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Abstract—Tabular requirements assist with the specification of software1

requirements using an “if-then” paradigm and are supported by many2

tools. For example, the Requirements Table block in Simulink® supports3

writing executable specifications that can be used as test oracles to4

validate an implementation. But even before the development of an im-5

plementation, automatic checking of consistency and completeness of6

a Requirements Table can reveal errors in the specification. Fixing such7

errors earlier than in later development cycles avoids costly rework and8

additional testing efforts that would be required otherwise. As of version9

R2022a, Simulink® supports checking completeness and consistency10

of Requirements Tables when the requirements are stateless, that is,11

do not constrain behaviors over time. This paper (i) formally defines the12

syntax and semantics of Requirements Tables and their completeness13

and consistency, (ii) proposes eight encodings from two categories14

(namely, bounded and unbounded) that support stateful requirements,15

and (iii) implements THEANO, a solution supporting checking complete-16

ness and consistency using these encodings. We empirically assess the17

effectiveness and efficiency of our encodings in checking completeness18

and consistency by considering a benchmark of 160 Requirements Ta-19

bles for a timeout of two hours. Our results show that THEANO can check20

the completeness of all the Requirements Tables in our benchmark, it21

can detect the inconsistency of the Requirements Tables, but it can not22

confirm their consistency within the timeout.23

1 INTRODUCTION24

Requirements typically start in a textual form and are often25

captured informally in natural language specifications. For-26

malization of specifications, e.g., using logic formulas [1],27

[2], [3], [4], [5] or temporal assessments [6] from Simulink®
28

TestTM [7] ensures precise and unambiguous semantics that29

can be leveraged for automated analysis. Tabular require-30

ments specifications (e.g. [8], [9], [10]) support specifica-31

tion and analysis of requirements in a table format. They32

have been extensively studied by the academic community33

(e.g., [11], [12], [13], [14], [15]), and used to model the34

software requirements of industrial systems (e.g., [16], [17]).35

Tabular requirements have been used for requirements spec-36

ification of the space shuttle [16] and the shutdown system37

of the Darlington Canadian Nuclear Generation Station [17].38

In this paper, we focus on the Requirements Table39

block [18] from Requirements ToolboxTM [19] which makes40
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ID Pre. Post.

1 th > 0 sp = prev(sp) + th
2 prev(sp) = 160 sp < 160
3 th < 0 sp < prev(sp)

(b) Requirements Table.

Figure 1: Illustrative Example.

it possible to author formal specifications as part of a 41

specification model. Figure 1b presents a Requirements Table 42

for an illustrative block diagram model of a vehicle from 43

Figure 1a. The Requirements Table specification consists of 44

a set of requirements, each represented by one row of the 45

table, consisting of an identifier (ID), a precondition ( Pre. ), 46

and a postcondition ( Post. ). In addition to each individual 47

requirement row meant to be satisfied by the model, a table 48

format further specifies that the set of three requirements are 49

together satisfied. 50

Checking for the completeness and consistency of Require- 51

ments Tables helps gaining confidence in the correctness of a 52

set of requirements. Intuitively, tabular requirements spec- 53

ifications are complete if they describe the system behavior 54

for every possible input; they are consistent if the require- 55

ments do not force the system to behave in two different 56

(and contradictory) ways for the same input [20]. Analysis 57

tools for tabular requirements specifications help software 58

engineers check the consistency and completeness of re- 59

quirements (e.g., [13], [21]). For example, Simulink supports 60
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identifying inconsistent and incomplete requirements [22]61

among other checks under some syntactic conditions on the62

requirements.63

Flexible requirements enable engineers to avoid the specifi-64

cation of exact values in the postcondition of a requirement.65

For example, it is common to provide only a range of values,66

which allows multiple implementations that are equally67

valid. A requirement that gives only concrete values in its68

postcondition is called rigid.69

While Simulink can analyze many flexible requirements70

for consistency and completeness, some constructs can only71

be analyzed when the requirement is rigid.72

Stateful requirements use the previous value of a variable73

(a.k.a. “previous state”) in the precondition of a require-74

ment. This enables specifying temporal behaviors of a sys-75

tem.76

Simulink and many other tools have only limited sup-77

port for the consistency and completeness analysis of state-78

ful requirements, since reasoning about temporal behaviors79

introduces additional complexity.80

For example, the first requirement from the Require-81

ments Table in Figure 1b is a stateful requirement, since,82

when the precondition is satisfied (th > 0), its postcon-83

dition (sp = prev(sp) + th) increments the value of the84

variable (sp) from its previous value (prev(sp)) by a value85

equal to the value of the throttle (th). That is, the value a86

variable assumes depends on the value assumed by a vari-87

able in the previous step (a.k.a. state). The second require-88

ment from the Requirements Table in Figure 1b is flexible89

since, when the precondition is satisfied (prev(sp) = 160),90

its postcondition (sp < 160) does not specify the exact value91

the speed variable (sp) should assume.92

In practice, requirements often contain at least some93

number of flexible requirements with state. The availability94

of tools to analyze such requirements would enable ear-95

lier validation of requirements, possibly leading to better96

requirements, which in turn may result in obtaining safer97

implementations faster.98

This paper provides the first solution to address the99

challenge of analyzing the completeness and consistency of100

Requirements Tables containing flexible requirements with101

states. To reach this goal, the contributions of this paper are102

as follows:103

(i) A formal definition of the syntax and semantics of104

Requirements Tables (Section 3). This definition precisely105

specifies when a trace (recording the values assumed by106

the system variables over time) satisfies or violates the107

conditions described by a Requirement Table and enables108

rigorously defining the notions of completeness and consis-109

tency. In our definitions, we considered traces with variable110

and fixed sample steps, which change and maintain constant111

the step size between records and are generated by variable-112

step and fixed-step solvers [23].113

(ii) A formal definition of the notions of completeness and114

consistency (Section 4). We illustrated our definitions with a115

set of practical examples. We also show that checking the116

completeness and consistency of Requirements Tables is an117

undecidable problem.118

(iii) Eight complementary encodings to check the incom-119

pleteness and inconsistency of Requirements Tables (Section 5).120

Our encodings rely on translating Requirements Tables into121

logic-based formulae checked for satisfiability. We defined 122

four bounded and unbounded encodings, respectively. 123

(iv) The implementation of our solution into THEANO, 124

a tool that checks the completeness and consistency of 125

Requirements Tables (Section 6). Our tool relies on two 126

components: a MATLAB (R2023a) script that extracts the 127

requirements from the Requirements Tables, an antlr [24] 128

(v4.5) component that translates the requirements into a 129

logical formula executable from a Python script that uses 130

the Z3Py [25] Python API to run the SMT solver Z3 [26]. We 131

made our implementation publicly available [27]. 132

(v) An extensive empirical evaluation (Section 7). Our em- 133

pirical evaluation assesses the effectiveness and efficiency 134

of our encoding in checking the completeness and consis- 135

tency of Requirements Tables. This assessment is performed 136

by considering a benchmark of 160 Requirements Tables. 137

Our results show that the encodings from the unbounded 138

category were effective in detecting complete Requirements 139

Tables within two hours, while they failed to report on 140

their incompleteness. For the consistency check, the encod- 141

ings from the unbounded category failed to report on the 142

consistency and inconsistency of the Requirements Tables 143

of our benchmark within two hours. Unlike the encodings 144

from the unbounded category, when provided with a suffi- 145

ciently large bound value,1 the encodings from the bounded 146

category were effective and efficient in checking the com- 147

pleteness and incompleteness of all the Requirements Tables 148

within two hours. For the consistency check, our encodings 149

were effective in detecting inconsistent Requirements Tables 150

within two hours, while they failed to report on their 151

consistency. 152

(vi) An extensive discussion and reflection on the practical 153

implications of our results and threats to validity (Section 8). 154

This paper is organized as follows. Section 2 provides 155

background notions related to Simulink models and fixed 156

and variable step traces. Section 3 presents the syntax 157

and semantics of Requirements Tables. Section 4 formally 158

defines the notions of completeness and consistency. Sec- 159

tion 5 presents our encodings to check the completeness 160

and consistency of Requirements Tables. Section 6 describes 161

the implementation of THEANO. Section 7 evaluates our 162

contribution. Section 8 discusses our results and threats 163

to validity. Section 9 discusses related work. Section 10 164

presents our conclusion and future work. 165

2 BACKGROUND 166

In this section we present required preliminaries about 167

Simulink necessary for presenting the rest of the paper. 168

2.1 Simulink 169

Model-Based Design (MBD) is a process that enables early 170

and continuous validation with opportunities for formal 171

methods to increase trust in the final product. A central 172

artifact in MBD is a computational model of the system that 173

can be analyzed on a computer. A simulation environment 174

such as Simulink enables faster exploration of system be- 175

haviors for fast design iterations [28]. The model typically 176

1. Reflections about the selection of the value for the bound are
presented in Section 8.
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starts at a high level of abstraction and gets refined to177

increasing fidelity. By decomposing the model into units,178

a team of developers can collaborate, or delegate part of the179

implementation to a third party. A key element of MBD is180

automated code generation that frees the user from having181

to write code and interfaces themselves, allowing them to182

focus on algorithms and applying their domain knowledge183

at a higher level of abstraction. This increases productivity184

and eliminates sources of errors.185

Our illustrative example concerns a simple controller186

(Figure 1) developed using Simulink for a vehicle. The187

controller monitors the values of input variables and acts on188

output variables. We use U and Y to indicate the input and189

output variable sets. The controller from Figure 1a has one190

input variable, the throttle (th), and one output variable,191

the vehicle’s speed (sp). The controller monitors the throttle192

(th) applied by the user and regulates the speed (sp) of the193

vehicle by changing the amount of fuel (fl) and air (air)194

of the engine.195

Figure 1b presents the Requirements Table specifying the196

requirements for the controller. These requirements are only197

used for illustration purposes and do not aim to be repre-198

sentative and realistic. The three requirements are identified199

with identifiers (ID) 1, 2, and 3. Requirement 1 specifies that200

the speed value shall increment from its previous value201

(prev (sp)) by the value of the throttle (th) when the202

value of the throttle (th) is higher than zero. Requirement 2203

specifies that the next speed value (sp) shall be lower than204

that threshold when its previous value equals the threshold205

value of 160km/h. Finally, requirement 3 specifies the speed206

value shall decrease when the value of the throttle (th) is207

lower than zero.208

Since the requirements are stateful and flexible, Simulink209

cannot analyze their completeness and consistency. We pro-210

pose a solution that addresses this limitation and considers211

Simulink models executed with fixed or variable sample212

step solvers.213

2.2 Fixed and Variable Step Traces214

With the requirements expressed as an executable specifica-215

tion model, the design model can be constructed. This can216

follow Model-Based Design principles and use simulation217

and validation. Once the design model is complete, we can218

use the executable specification in the Requirements Table to219

act as a test oracle to judge whether an observed behavior220

of the design model is allowed by the specification.221

Given a representation of an input trace, the design222

model can be run in conjunction with the Requirements223

Table in Simulink as shown in Figure 1a. The result of this224

simulation is an output trace capturing how the values of225

output variables change over time, as well as a judgement226

whether the design model is within the specification at each227

point in time during the simulation.228

Let N be the set of integer numbers, R be the set of real229

numbers, B be the set of Boolean values, N0 be the set of non-230

negative integers numbers, R0 be the set of non-negative231

real numbers and D = N∪R∪B. We use dom(u) and dom(y)232

to indicate the domain of an input u ∈ U and output y ∈ Y233

variable.234

Definition 1 (Trace). A trace π is a tuple ⟨ιU , ιY , ιτ ⟩, where 235

the input ιU : N0 × U → D and output ιY : N0 × Y → D 236

interpretations respectively associate each input u ∈ U and 237

output y ∈ Y variable and position i ∈ N0 with a value 238

ιU (i, u) and ιY(i, y) from their domain dom(u) and dom(y). 239

The timestamp interpretation ιτ : N0 → R associates each 240

position i to a timestamp value. 2 241

Figure 2 presents two examples of traces for the model 242

from Figure 1a. The traces show how the values of the 243

input (th) and the output (sp) variables change over time. 244

The function ιτ associates each position with a timestamp. 245

For example, for the trace in Figure 2a, ιτ (3) = 0.6s and 246

ιτ (5) = 1.0s. The functions ιU and ιY associate a value for 247

each timestamp position and variable. For example, for the 248

trace in Figure 2a, ιU (3,th) = 5 and ιY(5,sp) = 140.4. We 249

use the symbol Π to denote the universe of all the traces. A 250

trace record refers to the values assumed by the timestamp 251

and the input and output variables at a specific position of 252

the trace. For example, the trace records r3 of the two traces 253

in Figure 2 are delimited by a square frame. When we refer 254

to a generic variable v, that can refer both to an input or an 255

output variable, we use ι(i, v) to indicate its interpretation 256

in position i, that is ι(i, v) = ιU (i, v) when v is an input 257

variable, and ι(i, v) = ιY(i, v) when v is an output variable. 258

For example, for the trace in Figure 2a, the interpretation of 259

the variable th at position 3 is ι(3,th) = ιU (3,th) = 5. 260

Definition 2 (Fixed and Variable Step Traces). A trace π has 261

a fixed sampling time TS if for every index i ∈ N0, ιτ (i+1)− 262

ιτ (i) = TS. A trace with a fixed sampling time is a fixed step 263

trace. Otherwise, the trace is a variable step trace since it has a 264

variable sampling time. 2 265

The trace from Figure 2a has a fixed sampling time since 266

for all index i ∈ N0, ιτ (i+ 1)− ιτ (i) = 0.2. The trace from 267

Figure 2b has a variable sampling time since the difference 268

(0.7) between the timestamp (0.9) in position 2 and the 269

timestamp (0.2) in position 1 does not correspond with the 270

difference (0.9) between the timestamp (1.8) in position 3 271

and the timestamp (0.9) in position 2. 272

The semantics of Requirements Tables can be defined by 273

considering fixed and variable step traces as detailed in the 274

following section. 275

3 REQUIREMENTS TABLES: SYNTAX AND SEMAN- 276

TICS 277

We present the syntax (Section 3.1) and semantics (Sec- 278

tion 3.2) of Requirements Tables. 279

3.1 Syntax 280

A Requirements Table is defined over a set of variables 281

V = U ∪ Y , where U and Y are the sets of the input and 282

output variables.2 We use u, y, and v to denote input and 283

output variables from U and Y , and a generic variable from 284

V , respectively. We use dom(v) to indicate the domain of the 285

values for variable v. 286

2. Requirements Tables can also consider internal variables (local and
state variables) by adding additional output variables to the Simulink
model that carry the value of the internal variables and using these
variables within the Requirements Tables.
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th 20 15 10 5 −5 2 −1

sp 140 144 147 149 140 140.4 140

τ 0 0.2 0.4 0.6 0.8 1.0 1.2

i 0 1 2 3 4 5 6

Record r3

(a) Fixed Step Trace.

th 20 15 10 5 −5 3 −1

sp 140 144 154.5 163.5 169.5 165 167.4

τ 0 0.2 0.9 1.8 3.0 4.9 5.7

i 0 1 2 3 4 5 6

Record r3

(b) Variable Step Trace.

Figure 2: Two examples of a trace.

t ::= c | v | prev(v) | t1 ⊙ t2

le ::= t1 ⊕ t2 | ¬le | dur(le) ≥ c | le1 ⊘ le2

pre ::= le

post ::= le

req ::= pre[d] ⇒ post

rt ::= req | req,rt

c ∈ R, v ∈ V , ⊙ ∈ {+,−, ∗, /}, ⊕ ∈ {>,<,≤,≥,=, ̸=}, ⊘ ∈ {∧,∨,⇒}.

Figure 3: Requirements Tables: Syntax.

Figure 3 presents the grammar used in this work to287

define a Requirements Table. A term t is either a real288

constant (i.e., c), an input or output variable (i.e., v), the term289

prev(u) indicating the previous value of the input variable290

u, or a combination t1 ⊙ t2 of two terms t1, t2 with an291

arithmetic operator ⊙ ∈ {+,−, ∗, /}.292

A logical expression le is either the combination t1⊕t2293

of two terms t1 and t2 with a relational operator ⊕ ∈ {>294

, <,≤,≥,=, ̸=}, the negation ¬le of a logical expression le,295

the duration term dur(le) ≥ c indicating that a logical ex-296

pression le holds for at least c seconds, or the combination297

le1⊘le2 of two logical expressions obtained by considering298

the Boolean operators ⊘ ∈ {∧,∨,⇒}.299

Preconditions pre and postconditions post are logical300

expressions. A requirement req is in the form pre[d] ⇒301

post and relates a precondition pre with a postcondition302

post. Requirements Tables also provide an optional du-303

ration column (d). Unlike the duration term, the duration304

column expresses the time (in seconds), during which the305

precondition must be true before evaluating the rest of306

the requirement. A Requirements Table (rt) is a require-307

ment (req) or a requirement (req) concatenated with a308

Requirements Table (rt).309

With a slight abuse of notation, we use the symbols rt,310

req, post, pre, le, t also to indicate instances of Require-311

ments Tables, requirements, preconditions, postconditions,312

logical expressions, and terms created following the syntax313

presented in Figure 3.314

Figure 4 reports a graphical representation of a Require-315

ments Table. Each subfigure represents one Requirements316

Table containing two requirements. Requirements are iden-317

tified by an index (ID labeled column) followed by the pre318

( Pre. labeled column) and post-conditions ( Post. labeled319

column).320

We introduce notation that will be used to define the321

semantics of Requirements Tables (Section 3.2) and the322

notions of completeness and consistency (Section 4). We323

use vars(post) to denote the set of variables occurring324

in post. We use Pre(rt, y) to represent the preconditions 325

of a Requirements Table rt that are implicants of a post- 326

condition (post) defined using the output variable y (i.e., 327

y ∈ vars(post)). That is, Pre(rt, y) is the set of precondi- 328

tions {pre | pre⇒ post ∈ rt and y ∈ vars(post)}. 329

3.2 Semantics 330

We first define (Definition 3) when a position (i) of a trace 331

(π) satisfies (the requirements of) a Requirements Table (rt). 332

Then, we define (Definition 4) when a trace (π) satisfies a 333

Requirements Table (rt). 334

Definition 3 (Semantics). Let rt, π = ⟨ιU , ιY , ιτ ⟩, and i≥ 0 335

respectively be a Requirements Table, a trace, and a position. 336

The satisfaction i, π |= rt of the Requirements Table rt in 337

position i of the trace π is recursively defined in Figure 5. 338

The semantics from Figure 5 defines the semantics of 339

the different operators of the Requirements Tables. For the 340

operator dur(le) and the requirement expressed using 341

the duration column (d), which requires considering the 342

values assumed by the timestamp values, we defined two 343

semantics: the fixed (Figure 5b) and the variable (Figure 5c) 344

step semantics that respectively refer to fixed and variable 345

step traces. We describe the semantics of each operator 346

informally in the following. 347

The operator ⊢ specifies the interpretation of the terms 348

in different positions of a trace π. For a position i, the 349

value of the constant is the interpretation of the term c. 350

The interpretation of a variable v at position i is value 351

ι(i, v). For example, for Figure 2a, the interpretation of the 352

variable th at position 3 is ι(3,th) = 5. The interpretation 353

of the term prev(v) at position i is the value ι(i − 1, v) 354

assumed by the variable v in the previous position i − 1 355

of the trace, or the ι(0, v) the initial value assigned to the 356

variable if the position is 0. For example, for Figure 2a, the 357

interpretation prev(th) of the variable th at position 3 is 358

ι(2,th) = 10. Requirements Tables also enable engineers 359

to leave the initial value assigned to a variable undefined.3 360

For simplicity, in this work, we assume that every variable 361

is assigned to an initial value. The interpretation of t1 ⊙ t2 362

is obtained by applying the arithmetic operator ⊙ to the 363

interpretations of t1 and t2. For example, for Figure 2a, the 364

interpretation of th + sp at position 3 is 154, that is the 365

sum of the interpretation of the input variable th (i.e., 5) 366

and the interpretation of the output variable sp (i.e., 149) at 367

position 3. 368

3. https://www.mathworks.com/help/slrequirements/ref/
getprevious.html.
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ID Pre. Post.

1 dur(th > 3) ≥ 0.4 sp = 1
2 dur(th > 3) ≤ 0.5 sp = 2

(a) Example 1.

ID Pre. Post.

1 dur(th > 3) > 0.4 sp = 1
2 dur(th > 3) < 0.4 sp = 2

(b) Example 2.

ID Pre. Post.

1 dur(th > 3) ≥ 0.4 sp = 1
2 dur(th > 3) ≤ 0.5 sp = 2

(c) Example 3.

ID Pre. Post.

1 dur(th > 3) > 0.4 sp = 1
2 dur(th > 4) ≤ 0.5 sp ≥ 1

(d) Example 4.

Figure 4: Examples of Requirements Tables.

i, π ⊢ c = c

i, π ⊢ v = ι(i, v)

i, π ⊢ prev(v) =

{
i > 0 ι(i− 1, v)

i = 0 ι(i, v)

i, π ⊢ t1 ⊙ t2 = (i, π ⊢ t1)⊙ (i, π ⊢ t2)

i, π |= t1 ⊕ t2 iff (i, π ⊢ t1)⊕ (i, π ⊢ t2)

i, π |= ¬le iff i, π ̸|= le

i, π |= le1 ⊘ le2 iff (i, π |= le1)⊘ (i, π |= le2)

i, π |= pre ⇒ post iff (i, π |= pre) ⇒ (i, π |= post)

i, π |= req,rt iff (i, π |= req) ∧ (i, π |= rt)

(a) Semantics for the operators not based on timestamp values.
i, π |= dur(le) ≥ c iff (ιτ (i) ≥ c) ∧ (∀k ∈ N+.

(ιτ (i)− ιτ (i− k) ≤ cr ⇒ (k, π |= le)))

i, π |= pre[d] ⇒ post iff ((ιτ (i) ≥ c) ∧ (∀k ∈ N+.

(ιτ (i)− ιτ (i− k) ≤ dr ⇒ (k, π |= pre))))

⇒ i, π |= post
∗ cr = ⌈ c

TS
⌉ · TS and dr = ⌈ d

TS
⌉ · d. The operators are defined for

c ≥ TS and d ≥ TS .

(b) Fixed Step Semantics.
i, π |= dur(le) ≥ c iff ∃k ∈ N+.(k ≤ i ∧ ιτ (i)− ιτ (k) ≥ c ∧

∀j ∈ N+.((k ≤ j ≤ i) ⇒ j, π |= le))

i, π |= pre[d] ⇒ post iff (∃k ∈ N+.(k ≤ i ∧ ιτ (i)− ιτ (k) ≥ d ∧
∀j ∈ N+.((k ≤ j ≤ i) ⇒ j, π |= pre)))

⇒ i, π |= post

(c) Variable Step Semantics.

Figure 5: Requirements Tables: Semantics.

The semantics of an expression of the form t1 ⊕ t2369

assesses whether the interpretation of the terms t1 and t2370

at position i satisfy the relation specified by the relational371

operator ⊕. For example, for Figure 2a, the expression372

sp < th does not hold at position 2 since the value 147373

is not lower than 10. The semantics of an expression of the374

form ¬le specifies that the expression holds at position375

i if le does not hold at that position. For example, for376

Figure 2a, the expression ¬(sp < th) holds at position 2377

since sp < th does not hold. The semantics of the logical378

expression le1 ⊘ le2 specifies that the expression holds at379

position i if the evaluation of the logical expressions le1380

and le2 at position i satisfy the relation specified by the381

logical operator ⊘. For example, for Figure 2a, the logical382

expression (th < 20) ∧ (sp < 150) holds at position 2383

since both th < 20 and sp < 150 hold in that position.384

The semantics of pre ⇒ post (for the case in which the385

duration column is not used) specifies that the expression386

holds at position i if the postcondition post holds when387

the precondition pre is satisfied. For example, for the first388

requirement of Figure 1b and the position 5 of the trace the 389

formula is not satisfied since the precondition (th > 0) is 390

satisfied, but the postcondition (sp = prev(sp) + th) is 391

not. The semantics of req,rt specifies that the expression 392

holds at position i if the requirement req holds and the 393

remaining requirements in the requirement table are also 394

satisfied. 395

Two semantics for the operator dur(le) ≥ c and re- 396

quirements expressed using a duration column are defined. 397

• Fixed step semantics. For the operator dur(le) ≥ c, we 398

assume that every constant c used within the duration 399

operator is greater than the sample time TS (c ≥ TS). 400

Additionally, the value cr = ⌈ c
TS
⌉ · TS is used to define 401

the operator’s semantics, where ⌈·⌉ is the ceil function. 402

This value accounts for the value c not being a multiplier 403

of the fixed sampling time TS. For example, consider the 404

expression operator dur(th < 20) ≥ 0.3, the trace from 405

Figure 2a, and the position i = 3 with timestamp 0.6. For 406

dur(th < 20) ≥ 0.3 to hold in position 3, the expression 407

th < 20 should hold also on the record at positions 1, 408

2, and 3 with timestamps 0.2, 0.4, and 0.6 since this will 409

imply that th < 20 holds for at least 0.4s (0.6-0.4s) which 410

is more than 0.3s. For this case, cr = 0.4 i.e., cr = ⌈ c
TS
⌉·TS = 411

⌈ 0.30.2⌉ · 0.2 = 2 · 0.2 = 0.4. For cr = 0.4, the records with 412

timestamps included within the interval [0.2, 0.6], i.e., 0.2, 413

0.4, and 0.6, are considered to assess the evaluation of the 414

expression dur(th < 20) ≥ 0.3 at position 3. Formally, the 415

fixed step semantics (Figure 5b) specifies that the current 416

timestamp ιτ (i) is greater than the value c (that is, at least 417

c elapsed since the system execution started), and for all 418

the records in a position k such that the difference between 419

the timestamps ιτ (i) and ιτ (i − k) is lower than c, the 420

expression le is satisfied (i.e., k, π |= le). For example, 421

for Figure 5b, the expression dur(th > 3) ≥ 0.4 holds 422

at position 3 since for the positions 1, 2 and 3 (i.e., the 423

positions for which ιτ (i) − ιτ (i − k) ≤ 0.4 hold) the 424

expression th > 3 holds. The fixed step semantic of a 425

requirement expressed using a duration column uses the 426

value dr = ⌈ dTS
⌉ · d and is defined if the duration d is 427

greater than the sample time TS (d ≥ TS). The fixed step 428

semantic of a requirement expressed using a duration col- 429

umn requires the postcondition (post) to hold in position 430

i if (a) the current timestamp ιτ (i) is greater than the 431

value c (that is, at least c elapsed since the system execution 432

started), and for all the records in a position k such that the 433

difference between the timestamps ιτ (i) and ιτ (i − k) is 434

lower than c, the precondition is satisfied (i.e., k, π |= pre). 435

• Variable step semantics. The variable step semantics (Fig- 436

ure 5c) specifies that the expression holds at position i 437

if there exists a position k lower than i such that the 438

difference ιτ (i)− ιτ (k) of the timestamps associated with 439

positions i and k is greater than or equal to the value c and 440

that the logical expression le holds from k to i. For exam- 441
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ple, for Figure 2b, the expression dur(th > 3) ≥ 1 holds442

at position 3 since at positions 1, 2 and 3 the expression443

th > 3 holds and the difference between the timestamp444

1.8 at position 3 and the timestamp 0.2 at position 1 is445

greater than or equal to 1.446

The variable step semantic of a requirement expressed447

using a duration column requires the postcondition (post)448

to hold in position i if there exists a position k lower than449

i such that the difference ιτ (i) − ιτ (k) of the timestamps450

associated with positions i and k is greater than or equal451

to the value c and that the precondition (pre) holds from452

k to i.453

Definition 4 (Semantics). A trace π satisfies a Requirements454

Table rt, if i, π |= rt holds for every position i. We use455

the notation π |= rt to indicate that the trace π satisfies a456

Requirements Table rt.457

For example, the Requirements Table from Figure 4a is458

violated by the fixed step trace from Figure 2, since the459

precondition (dur(th > 3) ≥ 0.4) of the first requirement460

of the Requirements Table holds in position 3 of the trace,461

but its postcondition (sp = 1) does not hold.462

4 COMPLETENESS AND CONSISTENCY463

Completeness and consistency are two properties of the464

Requirements Table. A Requirements Table is complete if465

it specifies the system behavior for every input. A Require-466

ments Table is consistent if there are no contradictions in467

the requirements that prevent engineers from developing a468

system that satisfies them. In the following, we formalize469

the notions of completeness and consistency.470

Definition 5 (Completeness). A Requirements Table rt is471

complete if for every output variable y ∈ Y , trace π ∈ Π,472

and position i, there exist a precondition pre ∈ Pre(rt, y)473

satisfied by the trace π at position i, i.e., i, π |= pre. 2474

Intuitively, a Requirements Table is complete if at least475

one precondition is satisfied in every position to force the476

system to behave according to the corresponding postcon-477

dition. For example, the Requirements Table from Figure 4a478

is complete since, for every trace, in every position either479

dur(th > 3) ≥ 0.4 or dur(th > 3) < 0.4 holds. The480

Requirements Table from Figure 4b is not complete since481

when dur(u > 3) = 0.4 none of the preconditions are482

satisfied.483

Theorem 1. Checking the completeness of Requirements Tables484

is an undecidable problem.485

Proof Sketch. We consider the tenth Hilbert problem [29],486

i.e., the problem of finding the values of a set of values487

for a set of integer variables of a polynomial equation488

with integer coefficients (a.k.a. Diophantine equation [30])489

that solve the equation, which is undecidable. We reduce490

the tenth Hilbert problem to the problem of checking the491

completeness of a Requirements Table. Specifically, for each492

Diophantine equation of the form A = 0, we can create493

a table A ̸= 0 ⇒ y = 0. The table is incomplete if and494

only if equation A = 0 has a solution. Therefore, being495

able to check the completeness of this Requirements Table496

would mean being able to solve the Diophantine equation497

(which is an undecidable problem). This reduction proves 498

that checking the completeness of Requirements Tables is 499

undecidable. 500

Definition 6 (Consistency). A Requirements Table rt is 501

consistent if for every input interpretation ιU there exists an 502

output ιY and a timestamp ιτ interpretation, such that the 503

corresponding trace π = ⟨ιU , ιY , ιτ ⟩ satisfies the Require- 504

ments Table, i.e., π |= rt. 2 505

For example, the Requirements Table from Figure 4c is 506

inconsistent since for every input interpretation that satisfies 507

the preconditions dur(th > 3) ≤ 0.5 and dur(th > 508

3) ≥ 0.4, it does not exist an output interpretation that 509

satisfies both the postcondition sp = 1 and the postcon- 510

dition sp = 2. The Requirements Table from Figure 4d is 511

consistent, for every input interpretation that satisfies the 512

preconditions dur(th > 3) > 0.4 and dur(th > 4) ≤ 0.5 513

it exists an output interpretation (i.e., sp = 1) that satis- 514

fies both the postcondition sp = 1 and the postcondition 515

sp ≥ 1. 516

Theorem 2. Checking the consistency of Requirements Tables is 517

an undecidable problem. 518

Proof Sketch. We reduce the tenth Hilbert problem to the 519

problem of checking the consistency of a Requirements 520

Table. Specifically, for each Diophantine equation of the 521

form A = 0, we can create a table true ⇒ A = 0. The 522

table is consistent if and only if equation A = 0 has a solu- 523

tion. This reduction proves that checking the consistency of 524

Requirements Tables is undecidable. 525

We do not provide separate bounded versions of our 526

definitions for the bounded verification. Instead, we will 527

discuss (Section 5 and Section 8) how the value of the bound 528

influences the correctness of the result obtained with our 529

bounded encodings. 530

Our discussion section (Section 8) will reflect on con- 531

straints that can be added to the Requirements Tables to 532

make the completeness and consistency checking problems 533

decidable. Note that the consistency and completeness pro- 534

cedures implemented by the Simulink Requirements Tool- 535

box currently prompt the message “incompatible for require- 536

ments table analysis with Simulink Design Verifier” when the 537

solver (i.e., the Simulink Design Verifier) can not process the 538

current instance of the Requirements Table. 539

5 CHECKING COMPLETENESS AND CONSISTENCY 540

Our solution takes a Requirements Table as input and checks 541

its completeness and consistency following the approach 542

from Figure 6. The RT2LOGIC component ( 1 ) converts the 543

Requirements Table into a logic formula. Different logic 544

formulae are constructed depending on whether the com- 545

pleteness or consistency of the Requirements Tables need 546

to be verified and whether variable or fixed step traces 547

need to be considered. The SATCHECK component ( 2 ) 548

verifies the satisfiability of the logic formula: the result of the 549

satisfiability check specifies whether the Requirements Table 550

is complete or incomplete and consistent or inconsistent. 551

We present two approaches to converting Requirements 552

Tables into logic formulae. Both approaches follow the 553

6



1
RT2LOGIC

2
SATCHECK

Requirements

Table

Logic Formula Result

Figure 6: THEANO: Approach.

intuition described in Figure 6. The first approach (Sec-554

tion 5.2) is based on an unbounded encoding of Require-555

ments Tables. The second approach (Section 5.3) relies on a556

bounded encoding. Our evaluation (Section 7) will compare557

these two approaches empirically. Before presenting how558

to convert Requirements Tables into logic formulae, we559

first (Section 5.1) describe how traces can be encoded into560

logic formulae, since the conversions will be based on these561

encodings. Finally, Section 5.4 summarizes the different562

encodings.563

5.1 Enconding of the Traces564

We present two encodings for traces that rely on uninter-565

preted functions or arrays for trace representation.566

Encoding Based on Arrays (Ar). Our encoding creates one567

array u and y for each input u ∈ U and output y ∈ Y vari-568

able. We use the symbol v to indicate the array associated569

with a variable v when it is not relevant if v is an input or an570

output variable. We use U and Y to indicate the sets of the571

input and output arrays generated for the input and output572

variables in U and Y . The encoding also creates the array573

τ that contains the timestamps corresponding to each trace574

position. The trace array π is the tuple ⟨U ,Y, τ⟩ containing575

the input, outputs and timestamp arrays. We use Ar to refer576

to an encoding based on arrays.577

Encoding Based on Uninterpreted Functions (Uf). Unlike578

the encoding based on arrays, this encoding relies on un-579

interpreted functions to represent the timestamps. An un-580

interpreted function [31] is a function that has a name and581

signature (domain and co-domain) but no definition. With a582

slight abuse of notation, we rely on the same symbols used583

for the encoding based on arrays to denote the uninterpreted584

functions used to encode the traces. The encoding creates585

the uninterpreted function4 τ : N0 → R that contains586

the timestamps corresponding to each trace position. The587

trace function π is the tuple ⟨U ,Y, τ⟩ containing the input,588

outputs arrays and the timestamp function. We use Uf to589

refer to an encoding based on uninterpreted functions.590

In the following, we will avoid considering the struc-591

tures used for representing traces for the definition of the592

unbounded and the bounded encodings of Requirements593

Tables: We will use the symbols v[i] and τ [i] to seamlessly in-594

dicate the values associated by the uninterpreted functions595

v and τ to the value i ∈ N0, or the value of the arrays v and596

τ in position i ∈ N0. Our evaluation (Section 7) will assess597

how the two structures for representing traces influence the598

effectiveness and efficiency of THEANO.599

For our trace encoding to be correct, we also need to con-600

straint the timestamp evolution. Table 1 presents the trace601

encodings based on uninterpreted functions and arrays for602

the traces, for the unbounded and the bounded encodings,603

depending on whether the traces have a variable or fixed604

4. https://microsoft.github.io/z3guide/docs/logic/
Uninterpreted-functions-and-constants/.

Table 1: Encodings τm of the traces.

Encoding Sample Time Formula

Unbounded Variable ∀i ≥ 0, τ [i] < τ [i+ 1]
Fixed ∀i ≥ 0, τ [i] = i · Ts

Bounded Variable
∧

i∈[0,b) τ [i] < τ [i+ 1]

Fixed
∧

i∈[0,b) τ [i] = i · Ts

∗ Ts > 0

hi,π(c) ≡ c
hi,π(v) ≡ v[i]
hi,π(prev(u)) ≡ ((i > 0) ⇒ (u[i− 1])) ∧ ((i = 0) ⇒ u[i] = 0)
hi,π(t1 ⊙ t2) ≡ hi,π(t1)⊙ hi,π(t2)
hi,π(t1 ⊕ t2) ≡ hi,π(t1)⊕ hi,π(t2)
hi,π(¬le) ≡ ¬hi,π(le)
hi,π(le1⊘le2) ≡ hi,π(le1)⊘ hi,π(le2)
hi,π(req) ≡ hi,π(pre) ⇒ hi,π(post)
hi,π(rt,req) ≡ hi,π(rt) ∧ hi,π(req)
∗ π = ⟨τ ,U ,Y⟩

(a) Translation for the operators not based on timestamp values.
hi,π(dur(le) ≥ c) ≡ τ [i] ≥ c ∧ c ≥ TS

∀k, (i− ⌈ c
TS
⌉ ≤ k ≤ i) ⇒ hk,π(le)

hi,π(pre[d] ⇒ post) ≡ (τ [i] ≥ d ∧ d ≥ TS

∀k, (i− ⌈ d
TS
⌉ ≤ k ≤ i) ⇒ hk,π(pre))

⇒ hi,π(post)

(b) Fixed Step Semantics (Fs).
hi,π(dur(le) ≥ c) ≡ ∃j, (j ≤ i ∧ τ [i]− τ [j] ≥ c∧

∀k, ((j ≤ k ≤ i) ⇒ hk,π(le)))
hi,π(pre[d] ⇒ post) ≡ (∃j, (j ≤ i ∧ τ [i]− τ [j] ≥ d∧

∀k, ((j ≤ k ≤ i) ⇒ hk,π(pre))))
⇒ hi,π(post)

(c) Variable Step Semantics (Vs).

Figure 7: Unbounded Encoding of Requirements Tables.

sample step. Intuitively, for the variable step encoding, the 605

constraint forces the timestamp to monotonically increase. 606

For the fixed-step encoding, the constraint forces the times- 607

tamps to be multiples of the sample time Ts. We will use τm 608

to refer to the timestamp constraint. 609

5.2 The Unbounded Encoding of Requirements Tables 610

The unbounded encoding of Requirements Tables is defined 611

by the function h from Figure 7 and behaves as follows. We 612

use Ue to refer to the unbounded encoding. 613

Figure 7a present the translation of the operators that 614

are not based on timestamp values. For a constant c, the 615

translation returns the corresponding value. For a variable v 616

it returns the value v[i]. For prev(v) the translation returns 617

u[i − 1] if i is greater than 0, u[i] otherwise; for t1 ⊙ t2 618

it returns hi(t1) ⊙ hi(t2); for t1 ⊕ t2 it returns hi(t1) ⊕ 619

hi(t2); for ¬le it returns ¬hi(le); for le1 ⊘ le2 it returns 620

hi(le1) ⊘ hi(le2); for req it returns hi(pre) ⇒ hi(post), 621

and for hi(rt,req) it returns hi(rt) ∧ hi(req). 622

The encoding of the operator dur(le) ≥ c and re- 623

quirements expressed using a duration column depends on 624

whether the fixed or variable step semantics are considered 625

(see Section 3.2). 626

• Fixed step semantics. For the fixed step semantics (Figure 7b) 627

and the operator dur(le) ≥ c, it returns a formula requir- 628

ing (a) the timestamp τ [i] at position i to be greater than c, 629
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1 ∃π,∃i, (∀j ≥ 0, τ [j] < τ [j + 1]∧
2 ¬(τ [i] ≥ 0.4 ∧ 0.4 ≥ 0.2 ∧ ∀k, ((i− 2 ≤ k ≤ i) ⇒ th[i] > 3))∧
3 ¬(τ [i] ≥ 0.4 ∧ 0.4 ≥ 0.2 ∧ ∃k, ((i− 2 < k ≤ i) ∧ ¬th[i] > 3)))

(a) Encoding for checking the completeness of the Require-
ments Table from Figure 4b.
1 ∃th, ∃τ , (∀j ≥ 0, τ [j] < τ [j + 1]∧
2 ∀sp, (∃i,¬(
3 (τ [i] ≥ 0.4 ∧ 0.4 ≥ 0.2∧
4 ∀k, (((i− 2 ≤ k ≤ i) ⇒ th[i] > 3) ⇒ sp[i] = 1))∨
5 (τ [i] ≥ 0.5 ∧ 0.5 ≥ 0.2∧
6 ∀k, (¬(((τ [i]− τ [i− k] ≤ 0.5) ⇒ th[i] > 3) ⇒ sp[i] = 2))))))

(b) Encoding for checking the consistency of the Requirements
Table from Figure 4c.

Figure 8: Unbounded Encoding for checking the complete-
ness and consistency of the Requirements Table from Fig-
ure 4.

(b) the value of the c to be greater than the sample time TS,630

(c) the formula hk(le) to hold for every position k within631

[i − ⌈ c
TS
⌉,i]. Note that the definition of the translation632

for the operator hk(le) is consistent with the fixed step633

semantics of Requirements Tables from Section 3.2. The634

formula returned for the requirements expressed using635

a duration column is similar and follows the fixed step636

semantics of Requirements Tables from Section 3.2.637

• Variable step semantics. For the variable step semantics638

(Figure 7c) and the operator dur(le) ≥ c, it returns a639

formula requiring the existence of an index j lower than640

i such that the difference τ [i]−τ [j] between the timestamp641

in position i and the timestamp in position j is greater642

than or equal to c and for every position k, such that643

j ≤ k ≤ i, the formula hk(le) holds. The formula644

returned for the requirements expressed using a duration645

column is similar and follows the fixed step semantics of646

Requirements Tables from Section 3.2.647

We will use Fs and Vs to refer to an encoding based on the648

fixed or variable step semantics.649

Completeness. Let rt be a Requirements Table, the logic650

formula hcp(rt) to verify the completeness of the Require-651

ments Table rt is652

∃π,∃i,
(
τm ∧

( ∨
y∈Y

( ∧
pre∈Pre(rt,y)

¬hi,π(pre)
)))

653

The formula specifies the existence of a trace (π) and a654

position (i) where for at least one output variable (y), all655

the conditions (pre) of the corresponding preconditions656

(Pre(rt, y)) do not hold (¬hi,π(pre)). For example, Fig-657

ure 8a presents the encoding for Requirements Table from658

Figure 4b with sample step 0.2. Line 2 contains the encoding659

for the requirement 1 from Figure 4b. Line 3 contains the660

encoding for the requirement 2 from Figure 4b.661

Theorem 3. Let rt be a Requirements Table, the formula662

hcp(rt) is satisfiable if and only if the Requirements Table rt663

is incomplete.664

Proof Sketch. The encoding from Figure 7 is obtained by665

applying a one-to-one mapping of the semantics of the666

constructs of the Requirements Tables from Figure 5. There-667

fore, checking for the presence of an array (or uninterpreted 668

function) and an integer that satisfies formula hcp(rt) cor- 669

responds to verifying the presence of an output variable 670

y ∈ Y , a trace π ∈ Π, and a position i that violates the 671

conditions of Definition 5. 672

For example, Figure 8a presents the encoding for Re- 673

quirements Table from Figure 4b with sample step 0.2. For 674

example, the formula from Figure 8a is satisfiable: consider 675

the case in which ∀k, ((i − 2 < k ≤ i) ⇒ th[i] > 3), 676

but i − 2 = k ∧ ¬th[i] > 3 the subformulae reported 677

in Lines 2 and 3 are true since both the formulae within 678

the parentheses do not hold, for the one reported in Line 2 679

k = i−2 and th[i] > 3 make the implication false since the 680

left side of the implication is true and the right side of the 681

implication is true, for the one reported in Line 3 k = i− 2 682

and ¬th[i] > 3 make the implication false since the left side 683

of the conjunction is false. 684

Consistency. Let rt be a Requirements Table, the logic 685

formula hcs(rt) to verify the consistency of the Require- 686

ments Table rt is 687

∃U ,∃τ , (τmon ∧ ∀Y, (∃i, (¬hi,π(rt)))) 688

with π = ⟨U ,Y, τ⟩. The formula specifies the existence of 689

a set uninterpreted functions (or arrays) for the input vari- 690

ables and for the timestamp variables, such that for every 691

set of uninterpreted functions (or arrays) for the output 692

variables the requirements of the Requirements Table do not 693

hold (∃i, (¬hi,π(rt))). 694

For example, Figure 8b presents the encoding for Re- 695

quirements Table from Figure 4c with sample step 0.2. 696

Lines 2, 3 contain the encoding for the requirement 1 from 697

Figure 4c. Lines 3, 4 contain the encoding for the require- 698

ment 2 from Figure 4c. 699

Theorem 4. Let rt be a Requirements Table, the formula 700

hcs(rt) is satisfiable if and only if the Requirements Table rt 701

is inconsistent. 702

Proof Sketch. The encoding from Figure 7 is obtained by 703

applying a one-to-one mapping of the semantics of the con- 704

structs of the Requirements Tables from Figure 5. Therefore, 705

checking for the presence of a set uninterpreted functions 706

(or arrays) for the input variables and for the timestamp 707

variables that satisfies formula hcs(rt) corresponds to veri- 708

fying the presence of an input interpretation ιU that satisfies 709

the conditions of Definition 6. 710

For example, the formula from Figure 8b is satisfiable 711

since the interpretation for the input (th) and the timestamp 712

(τ ) variables ensuring the following conditions τ [10] ≥ 0.5, 713

and 0.4 < τ [10] − τ [9] < 0.5, and th[10] > 3 is such that 714

for every interpretation of the output variable (sp) there 715

exists an i such as either sp[i] = 1, which makes the first 716

condition of the disjunction satisfied, or sp[i] = 2 which 717

makes the second condition of the disjunction satisfied. 718

Our encoding generates formulae within the AUFNIRA 719

logic, i.e., closed formulas with free function and predicate 720

symbols over a theory of arrays of integer index and real 721

value [32]. The problem of deciding if an AUFNIRA formula 722

is satisfiable is undecidable, i.e., there is no algorithm that 723

always answers if the formula is satisfiable. 724
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The unbounded approach relies on infinite traces (i.e.,725

infinite sequences of inputs, outputs, and timestamps) rep-726

resented as uninterpreted functions or unbounded arrays.727

The following section presents a bounded approach. Unlike728

the unbounded approach, the bounded approach demon-729

strates incompleteness and inconsistency by relying on a730

finite (bounded) trace prefix. Our evaluation (Section 7) will731

compare the two approaches empirically.732

5.3 The Bounded Encoding of Requirements Tables733

The bounded encoding checks if a Requirements Table is734

incomplete and inconsistent by considering a bound (b) on735

the maximum number of trace records (positions) to be con-736

sidered in the analysis. For example, if the bound b is five,737

the algorithm checks for inconsistency and incompleteness738

by considering traces that have at most five records. We use739

the identifier Be to refer to the bounded encoding.740

Figure 9 presents the bounded encoding for the operator741

dur(le) ≥ c and requirements expressed using a duration742

column of the Requirements Tables; For the remaining oper-743

ators, the bounded encoding corresponds to the unbounded744

encoding from Figure 7. The encoding for the operator745

dur(le) ≥ c and requirements expressed using a duration746

column replaces the quantifiers ∀ and ∃ by unrolling the747

existential and universal quantifiers with the conjunction748

(∧) and disjunction (∨) operators.749

• Fixed step semantics. For the operator dur(le) ≥ c, the750

translation from Figure 9a forces the formula le to hold751

for every position n within [i − ⌈ c
TS
⌉,i] by creating a752

conjunction of formulae hn←k,π(le) each representing the753

value of le in a position n. We use the notation n ← k754

to indicate that the variable k is replaced by the value n.755

The conjunction is true only if all the conjunct formulae are756

true. For the requirements expressed using a duration col-757

umn, the formula returned for the requirements expressed758

using a duration column follows the fixed step semantics759

of Requirements Tables from Section 3.2.760

• Variable step semantics. For the operator dur(le) ≥ c,761

the disjunction operator from Figure 9b forces the exis-762

tence of a position j with a timestamp τ [j] ensuring that763

τ [i] − τ [j] ≥ c, while the conjunction operator forces the764

formula le to hold in every position n in [j, i] by creating a765

conjunction of formulae hn←k,π(le) each representing the766

value of le in a position n. For the requirements expressed767

using a duration column, the formula returned for the768

requirements expressed using a duration column follows769

the variable step semantics of Requirements Tables from770

Section 3.2.771

The logic formula hbcp(rt) to verify the incompleteness772

of a Requirements Table rt is773

∃π,

τmon

∨
i∈[0,b),y∈Y

 ∧
pre∈Pre(rt,y)

¬hi,π(pre)


For example, Figure 10a reports the encoding for the Re-774

quirements Table from Figure 4b for the fixed step semantics775

and bound b = 2. To simplify our presentation, we assumed776

that Ts = 0.4 and omitted portions of the formulae that are777

not useful to our discussion (e.g., 0.4 ≥ 0.4).778

hi,π(dur(le) ≥ c) ≡ τ [i] ≥ c ∧ c ≥ TS

∧
k∈[i−⌈ c

TS
⌉,i] hn←k,π(le)

hi,π(pre[d] ⇒ post) ≡ τ [i] ≥ d ∧ d ≥ TS∧
((
∧

k∈[i−⌈ d
TS
⌉,i] hn←k,π(pre)) ⇒ hn←i,π(post))

(a) Fixed Step Semantics.
hi,π(dur(le) ≥ c) ≡

∨
j∈[0,i](τ [i]− τ [j] ≥ c ∧

∧
k∈[j,i] hn←k,π(le))

hi,π(pre[d] ⇒ post) ≡
∨

j∈[0,i](τ [i]− τ [j] ≥ d∧
(
∧

k∈[j,i] hn←k,π(pre)) ⇒ hn←i,π(post))

(b) Variable Step Semantics.

Figure 9: Bounded Encoding.

1 ∃π, (τ [0] = 0 ∧ τ [1] = 0.4 ∧ τ [2] = 0.8∧
2 ( (¬(τ [0] ≥ 0.4 ∧ ∧th[0] > 3 ∧ th[1] > 3)∧
3 ¬(τ [0] ≥ 0.4 ∧ (¬th[0] > 3))))
4 ∨
5 (¬(τ [1] ≥ 0.4 ∧ ∧th[0] > 3 ∧ th[1] > 3 ∧ th[2] > 3)∧
6 ¬(τ [1] ≥ 0.4 ∧ (¬th[0] > 3 ∨ ¬th[1] > 3))))

(a) Bounded encoding for checking the incompleteness of the
Requirements Table from Figure 4b for bound b = 2.

1 ∃π, (τ [0] = 0 ∧ τ [1] = 0.4 ∧ τ [2] = 0.8∧
2 (
3 ( ¬((τ [0] ≥ 0.4 ∧ th[0] > 3) ⇒ sp[0] = 1)∨
4 ¬((τ [0] ≥ 0.5 ∧ th[0] > 3) ⇒ sp[0] = 2))
5 ∨
6 ((¬((τ [1] ≥ 0.4 ∧ th[0] > 3 ∧ th[1] > 3)
7 ⇒ (sp[0] = 1 ∧ sp[1] = 1)))∨
8 (¬(τ [1] ≥ 0.5 ∧ th[0] > 3 ∧ th[1] > 3)
9 ⇒ (sp[0] = 2 ∧ sp[1] = 2)))))

(b) Bounded encoding for checking the inconsistency of the
Requirements Table from Figure 4b for bound b = 2.

Figure 10: Bounded Encoding for checking the incomplete-
ness and inconsistency of the Requirements Table from
Figure 4.

Theorem 5. Let b be a bound and rt be a Requirements Table, 779

if the formula hbcp(rt) is satisfiable, then the Requirements Table 780

rt is incomplete. 781

Proof Sketch. Since hbcp(rt) is satisfiable for bound b, the 782

formula hcp(rt) is also satisfiable since the satisfability of 783

the formulae from Figure 9a and Figure 9b implies the satis- 784

fability of the formulae from Figure 7b and Figure 7c. If the 785

formula hcp(rt) is satisfiable the Requirements Table rt is 786

incomplete. Therefore, if the formula hbcp(rt) is satisfiable, 787

then the Requirements Table rt is incomplete. 788

The bounded encoding shows the incompleteness of the 789

Requirements Table: by setting τ [0] = 0, τ [1] = 0.4, τ [2] = 790

0.8, th[0] > 3, th[1] > 3, and th[2] ≤ 3, the formula from 791

Figure 4b is satisfiable. Since the formula is satisfiable, the 792

Requirements Table is incomplete. 793

The logic formula hbcs(rt) to verify the inconsistency of 794

a Requirements Table rt is 795

∃U ,∃τ ,

τmon ∧ ∀Y,

 ∨
i∈[0,b)

¬hi,π(rt)


For example, Figure 10b reports the encoding for the Re- 796

quirements Table from Figure 4c for the fixed step semantics, 797

Ts = 0.4 and bound b = 2. 798
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Theorem 6. Let b be a bound and rt be a Requirements Table,799

if the formula hbcs(rt) is satisfiable, then the Requirements Table800

rt is inconsistent.801

Proof Sketch. Since hbcs(rt) is satisfiable for bound b, the802

formula hcs(rt) is also satisfiable since the satisfability of803

the formulae from Figure 9a and Figure 9b implies the satis-804

fability of the formulae from Figure 7b and Figure 7c. If the805

formula hcs(rt) is satisfiable the Requirements Table rt is806

inconsistent. Therefore, if the formula hbcs(rt) is satisfiable,807

then the Requirements Table rt is inconsistent.808

For example, the formula from Figure 10b is satisfiable809

since the interpretation for the input (th) and the timestamp810

(τ ) variables ensuring the following conditions τ [1] ≥ 0.5,811

and 0 < τ [0] − τ [1] < 0.5, and th[1] > 3 is such that812

for every interpretation of the output variable (sp) either813

sp[0] >= 1 and sp[1] = 1, which makes the first condition814

of the disjunction satisfied, or sp[0] = 2 and sp[1] = 2815

which makes the second condition of the disjunction satis-816

fied. Since the formula is satisfiable, the Requirements Table817

is inconsistent.818

Like the unbounded encoding (Section 5.2) the bounded819

encoding also generates formulae from the AUFNIRA logic.820

Although our bounded encoding enables engineers to821

determine that Requirements Tables are incomplete and822

inconsistent, it does not enable them (in general) to deter-823

mine that the Requirements Tables are complete or con-824

sistent: that is, we can not draw any conclusion about the825

completeness and consistency of the Requirements Tables826

if hbcp(rt) and hbcs(rt) are not satisfiable. However, in827

many practical cases, it may be possible also to determine828

that the Requirements Tables are complete or consistent by829

setting a sufficiently large bound. Since the goal of this830

work is to present and illustrate our encoding, the task of831

precisely identifying these cases is out of scope, and will be832

considered in future works.833

5.4 Summary834

Table 2 summarizes the set of encodings proposed for the835

Requirements Tables by the previous sections. The type836

of encoding depends on whether a bounded (Be) or un-837

bounded (Ue) encoding is selected for the Requirements838

Tables, whether arrays (Ar) or uninterpreted functions (Uf)839

is used to represent traces, and on whether a fixed (Fs) or840

a variable (Vs) sample step semantics is selected. As shown841

in Section 4 checking the completeness and consistency of842

Requirements Tables containing flexible requirements with843

state is undecidable. Therefore, although the unbounded844

encoding (Ue) provides a more precise encoding than the845

bounded encoding (Be), checking whether the produced846

AUFNIRA formula is satisfiable is undecidable. Therefore,847

the tool produces an answer only when it can deduce848

that the AUFNIRA formula is satisfiable or unsatisfiable.849

Our evaluation (Section 7) will empirically assess how850

frequent this situation is in practical cases. On the other851

hand, we conjecture that the bounded encoding (Be) might852

help deduce whether a Requirement Table is incomplete853

(Theorem 5) or inconsistent (Theorem 6). Our evaluation854

(Section 7) will assess whether this conjecture is supported855

by empirical evidence. Arrays have already been used to856

Table 2: Encodings proposed for the Requirements Tables.

Encoding Bound Trace Semantics

UeUfFs Unbounded Function Fixed Step
UeUfVs Unbounded Function Variable Step
UeArFs Unbounded Array Fixed Step
UeArVs Unbounded Array Variable Step
BeUfFs Bounded Function Fixed Step
BeUfVs Bounded Function Variable Step
BeArFs Bounded Array Fixed Step
BeArVs Bounded Array Variable Step

1
RT2TEXT

[MATLAB]

2
TEXT2Z3

[antlr]

3
SATCHECK

[antlr]

Model .rt .z3 Result

Figure 11: Implementation of THEANO.

model traces in the research literature (e.g., [33]). In this 857

work, we also propose using uninterpreted functions as an 858

alternative. Our evaluation will compare the two solutions. 859

Finally, we proposed both a fixed (Fs) or a variable (Vs) 860

sample step semantics. Users need to select the appropriate 861

semantics depending on whether a fixed or variable sample 862

step solver is used in their simulations. 863

6 IMPLEMENTATION 864

Figure 11 presents a high-level description of the implemen- 865

tation of THEANO. The implementation relies on three com- 866

ponents: RT2TEXT ( 1 ), TEXT2Z3 ( 2 ), and SATCHECK ( 3 ). 867

The RT2TEXT component ( 1 ) is a MATLAB (v.R2023a) 868

script. It takes a Simulink model as input, extracts the 869

Requirements Tables, and generates a text (.rt) file for each 870

Requirements Table. The encoding of each Requirements 871

Table in the text file follows the syntax from Figure 3. 872

Additionally, it extracts from the inputs of the Requirements 873

Table the type of each input, which is added to the text file to 874

be used later in the encoding. Figure 12 presents an example 875

of the intermediate (.rt) file produced by the RT2TEXT for 876

the Requirement Table from Figure 1b. The tokens vardef 877

and endvardef delimit the variables declaration. Each line 878

contains the declaration of a variable: the name of the vari- 879

able is followed by its type and an identifier that indicates 880

if the variable is an input or an output variable. The tokens 881

reqdef and endreqdef delimit the requirements declaration. 882

Each line contains the declaration of a requirement specified 883

by a precondition followed by a postcondition separated by 884

a comma character. 885

The TEXT2Z3 component ( 2 ) is developed using 886

antlr [24], a parser generator able to read grammars and 887

generate a recognizer for the language. We selected antlr 888

since it is a widely used tool [34] and a grammar for parsing 889

MATLAB expressions was publicly available [35]. TEXT2Z3 890

implements the translation from Section 5 and generates a 891

Python file that encodes the formulae in Z3 [26]. Z3 was cho- 892

sen since it is an industry-strength awarded tool to check the 893

satisfiability of logic-based formulae [36], [37]. Specifically, 894

we used Z3Py [25], a Z3 API in Python, since it is a tool 895

that is easy to use and install, that we used in previous 896

research (e.g., [33]). Figure 13 presents an example of the 897
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1 vardef
2 th , Real , input ;
3 sp , Real , output ;
4 endvardef
5 reqdef
6 th >0 , sp == prev ( sp ) +th ;
7 prev ( sp ) ==160 , sp <160;
8 th <0 , sp<prev ( sp ) ;
9 endreqdef

Figure 12: Intermediate (.rt) file produced by the RT2TEXT
for the Requirement Table from Figure 1b.

1 from z3 import * ;
2 s = Solver ( )
3
4 # S igna l d e f i n i t i o n
5 th=Array ( ’ th ’ , I , R)
6 sp=Array ( ’ sp ’ , I , R)
7
8 # Timestamp d e f i n i t i o n
9 tau = Function ( ’ tau ’ , I n t S o r t ( ) , Rea lSor t ( ) )

10
11 # Timestamp monotonicity c o n s t r a i n t
12 s . add (And( tau ( 0 ) <tau ( 1 ) ) )
13
14 # Requirements Table Encoding
15 s . add (
16 Or (
17 And( Not ( th [0 ] >0) , Not ( th [0 ] <0) , Not ( sp [0 ]==160) ) ,
18 And( Not ( th [1 ] <0) , Not ( th [1 ] >0) , Not ( sp [0 ]==160) ) ,
19 And( Not ( th [2 ] >0) , Not ( th [2 ] <0) , Not ( sp [1 ]==160) )
20 )
21 )
22
23 # Resul t Process ing
24 r es=s . check ( )
25 i f ( r es . r == Z3_L_FALSE ) :
26 p r i n t ( ’ Requirements Table Complete ( unsat ) ’ )
27 sys . e x i t ( 1 )
28 e l s e :
29 i f ( r es . r == Z3_L_TRUE ) :
30 p r i n t ( ’ Requirements Table Incomplete ( s a t ) ’ )
31 sys . e x i t ( −1)
32 e l s e :
33 p r i n t ( ’ unknown ’ )
34 sys . e x i t ( 0 )

Figure 13: Python (.py) file produced by the TEXT2Z3 com-
ponent for the file from Figure 12 for the BeUfVs encoding.

python (.py) file produced by the TEXT2Z3 component for898

the file from Figure 12 to check completeness for the BeUfVs899

encoding. The file consists of five parts: The signal definition900

part (Lines 4-6) defines the variables used to represent901

the signal values. The timestamp definition part (Lines 8-902

9) defines the constraint used to represent the timestamp903

values. The timestamp monotonicity constraint (Lines 11-904

12) defines the constraint τm on the timestamp evolution.905

The Requirements Table Encoding (Lines 14-21) encodes the906

Requirement Table for the completeness and consistency907

check as detailed in Section 5.2 and Section 5.3. Finally,908

the Result Processing (Lines 23-34) runs the satisfiability909

checker and returns the completeness and consistency result910

depending on the satisfiability of the Z3 formula.911

The SATCHECK component ( 3 ) is implemented using912

Z3 [26]. The SATCHECK component executes the Python913

files associated with each Requirements Table. Z3 returns 914

whether the formula generated for the Requirements Table 915

is satisfiable. Depending on this result, THEANO returns a 916

value indicating whether the Requirements Table is com- 917

plete or incomplete and consistent or inconsistent. 918

We decided to use several external tools that must be 919

executed outside the MATLAB environment for the follow- 920

ing reasons. The parser we found for MATLAB formulae 921

is mparser [38] which is outdated, i.e., the last update of 922

mparser was on 1 Sep 2011. In addition, this tool relies 923

on libantlr3c [39], an ANTLRv3 parsing library for C, that 924

needs to be installed separately, complicating the installation 925

process. 926

7 EVALUATION 927

Our evaluation answers the following questions: 928

RQ1 How effective is THEANO in checking the completeness and 929

consistency of Requirements Tables? How do the encodings 930

from Table 2 compare? (Section 7.2) 931

Checking the completeness and consistency of a Require- 932

ments Table containing flexible requirements with states is 933

undecidable (Section 4). This research question empirically 934

assesses in how many cases THEANO can produce a defini- 935

tive answer (completeness/incompleteness and consisten- 936

t/inconsistent). 937

RQ2 How efficient is THEANO in checking the completeness and 938

consistency of Requirements Tables? How do the encodings 939

from Table 2 compare? (Section 7.3) 940

This research question assesses the time required to com- 941

pute the results when THEANO could prove the complete- 942

ness/incompleteness and consistency/inconsistency of the 943

Requirements Table. 944

To answer these research questions, we rely on the 945

following benchmark. 946

947

7.1 Benchmark 948

We could not find publicly available benchmark tables con- 949

taining flexible requirements with states that we could use 950

to answer RQ1 and RQ2, since these requirements are cur- 951

rently not supported by Simulink Requirements Tables [40]. 952

Therefore, we artificially synthesized a benchmark of Re- 953

quirements Tables containing these requirements. To syn- 954

thesize our benchmark, we decided to consider a small set 955

of representative baseline Requirements Tables that reflect 956

the needs of practitioners. We generated the Requirements 957

Tables of our benchmark from these tables. 958

Figure 14 presents our baseline Requirements Tables, 959

where thr is a parameter representing a threshold value 960

used to instantiate the Requirements Tables. The baseline 961

Requirements Tables are described below. 962

Baseline Table 1 (Figure 14a). The requirement 1 of the 963

Requirement Table specifies that the value 0 shall be initially 964

assigned to the variable y. The requirement 2 specifies 965

that, after the startup instant, the value of y shall equal 966

its previous value plus one if the value assumed by the 967

input u is greater than zero. The requirement 3 specifies 968

that, after the startup instant, the value 23 shall be assigned 969

to the variable y if the previous value of the variable y 970
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ID Pre. Post.

1 isStartup y == 0;
2 ¬ isStartup ∧ u > 0 y == prev (y) + 1;
3 ¬ isStartup ∧ prev (y) == thr y < thr;

(a) Baseline Table 1.

ID Pre. Post.

1 isStartup y == 0;
2 ¬ isStartup y == prev (y) + 1;
3 ¬ isStartup ∧ prev (y) == thr y < thr;

(b) Baseline Table 2.
ID Pre. Post.

1 isStartup y == 0;
2 ¬ isStartup ∧ u == prev (u) + 1 y == prev (y) + 1;
3 ¬ isStartup ∧ u != prev (u) + 1 ∧ y < thr y < thr;

(c) Baseline Table 3.

ID Pre. Post.

1 isStartup y == 0;
2 ¬ isStartup ∧ u == prev (u) + 1 y == prev (y) + 1;
3 ¬ isStartup ∧ u != prev (u) + 1 y < thr;

(d) Baseline Table 4.

Figure 14: Baseline Requirements Tables used for the generation of our benchmark.

corresponds to the threshold value thr. Requirements Tables971

generated from this baseline are incomplete and inconsistent.972

The Requirements Tables are incomplete since none of the973

preconditions for the output variable y are triggered when974

for a trace π and position i > 0, the value u is lower than975

or equal to zero, and the previous value of y is not equal976

to the threshold value thr. The Requirements Tables are977

inconsistent since it does not exist any output interpretation978

that satisfies the requirements of the Requirements Table979

for an input u that is always greater than the value 0: for980

this input, the value of y is constantly increasing and will981

reach the threshold value thr, however, when u > 0 and982

prev(y) = thr it does not exist any assignment that satisfies983

both requirement 2 and requirement 3.984

Baseline Table 2 (Figure 14b). Unlike the baseline Table 1,985

the requirement 2 of the baseline Table 2 specifies that the986

value of y shall equal its previous value plus one after the987

startup instant. Requirements Tables generated from this988

baseline are complete and inconsistent. The Requirements Ta-989

bles are complete since for every output variable, trace, and990

position i, there exists a precondition satisfied by the trace991

at that position. The Requirements Tables are inconsistent992

for the same reasons as the baseline Table 1.993

Baseline Table 3 (Figure 14c). The requirement 1 of the994

Requirement Table specifies that the value 0 shall initially995

be assigned to the variable y. The requirement 2 specifies996

that the value of y shall equal its previous value plus997

one when the system is not in its startup instant and the998

value of the input u equals its previous value plus one.999

The requirement 3 specifies that the output variable y shall1000

be assigned to a value lower than 23 when the system is1001

not in its startup instant, the value of the input u differs1002

from its previous value plus one, and the value of y is1003

lower than the threshold value thr. Requirements Tables1004

generated from this baseline are incomplete and consistent.1005

The Requirements Tables are incomplete since none of the1006

preconditions for the output variable y are triggered for a1007

trace containing a position with a value of y greater than1008

(or equal to) thr and for which the value of u does not1009

equal its previous value plus one. The Requirements Tables1010

are consistent since there exists an output and a timestamp1011

interpretation, such that the corresponding trace satisfies1012

the Requirements Table for every input interpretation: to1013

construct this trace, it is sufficient to set the values of the1014

output variable y according to the rules specified by the1015

requirements of the Requirements Tables that have mutually1016

exclusive preconditions.1017

Baseline Table Completeness Consistency

Table 1 ✗ ✗
Table 2 ✓ ✗
Table 3 ✗ ✓
Table 4 ✓ ✓

Table 3: Expected results for the completeness and consis-
tency checks for the Requirements Tables generated from
the baseline Tables from Figure 14.

Baseline Table 4 (Figure 14d). The requirements for the 1018

baseline Table 4 corresponds to the baseline Table 3, except 1019

for the requirement 3. Unlike the baseline Table 3, the 1020

precondition of the requirement 3 of the baseline Table 4 1021

is the dual of the precondition of the requirement 2 when 1022

the system is not in its startup. Requirements Tables gen- 1023

erated from this baseline are complete and consistent. The 1024

Requirements Tables are complete since there exists a pre- 1025

condition of one of the requirements that is satisfied for 1026

every output variable, trace, and position: the precondition 1027

of requirement 1 in the first position of the trace, and one of 1028

the preconditions of requirements 2 and 3 for the remaining 1029

positions. The Requirements Tables are consistent. The ex- 1030

planation corresponds to the one presented for the baseline 1031

Table 3. 1032

Table 3 summarizes the expected results for the com- 1033

pleteness and consistency checks for the Requirements Ta- 1034

bles generated from the baseline Tables from Figure 14. 1035

Our benchmark is obtained by instantiating 160 Require- 1036

ments Tables: 40 for each baseline type. We instantiated 1037

the Requirements Tables by considering 40 threshold values 1038

changing from 50 to 2000 with increments of 50. The Re- 1039

quirements Tables generated from the baseline tables 1, 2, 3, 1040

and 4 contain flexible requirements with states since (a) they 1041

use the previous value of a variable (a.k.a. “previous state”) 1042

in the definition of the requirement (see the requirement 2 1043

of the baseline tables) and (b) avoid the specification of the 1044

exact values for a variable of the Requirements Table (see 1045

the requirement 3 of the baseline tables). 1046

7.2 Effectiveness of THEANO (RQ1) 1047

To assess the effectiveness of THEANO in checking the 1048

completeness and consistency of Requirements Tables and 1049

compare the encodings from Table 2, we proceeded as 1050

follows. 1051

Methodology. We consider each of the 160 Require- 1052

ments Tables of our benchmark. For each Requirements 1053
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Table, we run THEANO by considering each of the encodings1054

from Table 2 and considered a timeout of two hours. We1055

executed experiments on a large computing platform with1056

1109 nodes, 64 cores, memory 249G or 2057500M, CPU 2 x1057

AMD Rome 7532 2.40 GHz 256M cache L3.5 We repeated1058

every run 10 times to account for variations in the perfor-1059

mance of the platform used to run our experiment and the1060

SMT solver, as done in similar works (e.g., [33]). Therefore,1061

in total, we run THEANO 12800 (10 × 160 × 8) times, since1062

we executed it ten times, for 160 Requirements Tables and1063

eight encodings. For each encoding, the experiments were1064

executed 1600 times (10× 160).1065

For the bounded encodings, we had to set the value1066

of the bound. For our Requirements Tables, setting the1067

value of the bound higher than the threshold value also1068

enables THEANO to determine if the Requirements Tables1069

are complete and consistent. Therefore, for our experiments,1070

the value of the bound considered equals the threshold1071

value used to generate the Requirements Table plus one.1072

Notice that a value lower than the threshold value may1073

produce an unsound result, i.e., it may not be sufficient to1074

detect incompleteness and inconsistencies. Engineers may1075

not know a priori which bound values are required for1076

the soundness of the results. We will reflect on the bound1077

selection process in our discussion (Section 8).1078

To assess the effectiveness of each encoding in checking1079

completeness and consistency, we checked the correctness1080

of the result whenever a definitive result (complete, incom-1081

plete, consistent, or inconsistent) was returned within two1082

hours. For the remaining cases, either THEANO did not end1083

within two hours or an “unknown” result was returned. We1084

measured the percentage of runs (over the total number of1085

runs) in which THEANO returned a definitive result within1086

two hours.1087

Results. Running all the experiments required several1088

months. This time was reduced to approximately two weeks1089

thanks to the parallelization facilities of our computing1090

platform. Table 4 presents our results. Each row of the table1091

reports the results related to one of the encodings. The1092

columns of the table are divided into two sets, respectively1093

containing the results of the completeness and the consis-1094

tency checks. Each column reports the results related to1095

each baseline table, i.e., the percentage of runs (over 1250)1096

in which THEANO returned a definitive completeness and1097

consistency result. For example, for the encoding BeArVs1098

and the baseline table 2 THEANO returned a completeness1099

result for 99.50% of the runs. The “Total” labeled columns1100

report, for each encoding, the percentage of runs over 16001101

in which THEANO returned a completeness or consistency1102

result. The rows of the table are divided into two sets that1103

respectively contain the results of the unbounded and the1104

bounded encodings. In the following, we discuss the results1105

of the unbounded and the bounded encodings.1106

Unbounded Encoding. For the completeness check,1107

THEANO could confirm the completeness of the Require-1108

ments Tables generated from Tables 2 and 4. The UeUfFs,1109

UeUfVs, UeArFs instances could confirm the completeness1110

of 100.00% of the Requirements Tables generated from1111

Tables 2 and 4. The UeArVs instance could respectively1112

5. https://www.computeontario.ca/

confirm the completeness of 100.00% and 99.75% of the Re- 1113

quirements Tables generated from Tables 2 and 4. THEANO 1114

produced an unknown result for all the instances for the 1115

completeness check in less than two minutes for Tables 1 1116

and 2. The SMT solver provided “smt tactic failed to show 1117

goal to be sat/unsat (incomplete quantifiers)” as an explanation 1118

for the unknown result. 1119

For the consistency check, THEANO produced an un- 1120

known result for all the considered instances in less than 1121

one minute. The SMT solver provided “smt tactic failed to 1122

show goal to be sat/unsat (incomplete (theory array))” as an 1123

explanation for the unknown result. To understand which 1124

parts of the formula caused the generation of the unknown 1125

verdict by the SMT solver, we iteratively removed parts 1126

of the formulae from the Z3 encoding. The unbounded 1127

condition specified by the timestamp constraint (Ts) pre- 1128

vented the SMT solver from verifying the satisfiability of the 1129

formula. Unlikely, it is not possible to remove this constraint 1130

since it is necessary for the values of the timestamps to be 1131

monotonically increasing. 1132

The results of the completeness and consistency checks 1133

of the unbounded encodings confirm the need for the 1134

bounded approaches. 1135

Bounded Encoding. For the completeness check, THEANO 1136

configured with each of the bounded encodings from Ta- 1137

ble 2 produced a definitive result (complete, incomplete) 1138

within two hours for all (100%) the Requirements Tables 1139

of our benchmark in at least one of the 10 runs. Therefore, 1140

THEANO configured with one of the bounded encodings 1141

from Table 2 effectively checks the completeness of our 1142

Requirements Tables. For the Requirements Tables of our 1143

benchmark, and the configuration setup described in our 1144

methodology, our results do not show significant differences 1145

in the effectiveness of the different encodings in checking 1146

the completeness of the Requirements Tables. On average, 1147

for the fixed step semantics, the encoding BeUfFs based on 1148

uninterpreted functions is slightly more effective than the 1149

encoding BeArFs based on arrays (99.37% vs 99.12%). For 1150

the variable step semantics, the effectiveness of the encoding 1151

BeUfVs based on uninterpreted functions equals the one of 1152

the encoding BeArVs based on arrays (99.56% vs 99.56%). 1153

For the consistency check, THEANO configured with 1154

each of the bounded encodings from Table 2 produced 1155

a definitive result within two hours for all (100%) the 1156

inconsistent Requirements Tables (Tables 1 and 2) of our 1157

benchmark in at least one of the 10 runs. Therefore, THEANO 1158

configured with one of the bounded encodings from Table 2 1159

effectively checks the inconsistency of our Requirements 1160

Tables. For the Requirements Tables of our benchmark, and 1161

the configuration setup described in our methodology, our 1162

results do not show significant differences in the effective- 1163

ness of the different encodings in checking the inconsistency 1164

of the Requirements Tables. Additionally, our results show 1165

that THEANO could not confirm the consistency of the 1166

Requirements Tables (Tables 3 and 4) in any of the runs. 1167

For these cases, THEANO could not terminate within the 1168

timeout. 1169

To understand why THEANO could not confirm the 1170

consistency of the Requirements Tables, we reduced the 1171

threshold values considered in our experiments to assess 1172

if, for lower threshold values, THEANO could detect that 1173
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Table 4: Percentages of Requirements Tables generated from the Baseline Tables from Figure 14 for which the completeness
and consistency produced a result for each encoding from Table 2.

Completeness Consistency

Encoding Table 1 Table 2 Table 3 Table 4 Total Table 1 Table 2 Table 3 Table 4 Total

UeUfFs 0.00% 100.00% 0.00% 100.00% 50.00% 0.00% 0.00% 0.00% 0.00% 0.00%
UeUfVs 0.00% 100.00% 0.00% 100.00% 50.00% 0.00% 0.00% 0.00% 0.00% 0.00%
UeArFs 0.00% 100.00% 0.00% 100.00% 50.00% 0.00% 0.00% 0.00% 0.00% 0.00%
UeArVs 0.00% 100.00% 0.00% 99.75% 49.94% 0.00% 0.00% 0.00% 0.00% 0.00%

BeUfFs 99.00% 99.50% 99.00% 100.00% 99.37% 98.75% 99.5% 0.00% 0.00% 49.56%
BeUfVs 98.75% 100.00% 99.50% 100.00% 99.56% 99.00% 99.00% 0.00% 0.00% 49.50%
BeArFs 99.25% 99.50% 98.25% 99.50% 99.12% 98.25% 99.75% 0.00% 0.00% 49.50%
BeArVs 100.00% 99.50% 99.00% 99.75% 99.56% 98.75% 98.75% 0.00% 0.00% 49.87%

Table 5: Percentages of Requirements Tables generated from the Baseline Tables from Figure 14 for which the consistency
produced a result for each encoding from Table 2 for threshold values within 10 and 50.

Threshold Value

Table 10 15 20 25 30 35 40 45 50

Table 3 100.00% 0.00% 0.00% 0.00% 50.00% 0.00% 0.00% 0.00% 15.00%
Table 4 82.50% 25.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

the Requirements Tables were consistent. Therefore, we1174

considered the same baseline tables, generated the Require-1175

ments Tables for the threshold values from 10 to 50 with1176

increments of five, and ran THEANO. Running these ex-1177

periments required approximately 50 additional days. This1178

time was reduced to approximately a few days thanks to the1179

parallelization facilities of our computing platform.1180

For each baseline table, Table 5 presents the percentage1181

(for the different encodings and runs) of cases in which1182

THEANO could confirm that the Requirements Tables are1183

complete. For the Requirements Tables generated from the1184

baseline Table 3, the results show that the bounded encoding1185

could confirm the completeness for all the runs for the1186

threshold value 10, for 50% of the runs for the threshold1187

value 30, and 15% of the runs for the threshold value1188

50. For the remaining cases, THEANO could not confirm1189

the completeness of the Requirements Tables. Notice that1190

some variability of the results is expected due to the non-1191

determinism of the Z3 solver. For the Requirements Tables1192

generated from the baseline Table 4, the results show the1193

bounded encoding could confirm the completeness for all1194

the runs for the threshold value 10, and for 25% of the runs1195

for the threshold value 15. For the remaining cases, THEANO1196

could not confirm the completeness of the Requirements1197

Tables. These results confirm that for lower threshold values1198

THEANO can also confirm the consistency of the Require-1199

ments Tables. Therefore, THEANO may be able to produce a1200

verdict by increasing the timeout.1201

RQ1 - Effectiveness
THEANO could confirm the completeness of the Re-
quirements Tables within two hours when configured
with the unbounded encodings. When configured with
the bounded encodings, it could confirm both the
completeness and incompleteness of the Requirements
Tables of our benchmark within two hours and also
effectively detect inconsistent Requirements Tables.

7.3 Efficiency of THEANO (RQ2) 1202

To assess how efficient THEANO is in checking the complete- 1203

ness and consistency of Requirements Tables, we want to: 1204

1) Analyze the time required to confirm the completeness 1205

of the Requirements Tables for the unbounded encod- 1206

ings, 1207

2) Understand which threshold values can be analyzed 1208

within two hours and estimate the performances engi- 1209

neers should expect when the threshold value increases 1210

for the bounded encodings, and 1211

3) To assess how the efficiency of the bounded encodings 1212

from Table 2 compare in analyzing the completeness 1213

and consistency of Requirements Tables, we analyze 1214

how their performance compares as the threshold value 1215

increases. 1216

To perform these assessments, we proceeded as follows. 1217

Methodology. We considered the results for RQ1. We 1218

considered only the runs that ended with a definitive result. 1219

Therefore, we only considered the results obtained using 1220

the bounded encodings. We analyzed the time required to 1221

compute that results. 1222

Results. In the following, we will discuss the results of 1223

the unbounded and the bounded encodings. 1224

Unbounded Encoding. THEANO could confirm the com- 1225

pleteness of the Requirements Tables efficiently: To con- 1226

firm the completeness, THEANO required less than two 1227

minutes for all the runs (avg=0.70s, min=0.48s, max=0.97s, 1228

StdDev=0.19). 1229

Bounded Encoding. Figures 15 and 16 present the time 1230

required by the bounded encodings to produce the com- 1231

plete/incomplete and inconsistent verdicts. Each subfigure 1232

is associated with one of the baseline Tables. There is no 1233

subfigure for the consistency check and Tables 3 and 4 1234

since THEANO could not confirm the consistency of these 1235

tables in any of its runs (see Table 4). The x-axis of each 1236

diagram represents the threshold values used to generate 1237

the different Requirements Tables, i.e., each value in the x- 1238

axis refers to one Requirements Table generated using that 1239
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(b) Table 2: Complete.
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(d) Table 4: Complete.

Figure 15: Efficiency of the different encodings from Table 2 to check completeness of the Requirements Tables.
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(a) Table 1: Inconsistent.
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(b) Table 2: Inconsistent.

Figure 16: Efficiency of the different encodings from Table 2 to check consistency of the Requirements Tables.
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Table 6: Average, minimum, maximum, and standard deviation of the time required by THEANO to confirm the consistency
of the Requirements Tables generated with threshold values within 10 and 50.

Threshold Value

Table Measure 10 15 20 25 30 35 40 45 50

Table 3

avg 1164.53 - - - 3032.27 - - - 6046.28
min 2.81 - - - 2374.46 - - - 5353.86
max 5388.16 - - - 3477.36 - - - 6860.71
std 2039.59 - - - 269.54 - - - 507.08

Table 4

avg 1754.88 529.12 - - - - - - -
min 222.95 503.51 - - - - - - -
max 5988.96 574.10 - - - - - - -
std 1523.09 29.90 - - - - - - -

“-”: None of the runs could confirm the consistency of the Requirements Tables.

threshold value. The y-axis contains the average time (across1240

the 10 times each run was repeated) required to produce1241

a definitive result. Different lines and shapes refer to the1242

different encodings. In the following, we discuss the results1243

of the completeness and consistency checks.1244

For the completeness check (Figure 15), THEANO could1245

return a result within 15 seconds (Figures 15a and 15c)1246

for the Requirements Tables that are incomplete (i.e., the1247

Requirements Tables generated from the baseline Tables 11248

and 3). For those cases, THEANO could detect the satisfia-1249

bility of the logic formulae generated for the Requirements1250

Tables (see Section 5). THEANO could return a result within1251

five seconds (Figures 15b and 15d) for the Requirements1252

Tables that are complete (i.e., the Requirements Tables gen-1253

erated from the baseline tables 2 and 4). For those cases,1254

THEANO could detect the unsatisfiability of the logic formu-1255

lae generated for the Requirements Tables (see Section 5).1256

Therefore, THEANO configured with one of the bounded1257

encodings from Table 2 is effective in checking the complete-1258

ness/incompleteness of our Requirements Tables in practi-1259

cal time (less than one minute) for the set of representative1260

Requirements Tables from our benchmark.1261

On average (across the different runs) when configured1262

with the BeUfFs, BeUfVs, BeArFs, and BeArVs encodings,1263

THEANO required 2.9 (min=0.5, max=16.3, StdDev=3.0), 2.81264

(min=0.5, max=15.5, StdDev=2.9), 2.9 (min=0.5, max=16.8,1265

StdDev=3.0), and 2.8 (min=0.5, max=16.0, StdDev=3.0) sec-1266

onds to check the completeness of the Requirements Ta-1267

bles. For the Requirements Tables that are incomplete (Fig-1268

ures 15a and 15c), the time required to detect the incom-1269

pleteness increases exponentially with the threshold value.1270

Additionally, the results show that, when the Requirements1271

Tables are incomplete, there is no significant difference1272

between the efficiency of the different encodings. For the Re-1273

quirements Tables that are complete (Figures 15b and 15d),1274

the time required to produce the completeness verdict in-1275

creases linearly with the threshold value. The Wilcoxon rank1276

sum and the Vargha-Delaney effect size tests confirm that,1277

for the complete Requirements Tables, the encodings based1278

on uninterpreted functions are more efficient than the ones1279

based on arrays. However, the improvement in terms of1280

efficiency is negligible (less than one second).1281

For the consistency check (Figure 16), THEANO could1282

return a result within three minutes (Figures 16a and 16b)1283

for the Requirements Tables that are inconsistent (i.e., the1284

Requirements Tables generated from the baseline tables 11285

and 2). For those cases, THEANO could detect the satisfiabil- 1286

ity of the logic formulae generated for the Requirements Ta- 1287

bles (see Section 5). THEANO could not return a result within 1288

the timeout for the consistent Requirements Tables (i.e., the 1289

Requirements Tables generated from the baseline tables 3 1290

and 4 — see Section 7.2). For those cases, THEANO could not 1291

detect the unsatisfiability of the logic formulae generated for 1292

the Requirements Tables (see Section 5). Therefore, THEANO 1293

configured with one of the bounded encodings from Table 2 1294

is effective in finding inconsistencies in our Requirements 1295

Tables in practical time (less than three minutes) for the set 1296

of representative Requirements Tables from our benchmark. 1297

On average (across the different runs) when config- 1298

ured with the BeUfFs, BeUfVs, BeArFs, and BeArVs 1299

encodings, THEANO required 5.67 (min=0.59, max=19.07, 1300

StdDev=4.43), 5.39 (min=0.57, max=18.82, StdDev=4.22), 1301

32.32 (min=0.60, max=155.60, StdDev=35.02), and 31.53 1302

(min=0.57, max=155.21, StdDev=34.46) seconds to detect 1303

the inconsistency of the Requirements Tables. Figure 16 1304

presents the results obtained for the inconsistent Require- 1305

ments Tables generated from the baseline tables 1 and 2. For 1306

the Requirements Tables that are inconsistent (Figures 16a 1307

and 16b), the time required to detect the inconsistencies 1308

increases exponentially with the threshold value. Addition- 1309

ally, the results show that, when the Requirements Tables 1310

are inconsistent, the encodings based on uninterpreted func- 1311

tions (BeUfFs, BeUfVs) are more efficient than the ones 1312

based on arrays (BeArFs, BeArVs). The Wilcoxon rank 1313

sum and the Vargha-Delaney effect size tests confirm that 1314

the encodings based on uninterpreted functions (BeUfFs, 1315

BeUfVs) are more efficient than the ones based on arrays 1316

(BeArFs, BeArVs). For the Requirements Tables considered 1317

in our experiment, using the encodings based on uninter- 1318

preted functions produces a significant time saving that can 1319

reach almost two minutes. 1320

As discussed in Section 7.2, since THEANO could not 1321

confirm the consistency of the Requirements Tables within 1322

the timeout of two hours, we considered another benchmark 1323

that contained Requirements Tables generated with smaller 1324

threshold values. Table 6 reports the average, minimum, 1325

maximum, and standard deviation for the time required by 1326

THEANO to analyze the Requirements Tables with smaller 1327

threshold values. The results reported in the table con- 1328

firm that there are significant variations across the dif- 1329

ferent threshold values, and runs, for the time required 1330

by THEANO to prove the consistency of the Requirements 1331
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Tables. Even for small (10) threshold values, proving the1332

consistency of the Requirements Tables may require more1333

than one hour (5988.96s ≈ 100m).1334

RQ2 - Efficiency
When THEANO was configured with the unbounded
encodings, THEANO could check the completeness
of Requirements Tables in practical time (less than
two minutes). When THEANO was configured with
the bounded encodings, THEANO could verify the
completeness and incompleteness of all Requirements
Tables in practical time (less than one minute). For
the consistency check, THEANO configured with the
bounded encodings could detect the inconsistency of
all Requirements Tables in practical time (less than
three minutes). However, even for Requirements Ta-
bles generated with small threshold values, THEANO
configured with the bounded encodings requires sig-
nificant time (more than one hour) to confirm their
consistency.

8 REFLECTIONS AND THREATS TO VALIDITY1335

This section reflects on (i) the decidability of the com-1336

pleteness and consistency checking procedures, (ii) our ex-1337

perimental results, (iii) the selection of the bound for the1338

bounded encoding, and (iv) the threats to the validity of our1339

results.1340

Decidability. For the completeness check, when the re-1341

quirements do not contain operators from Figure 3 con-1342

cerning flexible requirements with states (i.e., prev(v), and1343

dur(le) ≥ c), the formula hi,π(pre) does not depend on1344

the value considered for the position i and do not contain1345

any quantification operator (∀ or ∃). Therefore, checking1346

the satisfiability of hcp(rt) reduces to verifying the satis-1347

fiability of a set of algebraic equations (=) or in equations1348

(<, ≤, ≥, >) defined over the domains of the input and1349

output variables. Unlike requirements containing flexible1350

requirements with states, the problem is decidable for linear1351

and polynomial constraints over linear variables and linear1352

constraints over integer variables. For example, finding the1353

satisfiability of a set of linear equalities on variables defined1354

over real numbers is decidable. For the consistency check,1355

despite the formula hi,π(pre) does not depend on the value1356

considered for the position i, the formula hcp(rt) contains a1357

first-order logic formula containing one universal quantifier1358

(∀Y). Despite checking the satisfiability of these formulae is1359

undecidable in general, there are fragments of first-order1360

logic for which the problem is decidable [41]. For these1361

cases, THEANO provides an effective method for deriving1362

the correct answer.1363

Experimental Results. Our experimental results assess the1364

effectiveness and efficiency of the bounded encodings to1365

check the completeness of Requirements Tables. For the1366

consistency check, the encoding was effective and efficient1367

in finding inconsistencies in the Requirements Tables but1368

failed to show their consistency. Despite the tool may not be1369

able to confirm consistency, it is still beneficial for engineers1370

since, in practical applications, they can run THEANO with1371

different (increasing) values for the bound and the timeout1372

searching for the inconsistency of the Requirements Tables. 1373

If inconsistencies are not found, these runs will increase 1374

their confidence in the consistency of the Requirements 1375

Tables. 1376

Across the different encodings, the encodings that used 1377

uninterpreted functions to represent the timestamp were 1378

significantly faster than the ones that used arrays. Therefore, 1379

as also noticed by other recent research (e.g., [42], [43], [44], 1380

[33], [45], [46]), small variations of the encoding can lead 1381

to significant differences in the effectiveness and efficiency 1382

of the tools. We can not claim that our encoding is the most 1383

effective and efficient. More effective and efficient encodings 1384

(especially to confirm the consistency of the Requirements 1385

Tables) may exist and be proposed over time. For some 1386

of our Requirements Tables, the SMT solver returned an 1387

unknown result within the timeout. The solver provided dif- 1388

ferent explanations for the unknown results (i.e., “smt tactic 1389

failed to show goal to be sat/unsat (incomplete quantifiers)”, and 1390

“smt tactic failed to show goal to be sat/unsat (incomplete (theory 1391

array))’). For our experiments, we relied on the standard 1392

configuration of the SMT solver and decided not to modify 1393

the tactics used to check for the satisfiability of the logic- 1394

based formula. Future empirical investigations can assess 1395

and compare the benefits of using different tactics to analyze 1396

the completeness and consistency of Requirements Tables. 1397

Since a benchmark of Requirements Tables containing 1398

flexible requirements with states does not exist, we consid- 1399

ered a benchmark containing a set of Requirements Tables 1400

that were automatically generated. However, our bench- 1401

mark is representative: since (a) it was obtained by gener- 1402

ating the Requirements Tables from a set of representative 1403

baseline tables, and (b) we considered different increasing 1404

threshold values. 1405

Selection of the bound. Consider the translation reported in 1406

Figure 7. The bounded encoding can prove consistency and 1407

completeness only if the bound is sufficiently large. Many 1408

approaches in the literature guide engineers in selecting the 1409

values for the bounds for different applications (e.g., [47], 1410

[48], [49]). These approaches are application-specific. Ana- 1411

lyzing how they can be adapted to support encoding the 1412

Requirements Tables proposed in this work is part of our 1413

future work. 1414

Threats to Validity. There are several threats to the exter- 1415

nal and internal validity of our results. The Requirements 1416

Tables used to answer RQ1 and RQ2 could threaten the 1417

external validity of our results since they influence the effec- 1418

tiveness and efficiency of the completeness and consistency 1419

checks. Unfortunately, despite their industrial relevance, 1420

there does not exist any existing benchmark of Require- 1421

ments Tables containing flexible requirements with states. 1422

However, (a) the baseline Requirements Tables were defined 1423

by considering the experience of the authors of the papers, 1424

which include industrial experts with significant experi- 1425

ence in the definition and analysis of Requirements Tables, 1426

and (b) the Requirements Tables were generated from the 1427

baseline tables by considering 40 different threshold values 1428

that generate instances that are easier and harder to check 1429

with the consistency and completeness procedures. This 1430

mitigates this threat to validity. In addition, we made our 1431

benchmark publicly available to enable experiment replica- 1432

tion. Finally, future empirical analysis can confirm or refute 1433
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our conclusions.1434

The value selected for the bound could threaten the1435

internal validity of the results obtained for the bounded1436

encodings. However, in practice, engineers can select values1437

for the bounds based on their computational resources and1438

the computational time available. Additionally, we selected1439

the same bound when comparing the different bounded1440

encodings. Therefore, our configuration does not favor any1441

of the encodings. Developing procedures that can guide1442

engineers in the bound selection process is part of our future1443

work.1444

9 RELATED WORK1445

This section relates our contribution to existing works that1446

(a) support the automated analysis of tabular requirement1447

specifications, (b) support the automated analysis of require-1448

ments specified using formal languages, (c) use bounded so-1449

lutions to analyze system specifications, and (d) approaches1450

that check the completeness and consistency of natural1451

language requirements.1452

Tabular Requirement Specifications. There exist alternative1453

toolboxes (e.g., [14], [15]) and approaches (e.g., [11]) that1454

support the creation, modification, and verification of the1455

completeness and disjointedness of tabular expressions (of-1456

ten specified using the Software Cost Reduction — SCR —1457

methodology [50]). However, these toolboxes rely on alter-1458

native syntax (e.g., [51], [50]) and semantics of completeness1459

and disjointedness (e.g., [51], [11], [8], [52]) that significantly1460

differ from the ones considered in this work. From the syn-1461

tax perspective, unlike this work, existing works (e.g., [51],1462

[50]) do not support flexible requirements with states since1463

they do not support both the operator prev and dur. From1464

the semantic perspective, the definitions of completeness1465

and consistency considered by this work, which match the1466

one considered by Simulink Requirements Tables [20], dif-1467

fer from the semantics of completeness and disjointedness1468

proposed in other works (e.g., [51], [11], [8]). We discuss1469

the differences of our definitions in the following. For the1470

definition of completeness, the difference is as follows.1471

Unlike Definition 5 that defines a Requirements Table rt to1472

be complete if for every output variable y ∈ Y , trace π ∈ Π,1473

and position i, there exists a precondition pre ∈ Pre(rt, y)1474

satisfied by the trace π at position i, other existing def-1475

initions specify that a Tabular Expression is complete if1476

the formula obtained by computing the disjunction of the1477

preconditions is always true, that is the preconditions cover1478

the entire input domain. That is, the definition considered1479

in this work depends on the output variables that are used1480

by the Requirements Tables, traces, and their positions and1481

not only on the preconditions of the Requirements Tables.1482

For the definition of consistency, the difference is as follows.1483

Unlike Definition 6 that defines a Requirements Table rt to1484

be consistent if for every input interpretation ιU there exists1485

an output ιY and a timestamp ιτ interpretation, such that1486

the corresponding trace π satisfies the Requirements Table,1487

other existing definitions specify that a Tabular Expression1488

is disjoint if, for every pair of preconditions, the formula1489

obtained by computing the conjunction of the preconditions1490

is unsatisfiable, that is two preconditions can not be active1491

at the same time. Therefore, the definition of consistency1492

considered in this work enables more than one precondition 1493

to be active as long as for every input interpretation ιU there 1494

exists an output ιY and a timestamp ιτ interpretation, such 1495

that the corresponding trace π satisfies the Requirements 1496

Table. 1497

Pang et al. [53] proposed an approach that supports 1498

analyzing timing requirements within tabular expression. 1499

Specifically, the approach can support requirements that 1500

use an infix Held For operator, which is similar to the 1501

operator dur, and the operator Timer_I measuring how 1502

long a monitored condition has been enabled. Unlike our 1503

work, Pang et al. consider the semantics of completeness 1504

and disjointedness previously discussed and do not sup- 1505

port the prev operator. Therefore, there are significant 1506

differences with our work: (a) considering the semantics 1507

of completeness and consistency used by the Requirements 1508

Tables makes our solution consistent with definitions used 1509

by industrial practitioners that use the Simulink toolbox, 1510

and (b) considering the prev operator (and our semantics) 1511

introduces significant technical difficulties (e.g., it makes 1512

the problem of checking the completeness and consistency 1513

of the tabular requirements undecidable). To address these 1514

problems, THEANO proposed multiple encodings and em- 1515

pirically assessed and compared the results obtained by 1516

these encodings. 1517

Existing works from the literature on tabular require- 1518

ment specifications (a) analyzed how to simplify tabular 1519

expressions to facilitate testing driven by the standard ISO 1520

26262 [54], (b) proposed approaches that enable their us- 1521

age for supporting rigorous development of critical sys- 1522

tems [55], [56], (c) developed tools that generate tabular 1523

expressions representing requirements from textual require- 1524

ments documents [57], and the IEC 61131-3 Function Block 1525

Diagrams [58], (d) designed tools that generate formal 1526

models from tabular expressions [13], and (e) described 1527

methods that automatically generate test cases from tabular 1528

expressions [59]. 1529

Finally, several works assessed the benefits of tabular 1530

requirement specification on industrial applications [60], 1531

[61], [62], [63], [64]. 1532

Formal Languages Support. Several logic-based (e.g, [65], 1533

[66], [67], [68], [69], [70], [71], [72], [73], [74]), and domain- 1534

specific (e.g., [75], [76], [77], [78], [79], [80], [81], [82]) lan- 1535

guages, discussed by recent surveys on the topic (e.g. [83], 1536

[84], [85], [86]), were proposed by the research community 1537

to specify and analyze software requirements. Automated 1538

analyses support engineers in several activities including 1539

refactoring requirements [87], simplifying requirements for- 1540

malization [88], and analyzing the applicability of existing 1541

tools on industrial CPS [89], [90], and their consistency [91], 1542

[92], [93], [94]. Unlike these works, THEANO considers 1543

requirements expressed using tabular expressions defined 1544

by Simulink Requirements Tables and provides automated 1545

support to check their completeness and consistency. 1546

Bounded verification. Bounded verification has been ex- 1547

tensively used to analyze system specifications, for ex- 1548

ample by proving that a model of a system satisfies its 1549

requirements (e.g., [44], [95]), verifying legal compliance 1550

(e.g., [96]) extracting topological proofs showing why a 1551

property holds on a system (e.g., [42], [43]), validate B 1552

and Event-B models (e.g., [97]), verifying safety of syn- 1553
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chronous fault-tolerant algorithms (e.g., [98]), analyze Alloy1554

specifications (e.g., [99], [100], [101], [99]), find models that1555

satisfy temporal-logic specifications [102], [103], [104], [105]1556

and trace-checking (e.g., [106], [33]). Unlike these works,1557

THEANO uses bounded verification to verify the consistency1558

and completeness of Requirements Tables.1559

Natural Language. Several works studied consistency1560

and completeness of requirements expressed in natural1561

language [107], [108], [109], [110], [111], [112], [113] often1562

relying on domain modeling (e.g., [114], [115]). These works1563

are discussed and analyzed by many surveys and studies1564

on the topic (e.g. [116], [117], [118], [119], [116], [120], [121],1565

[122], [120], [123], [124], [125]). Unlike these works, THEANO1566

supports formalized requirements and relies on satisfiability1567

checking to verify the completeness and consistency of1568

requirements specifications.1569

10 CONCLUSIONS1570

This paper proposes an approach to check the completeness1571

and consistency of Tabular Requirements containing flexible1572

requirements with state expressed using Simulink Require-1573

ments Tables. To define our approach, we formalized the1574

syntax and semantics of Requirements Tables and the no-1575

tions of completeness and consistency, we proposed eight1576

encodings from two categories (bounded and unbounded)1577

that check the completeness and consistency of Require-1578

ments Tables, and we implemented THEANO, a tool that1579

supports our approach.1580

We considered a benchmark of 160 Requirements Tables1581

and empirically assessed the effectiveness and efficiency of1582

our approach. Our results show that, unlike the encodings1583

from the unbounded category that could only confirm the1584

completeness of the Requirements Tables within two hours,1585

the encoding from the bounded category can also detect1586

incompleteness in the Requirements Tables. For the consis-1587

tency check, the encodings from the unbounded category1588

could confirm neither the consistency nor the inconsistency1589

of the Requirements Tables. Differently, the bounded en-1590

codings could detect the inconsistency of the Requirements1591

Tables within the timeout and, for Requirements Tables1592

generated with smaller threshold values, they were also able1593

to confirm their consistency within two hours.1594
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