semantics. To define a step in fUML
AD, we need some auxiliary notations. An activity transition is enabled iff its source is active, it is triggered by an
event in the input Events and its guard evaluates to true.
A guard is valuated in a valuation 𝜈 by substituting every
variable 𝑣, with its value 𝜈(𝑣). If 𝑔 is true in valuation 𝜈,
we write 𝜈 ⊧ 𝑔. Let 𝐶 denote the set of active nodes of the
configuration, and let 𝐸𝑣𝑒𝑛𝑡𝑠 the set of input events. The set
𝑒𝑛𝑎𝑏𝑙𝑒𝑑 (𝜈) (𝐶, 𝐸𝑣𝑒𝑛𝑡𝑠) of activity transition enabled in 𝐶 on
input 𝐸𝑣𝑒𝑛𝑡𝑠 is defined as follows:

Definition 2. A Time fUML AD is eight-tuple 𝐷 = (𝐴, 𝐸,
𝑇𝑦𝑝𝑒, 𝐿𝑎𝑏, 𝐸𝑣𝑒𝑛𝑡𝑠, 𝐺, 𝑋, 𝑎𝑖𝑛𝑖𝑡 ) where:
● 𝐴 is a finite set of activity nodes, 𝑎𝑖𝑛𝑖𝑡 is the initial node.
● 𝐸 ⊆ 𝐴 ×𝐴 is the set of transitions, where 𝐸 ⊆ {𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑇 𝑟𝑎𝑛𝑠
⋃ 𝐷𝑎𝑡𝑎𝑇 𝑟𝑎𝑛𝑠}. (We define 𝑒 ∈ 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑇 𝑟𝑎𝑛𝑠 as a tuple
(𝑠, 𝛼, 𝑔, 𝑠 ′ ) where 𝑠 ∈ 𝐴 is the source node, 𝑠 ′ ∈ 𝐴 is the
target node, 𝑔 ∈ 𝐺 is the guard, 𝛼 ⊆ 𝑋 is a set of clocks reset
at transition).
● We redefine the Type (see [11]) by putting sendSignal, acceptEventSignal, and activityParameter into a separate Interface category. We group the elements of an fUML AD into
four categories: Control, Executable, Interface, and Object.
● 𝑙𝑎𝑏 ∶ 𝐴 ↦ 𝑇𝑦𝑝𝑒 is the labeling function associating a node
type to each node 𝑎 ∈ 𝐴.
● 𝛾 ∶ 𝐺 ↦ 𝐸 is a function which maps guard 𝑔 on transition 𝑒.
● Ð→⊆ {𝐴 × 𝐺 × 𝒞(𝑋 ) × 𝐸} × {𝐸 × 𝐺 × 𝒞(𝑋 ) × 𝐴} is the
transition relation between the nodes and edges.

𝑒𝑛𝑎𝑏𝑙𝑒𝑑 (𝜈) (𝐶, 𝐸𝑣𝑒𝑛𝑡𝑠) = {𝑒 ∈ 𝐸 ⋃︀ 𝑠𝑜𝑢𝑟𝑐𝑒(𝑒) ⊆ 𝐶 ∧
𝑑𝑓

(𝑒𝑣𝑒𝑛𝑡 (𝑒) ∈ 𝐸𝑣𝑒𝑛𝑡𝑠 ∨ 𝑒𝑣𝑒𝑛𝑡 (𝑒) = ) ∧ 𝜈 ⊧ 𝑔𝑢𝑎𝑟𝑑(𝑒)}

where  denotes the absence of a trigger event.
The CoffeeMachineActivity illustrated in Figure 1 uses a
clock 𝑥 in reset and guard expression. The initial valuation
𝜎(𝑖𝑛𝑖𝑡 ) of the fUML AD is unstable by definition [2]: A step
is taken in order to leave this initial state start and enter a
stable state, i.e., AcceptCoin by resetting the clock ((︀𝑥 = 0⌋︀).
When the execution reaches Decision node, the valuation of
the guards (i.e., (︀𝑥 > 40⌋︀ and (︀𝑥 <= 40⌋︀ ) is calculated based
on the value of clock 𝑥. The execution follows the true valued
guard and sends the SendCoffee signal having either strong or
weak coffee based on the timing of the received signal. The
execution ends by reaching final node. We use a single timer
for activities and/or transitions that are serially executed because their executions cannot interleave. However, distinct
timers must be used for activities and/or transitions whose
executions may interleave [4].
Figure 1 shows a parallel composition of fUML ADs as
a closed system. The Environment and CoffeeMachineActivity
fUML ADs model the behavior of the coffee machine user
and the coffee machine. The Environment interacts with the
coffee machine via sending signals, and observing the response by receiving signals. We refer, the input output signals as an interface of fUML AD. The execution of the Environment starts from the initial node startEnv. Then, it resets
the local clock (︀𝑦 = 0⌋︀ by taking transition to SendCoin signal, which is sent to CoffeeMachineActivity. Afterward, the
Environment waits until 40 time units to pass due to a timing
guard (︀𝑦 after 40⌋︀ on the outgoing transition to SendGetCoffee
signal. After sending the SendGetCoffee signal, the execution
of the Environment halts until it receives the SendCoffee signal
from CoffeeMachineActivity. Finally, the execution of Environment stops at FinalEnv node.
Since all actions in CoffeeMachineAcitivty are always enabled in Environment, it is up to CoffeeMachineAcitivty to determine if an output action occurs. If CoffeeMachine Acitivty

The transition relation Ð→ is divided into two sets, data
and control transitions. The data transitions are prohibited to
have clock guards, however, data variables can change. The
clock guards are only allowed on control transitions, where
clocks progress but discrete data variables do not change.
The fUML AD follows the CTS semantics, which are similar to that of TTS [6] and can be effectively represented by
TTS notions, as follows. A state of fUML AD is represented
by a set of clock variables.
Let 𝑉 represents the set of discrete variables, a state of
fUML AD is a function 𝜎 that assigns to each variable 𝑣 ∈ 𝑉
a value 𝜎(𝑣). The set of all states of 𝑉 is denoted by Σ(𝑉 ).
The fUML AD is a tuple of ∐︀𝑉 , Ð→, 𝜎𝑖𝑛𝑖𝑡 ̃︀ where:
● 𝑉 = 𝐷 ⋃ 𝐸𝑣𝑒𝑛𝑡𝑠 ⋃ 𝑋 is a finite set of variables. Sets 𝐷 and
𝑋 represent discrete variables and clocks.
● 𝜎𝑖𝑛𝑖𝑡 ∈ Σ(𝑉 ) is the initial valuation.
𝑒
𝑒
● The trigger 𝑒𝑣𝑒𝑛𝑡 of Ð
→ is 𝑒𝑣𝑒𝑛𝑡(Ð
→) ∈ 𝐸𝑣𝑒𝑛𝑡𝑠 ⋃{}, where
 denotes the absence of a trigger event.
→ in transition relation has several parameters.
The edge Ð
𝑒
𝑒
The 𝑠𝑜𝑢𝑟𝑐𝑒(Ð
→) and 𝑡𝑎𝑟𝑔𝑒𝑡(Ð
→) denotes the nonempty set
𝑒
of sources and target nodes. The trigger 𝑒𝑣𝑒𝑛𝑡 of edge Ð
→
𝑒
is 𝑒𝑣𝑒𝑛𝑡(Ð
→) ∈ 𝐸𝑣𝑒𝑛𝑡𝑠 ⋃{}. The control transitions are denoted by (𝜎, 𝜎 ′ ) ∈Ð→ as 𝜎 → 𝜎 ′ , which control the flow of
AD, are allowed to have time guards. A path 𝜋 of fUML AD
is possibly an infinite sequence of valuations, 𝜋 = 𝜎0 ⋅ 𝜎1 ⋅ . . .
which satisfies: (a) Initiation : 𝜎0 = 𝜎𝑖𝑛𝑖𝑡 and (b) Consecution
: {∀𝑖 ∈ N≥0 ⋃︀ 𝜎𝑖 → 𝜎𝑖+1 }, where 𝜎𝑖+1 is a successor of 𝜎𝑖 .
A run 𝜌 is a path satisfying the time divergence : The
sequence 𝜎0 ⋅ 𝜎1 ⋅ . . . grows beyond any bound, i.e., the value
of clocks increase beyond any bound. Thus, a run cannot
𝑒
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⎷𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒𝐼𝑂⌄ label is used to all the nodes that are observable, as shown in Figure 2. Any activity node without
input/output label is considered as internal (𝜏) node. Consider
a node 𝑎 ∈ 𝐴, we write 𝑎 ! , 𝑎 ? , and 𝑎𝜏 to represent observable
input, output, and internal node, respectively. To denote the
TFADOL 𝑡𝑟𝑎𝑐𝑒𝑠(𝐷) that include internal nodes, we write
𝑡𝑟𝑎𝑐𝑒𝑠(𝐷) = {𝜎 ∈ (𝐴𝑖𝑛 ∪ 𝐴𝑜𝑢𝑡 ∪ 𝜏)∗ ⋃︀ 𝑎𝜎 ⇒}.

Figure 1. Parallel Composition of fUML Activities
cannot perform an output action, it can only wait until Environment emits one of its outputs. Such a state without output
actions, where CoffeeMachineAcitivty cannot autonomously

Figure 2. CoffeeMachine AD with «ObservableIO» labels.
In the trace produced by TFADOL after the internal transitions can be written as 𝑜𝑢𝑡(𝐷 after 𝜎). Here 𝐷 is TFADOL
and 𝜎 is the sequence of labels along a path that is taken
through the fUML AD, consists of zero or more transitions.
Hence, the set of observable outputs or delays that occur
in activity 𝑎 ∈ 𝐴′ ⊆ 𝐴 can be defined as:

proceed, i.e., suspended, or quiescent, denoted by 𝛿(𝑎) [14].
The interface enables fUML AD to perform actions after
receiving stimuli from the environment and produce observable output. Having input-output behavior and dedicated
delay actions, we map the fUML ADs to a Timed Input Output Transition System (TIOTS) [5] to specify its traces. A
TIOTS is an extension of TTS, and Labeled Transition Systems with atomic and delay actions representing discrete
and continuous changes in real-time [10].
We represent the CoffeeMachine traces as TIOTS traces:
𝜏∗

𝜏∗

𝜏∗

𝑑 0 ,𝑑 1 ,𝑑 2 ,⋯,𝑑𝑛

Out𝐷 (𝑎) = {𝛼 ∈ 𝐴𝑜𝑢𝑡 ∪ R≥0 ⋃︀ 𝑎𝛼 ⇒}, Out𝐷 (𝐴′ ) = ⋃ Out𝐷 (𝑎)
𝑎∈𝐴

2.2 rtioco relation for fUML ADs

𝜏∗

start⋅ Ð→ ⋅ Ð
→ ⋅ Ð→ ⋅AcceptCoin⋅ Ð→ ⋅ ÐÐÐÐÐÐÐ→ ⋅ Ð
→ ⋅ Ð→ ⋅
𝛼

𝜏∗

𝜏∗

𝜏∗

𝛼

𝜏∗

𝑑 0 ,𝑑 1 ,𝑑 2 ,⋯,𝑑𝑛

AcceptGetCoffee⋅ Ð→ ⋅Decision⋅ Ð→ ⋅StrongCoffee⋅ Ð→ ⋅Merge Ð→ ⋅⋅ ÐÐÐÐÐÐÐ→
𝜏∗

⋅ Ð→ ⋅final

2.1

Time fUML ADs with Observable Labels

The fUML ADs interact with other entities via interface both
internally and externally. In our approach, we define labels
that can be added to the elements of the interface to denote
that they are observable by adding a label ℓ ∈ 𝐿 such that
ℓ ⊆ {𝐴𝑖𝑛 , 𝐴𝑜𝑢𝑡 }. Formally, we define a Time fUML Activity
Diagram with Observable Labels (TFADOL) as follows:
Definition 3. A (TFADOL) is a tuple 𝒯 = ∐︀𝐷, 𝒜𝜏 , 𝐿̃︀ where:
● 𝐷 = (𝐴, 𝐸,𝑇𝑦𝑝𝑒, 𝐿𝑎𝑏, 𝐸𝑣𝑒𝑛𝑡𝑠, 𝐺, 𝑋, 𝑎𝑖𝑛𝑖𝑡 ) (see Def. 2);
● 𝒜𝜏 denotes a finite set of labels, further classified into observable input and output labels 𝐴𝑖𝑛 and 𝐴𝑜𝑢𝑡 , and the internal
action labels 𝜏.
● 𝐿 is a labeling function s.t. : ∀ℓ ⊆ {𝜏} ⋃︀ 𝐿 ∶ 𝐴 → 𝒜𝜏 ,
otherwise if ℓ ⊆ {𝐴𝜏 − 𝜏} ∶ 𝐿 ∶ {𝑖𝑛𝑡𝑒𝑟 𝑓 𝑎𝑐𝑒} → 𝒜𝜏 ∖ {𝜏}

The system specification (e.g., CoffeeMachine activity) having
input and output labels must accept inputs from the environment (e.g., Environment activity) and produce outputs that are
observable by the environment. Thus, the system specification and its environment can be modeled as a system of nonblocking TIOTS, having pairwise matching input(output)
actions.
Let 𝑆 𝐷 = (𝐴, 𝑎 0, 𝐴𝑜𝑢𝑡 , 𝐴𝑖𝑛 , →) be the specification and ℰ𝐷 =
(𝐸, 𝑒 0, 𝐴𝑜𝑢𝑡 , 𝐴𝑖𝑛 , →) be an input enabled and non-blocking
environment model of 𝑆 𝐷 . The set of input(output) actions of
ℰ𝐷 is identical to the output(input) set of actions of 𝑆 𝐷 . The
parallel composition of 𝑆 𝐷 and ℰ𝐷 forms a closed system
(𝑆 𝐷 ⋃︀⋃︀ℰ𝐷 ) with observable behavior defined as the TIOTS
(𝐴 × 𝐸, (𝑎 0, 𝑒 0 ), 𝐴𝑖𝑛 , 𝐴𝑜𝑢𝑡 , →), where → is defined as:
𝑎 Ð→ 𝑎 ′ 𝑒 Ð→ 𝑒 ′

𝑎 Ð→ 𝑎 ′

(𝑎, 𝑒) Ð
→ (𝑎 ′ , 𝑒 ′ )

(𝑎, 𝑒) Ð→ (𝑎 ′ , 𝑒)

𝛼

𝛼

𝛼

𝜏
𝜏

𝑒 Ð→ 𝑒 ′

𝑎 Ð→ 𝑎 ′ 𝑒 Ð→ 𝑒 ′

(𝑎, 𝑒) Ð→ (𝑎, 𝑒 ′ )

(𝑎, 𝑒) Ð→ (𝑎 ′ , 𝑒 ′ )

𝜏

𝜏

𝑑

𝑑

𝑑

where 𝛼 ∈ {𝐴𝑖𝑛 , 𝐴𝑜𝑢𝑡 }, 𝜏 ∈ {𝒜𝜏 } , and 𝑑 ∈ N+ represent
observable, unobservable and delay actions, respectively.
Consider the parallel composition of a CoffeeMachine (𝑆 𝐷 )
and its Environment (ℰ𝐷 ) (see Figure 3). ℰ𝐷 is deterministic
and provides first input (SendCoin!) to 𝑆 𝐷 . The following

The labeling function 𝐿 assigns observable labels (𝒜) to interface nodes and internal labels (𝜏) otherwise.
In TFADOL, we assign labels to activity nodes, and symbols ! and ? are used to denote output and input labels. The
3

input (SendGetCoffee!) is sent after 40 time units, and observes
the output (AcceptCoffee?) of 𝑆 𝐷 .
The execution trace of the parallel composition CoffeeMachine (𝑆 𝐷 ) and its Environment is:
start ⋅ AcceptCoin? ⋅ (𝑑 1 + 𝑑 2 + . . . + 𝑑𝑛 ) ⋅ AcceptGetCoffee? ⋅ Decicion⋅
startEnv ⋅ SendCoin! ⋅ (𝑑 1 + 𝑑 2 + . . . + 𝑑𝑛 ) ⋅ SendGetCoffee!⋅
SendCoffee! ⋅ Merge ⋅ (𝑑 1 + 𝑑 2 + . . . + 𝑑𝑚 ) ⋅ Final
AcceptCoffee? ⋅ FinalEnv

where 𝑑 represents a clock tick and 𝑛 = 40,𝑚 = 15, respectively. By normalizing the above trace and replacing
quiescent action with 𝜏, we obtain an observable I/O trace :
𝜏 ⋅ AcceptCoin? ⋅ (𝑑 1 + 𝑑 2 + . . . + 𝑑𝑛 )⋅
𝜏 ⋅ SendCoin! ⋅ (𝑑 1 + 𝑑 2 + . . . + 𝑑𝑛 )⋅
AcceptGetCoffee? ⋅ 𝜏 ⋅ SendCoffee! ⋅ 𝜏
SendGetCoffee! ⋅ 𝜏 ⋅ AcceptCoffee? ⋅ 𝜏

Let 𝛿(𝑎) and 𝛿(𝑒) represent the quiescent state of 𝑆 𝐷 (Coffeeand ℰ𝐷 (Environment). Then, the above normalized trace can be written by using the notion of quiescence and the delay 𝑑 = (𝑑0 + 𝑑1 + 𝑑2 + . . . + 𝑑𝑛 ) as:

MachineActivity),

𝛿(𝑎) ⋅ AcceptCoin? ⋅ 𝑑 ⋅ AcceptGetCoffee? ⋅ 𝛿(𝑎) ⋅ SendCoffee! ⋅ 𝛿(𝑎)
𝛿(𝑒) ⋅ SendCoin! ⋅ 𝑑 ⋅ SendGetCoffee! ⋅ 𝛿(𝑒) ⋅ AcceptCoffee? ⋅ 𝛿(𝑒)

If, and only if, both 𝑆 𝐷 and ℰ𝐷 are quiescent then there is
no way to proceed: they are in 𝑑𝑒𝑎𝑑𝑙𝑜𝑐𝑘. A system 𝑆 𝐷 with
environment ℰ𝐷 is in deadlock after trace 𝜎 if there is no
possible action to proceed: (𝑆 𝐷 ∥ ℰ𝐷 ) after 𝜎 refuses 𝐴.

Figure 3. Parallel composition of spec., env. and IUT model

Definition 4. Given an environment ℰ𝐷 , the conformance
relation rtioco between system states 𝑠 ∈ 𝑆 𝐷 , 𝑖 ∈ 𝐼𝑈𝑇 , and
𝑒 ∈ ℰ𝐷 having a run (𝜎) in timed trace 𝑇𝑇𝑟 is defined by:
𝑠 𝑟𝑡𝑖𝑜𝑐𝑜𝑒 𝑖 iff ∀𝜎 ∈ 𝑇𝑇 𝑟 (𝑒) ∶

3.1

out((𝑖, 𝑒) after𝑡 𝜎) ⊆ out((𝑠, 𝑒) after𝑡 𝜎)

The execution of fUML models with MATERA2-ACT allows
one to validate the timing properties via simulation. Any
non-compliance with the time requirements will result in
a deadlock and will be presented as a diagnostic message
reporting the error.
We define the input/output labels on an interface element
in a fUML AD as an observable profile in UML, by extending
SendSignalAction, AcceptEventAction, and ActivityParamenterNode, with an ⎷𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒𝐼𝑂⌄ stereotype. One should note
that only those elements that we are interested in observing
have to be annotated with a stereotype.
We define timing properties in the fUML AD via ⎷𝑐𝑙𝑜𝑐𝑘⌄
and ⎷𝑇 𝑖𝑚𝑒𝑑𝐺𝑢𝑎𝑟𝑑⌄ stereotypes, which extend Property and
ControlFlow meta class of the fUML metamodel, respectively.
The stereotypes are used to annotate class property representing the clock and control flow edges having timing
guards. In addition to a master clock the class properties annotated with ⎷𝑐𝑙𝑜𝑐𝑘⌄ are used in fUML AD to represent local
clocks. For instance, the control edge between AcceptCoin?
and AcceptGetCoffee? has a clock reset (︀𝑥 = 0⌋︀ that resets the
clock 𝑥. The timed guards on the outgoing edges of Decision
node compare the clock value with a constant and enable

Whenever 𝑠 𝑟𝑡𝑖𝑜𝑐𝑜𝑒 𝑖, we say that 𝑖 is a correct implementation of the specification 𝑠 under the environment constraints
expressed by 𝑒.
Example: Consider specification (CoffeeMachineActivity),
environment(Environment) and a model of implementation
(IUT Model) in Figure 3. The environment is deterministic
since it sends first the input signal SendCoin! and after 40
time units the SendGetCoffee signal.
The IUT in Figure 3 generates a trace:start⋅AcceptCoin?⋅𝑑(0, 40)⋅
AcceptGetCoffee? ⋅ Decision ⋅ SendCoffee!(StrongCoffee) ⋅ Merge ⋅ Final, if it receives AcceptGetCoffee? at 𝑥 ≥ 40 from the environment, and
start⋅AcceptCoin?⋅𝑑(0, 40)⋅AcceptGetCoffee?⋅Decision⋅SendCoffee!(WeakCoffee)⋅

𝑒 𝑖 for 𝑥 = 40, and
otherwise. Note that 𝑠 
𝑟𝑡𝑖𝑜𝑐𝑜
𝑠 𝑟𝑡𝑖𝑜𝑐𝑜𝑒 𝑖, otherwise.
Merge ⋅ final,
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Supporting timing properties in fUML ADs

Tool Support

Tool support for our approach is implemented as a plugin
for the Eclipse modeling framework, called MATERA2-ADCT.
The tool extends Moka (fUML execution engine) with two
features: (1) execution of fUML ADs with timing properties
and (2) generation of observable traces.
4

Figure 4. MATERA2-ADCT test setup
3.2

the corresponding edge based on the guard evaluation. If
there are no enabled edges to proceed with the execution, a
deadlock occurs and an error message with diagnostic value
("no enabled edges") is presented.
Similarly, if a guard expression of the form (︀𝑥 ≺ 𝑐⌋︀ is false,
then the associated edge is not enabled. If it is the only edge
for transition, the execution of fUML AD is terminated due
to non-compliance with the timing requirement and an error
reporting the timing non-compliance along with the current
clock value is logged for diagnosis. In the case of guards with
temporal modalities, i.e., after and when, the clock increases
monotonically; however, the edge remains disabled until a
timeout event occurs to enable it. For instance, consider the
edge between Merge and final nodes in CoffeeMachineActivity
in Figure 3. Suppose that the execution of the fUML AD
reaches the Merge node at time 𝑥 = 50. Since the edge has a
guard which allows the clock 𝑥 to increase until it reaches the
value 60 i.e., 𝑥 +10, it will trigger the timing event and enable
the edge to execute. The use of timed and temporal guards
allows us to detect timing inconsistencies and validate the
specification via model simulation. The debugging facility of
the tool also supports suspend/resume, and stepping through
the model, which allows one to inspect the runtime instance
of the activity along with variable values.
After validating the specification of SUT, the model is
simulated in MATERA2-ADCT. The elements of the model
that are annotated with the ⎷𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑏𝑙𝑒𝐼𝑂⌄ stereotype are
observable externally. The observable trace generation by
MATERA2-ADCT is an enabler for conformance testing using fUML ADs.

Conformance testing using fUML ADs

To demonstrate the applicability of our approach, we use a
coffee machine implementation with identical an interface as
CoffeeMachine fUML AD. The test setup is shown in Figure 4.
To check conformance, the parallel composition of SUT and
environment is simulated in MATERA2-ADCT1 . The IUT
and simulation environment are connected via a test adapter
which converts abstract messages into concrete messages corresponding to the test interface of the IUT. Whenever an
observable message is sent from the environment model to
SUT, the tool observes the input and sends it to the IUT.
A test oracle compares the output messages of the IUT and
of the simulation w.r.t to timing and observable values and
assigns a verdict. At the end of a testing session, a test report
is generated containing the test traces and verdict.

4

Related work

Formal operational semantics for UML ADs for workflow
modeling was proposed in [2]. The semantics was aimed at
the requirements level by assuming that state transition duration in software are negligible and can be modeled as instantaneous. It was based upon the state semantics of statecharts,
extended with some translational properties to deal with
data manipulation. It also deals with real-time and multiple
state instances. However, the approach in [2] only elaborates
the semantics related to workflow modeling.
Formal semantics of timed activity diagrams and was proposed for model checking in [4]. The work provides a formal
definition of AD syntax and semantics extended with timing
1 Eclipse
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update site: http://users.abo.fi/jiqbal/MATERA2-ADCT/

constraints and later translated to a model-checker input
language to check different properties. However, our work
proposes and implements the time semantics using fUML
ADs and validate them via model simulation.
A framework for black-box conformance testing of realtime systems is proposed in [9]. The framework is based on
the model of partially-observable, non-deterministic timed
automata. Our main focus is on defining time semantics
for fUML activity diagrams and adapting the rtioco conformance testing for it, while in [9] the authors build up the
conformance testing theory based on timed automata without considering richer data types except clocks. Our goal is
to enable conformance testing using full expressive power
of timed fUML models.
In [15], a testing method for Cyber Physical Systems (CPS)
was presented by utilizing measurements of a physical signal.
The authors showed how to use standard timed verification
techniques and tools for carrying out the conformance testing of CPS using timed model checker Uppaal. However, our
work is based on executable UML and its usage for black-box
testing, and different from [9] and [15], since both studies
utilized timed automata to model the systems.
MARTE [12] profile is widely used for analyzing real-time
systems. MARTE defines core concepts for model-based description of real time and embedded systems. These core
concepts are then refined for both modeling and analyzing
concerns. It provides facilities to annotate models with information required to perform performance and schedulability
analysis. However, it does not define the semantics when
stereotypes are applied on ADs [13]. In our work, we define and applied time stereotypes on fUML ADs that are
executable in our extended fUML execution engine.
Yang et al. [16] proposed an approach for transforming
UML activity diagrams annotated with MARTE stereotypes
into Timed colored Petri nets with inhibitor arcs to cope
with modeling and analyzing complex systems. However,
the approach is mainly applicable to model transformation
tools from UML diagrams to analyzable Petri nets.
There exist other works dealing with the semantics for
activity diagrams, but, most of them are providing theoretical contributions and not addressing the usability aspects
in particular to MBT. However, we proposed time semantics for executable ADs, rtioco relation for UML ADs which
enables the UML execution engine for generation of observable traces by accommodating the presented contributions.
To the best of our knowledge, our work is the first attempt
targeting the usage of executable UML ADs to model time
and using them for conformance testing.
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to support the relativised time input output conformance
(rtioco) relation for executable UML ADs.
The benefits of this approach come from (a) modeling
time and simulating timed behavior using fUML ADs, which
allows one to increase the quality of system and test specifications at design time without leaving the UML modeling framework, and (b) enabling timed conformance testing
using the implementation against the executable specification. If the semantics is clearly defined then one can apply a
framework such as timed PN’s which has ample support for
model-checking and simulation.
The applicability of our approach has been demonstrated
with a small example, but as future work we plan to apply our
approach on more complex case studies and to benchmark
the scalability of the tool support.
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Conclusion

In this work2 , we introduced time semantics fUML ADs and
we defined Time Activity Diagram with Observable Labels
2 This
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