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Software Correctness: What and How 
• Key engineering concern: 

Make sure that the software developed and constructed is “correct”. 

• What does this mean? 

• Is it crash-free? (“runtime safety”) 

• Gives the right results? (“functional correctness”) 

• Does it operate effectively? (“resource conformance”) 

• Does it violate user privacy? (“security conformance”) 

• … 

• several process and methodological approaches to ensure and validate 
correctness exist (software engineering course) 

• In this course, we cover some techniques to rigorously ensure and 
validate correctness during software construction
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Correctness against a specification
• Then what does “correct software” mean? 

• Always relative to some given (our) specification 

• Correct means that software meets our specification 
• There is no such thing as the absolute “right specification” 

• But the spec must not be wrong ! 

• Crafting good / checkable specifications can be challenging. 

• It should be “easy” to check what the specification states 
• The spec must be simple, much simpler than the code

• The spec should be focused 

• e.g., buffers are not being overrun 

• e.g., never transfer money without logging the source
4
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Checking Specs: Dynamic Verification
• By “dynamic verification” we mean that verification is done at 

runtime, while the program executes 

• Some successful approaches:  
• unit testing
• coverage testing
• regression testing
• test generation
• runtime monitoring

• use runtime monitors to (continuously) check that code do not 
violate correctness properties 

• violations causes exceptional behaviour or halt, so errors are 
detected after something wrong already occurred (think of a car 
crash, or a security leak)
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Checking Specs: Static Verification
• “Static verification” means verification at compile time 

• Algorithmic reasoning about what programs do, by analyzing the source 
code, not by running the code 

• Can ensure absence of all errors of a certain well-defined kind 
(e.g., “no null dereferences”) 

• Can also address many complex correctness properties  
(e.g., functionality, absence of races, security, etc.) 

• Does not introduce in performance overhead at runtime 
(e.g. generics work by erasure) 

• Successful techniques:  
• type checking, as performed by the compiler 
• extended checking, static checking of assertions 
• abstract interpretation, simulates execution on a simpler decidable abstract model of 

runtime data
6
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Checking Specs: Static vs. Dynamic
• Dynamic Verification 

• Unsound 

• Runtime 

• No false positives (usually) 

• Execution overhead 

• Based on ad-hoc testing

7

• Static Verification 
• Sound 

• Compile time 

• Conservative  
(may have false positives) 

• Erasure of verification (no 
overhead) 

• Each analysis targets a 
specific of property 

• Some are more complex to 
design and use 
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Checking Specs: Static Verification
• Specifications are the essential tool for abstraction and 

decomposition. 
• For each program we need to know 

• in what conditions it can be used (requires/pre-conditions) 

• what are its effects (effects/ensures/post-conditions) 

• If our reasoning is sound, the post condition can be 
assumed after the program’s execution, provided that the 
pre-conditions were met at the beginning.  

• We can only know as much as what is stated in the post-
condition.
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Contract-based Verification
• Axiomatic approaches based on Hoare Logic  

(Pre- and post-conditions)  
• If pre-condition holds and the program terminates then 

the post-condition holds. 
• If all components are verified then all contracts are fulfilled 

in all cases.  
• If a component does not fulfill a contract then no 

guaranties are given about the system’s behavior.
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What may specs look like?
• A classical example is the use of “assertions” 

– You may have used assertions before (IP, POO, AED)? 
• A simple and fine-grained spec is the “Hoare triple”: 

{ A }  P  { B } 

• A and B are assertions (conditions on the program state) 
• P is the piece of code we want to talk about 
• The Hoare triple says: 

• If program P starts in a state satisfying A, then, if it 
terminates, the resulting state satisfies B. 

• A is called the “pre-condition”. 
• B is called the “post-condition”.
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Interface contracts in ADT specs
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• ADT specifications (we will detail this later) involve method 
contracts, expressed as assertions  
         method P(... parameters ...)

     requires PRE 
     ensures POST 
     modifies MOD 
   {
       method code
   }

• The method call P(...), whenever started in a state that 
satisfies PRE, if it terminates, always ends in a state that 
satisfies POST, and only has effects on MOD
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Invariants in ADT specs
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• ADT specifications (we will detail this later) may involve 
representation invariants and abstraction mappings also 
expressed as assertions  
  class C {

     var v : T
   invariant REPINV
   invariant ABSMAP
     
   ... methods...     

• ADT C’s implementation relies on a representation type T 
that satisfies the representation invariant REPINV and maps 
into the abstract type as specified by ABSMAP
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Stack Example : A glimpse of Dafny code
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class Stack {
  
  var elements:array<int>;
  var count: int;
  var MAX: int;

  function StackInv(): bool
  reads `count, `MAX, `elements  
  {
    0 < MAX && 0 <= count <= MAX && elements.Length == MAX
  }

  constructor() 
    ensures StackInv()
  {
    MAX := 10;
    elements := new int[10];
    count := 0;
  }
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Stack Example : A glimpse of Dafny code
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class Stack {
  …
  method push(x:int) 
    requires StackInv() && notFull()
    ensures StackInv() && notEmpty()
    modifies elements, `count
  {
    elements[count] := x;
    count := count + 1; 
  }

  method pop() returns (x:int) 
    requires StackInv() && notEmpty()
    ensures StackInv() && notFull()
    modifies elements, `count
  {
    count := count - 1;
    x := elements[count];
  }

  function notFull():bool
  reads `count, `MAX
  { count < MAX }

  function notEmpty():bool 
  reads `count, `MAX
  { count > 0 }
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sem ` porque estamos a alterar posições do vetor propriamente dito, e não propriedades básicas do vetor
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o método push modifica (atualiza) elementos do vetor. como tal precisamos de o especificar, com modifies
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o método pop modifica (atualiza) elementos do vetor. como tal precisamos de o especificar, com modifies
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How are specs verified?
• Written in a logic used to prove properties of programs 

• What kinds of properties are we interested in? 
• Safety properties (partial correctness): 

• If the program terminates (delivers an outcome), then the final state satisfies 
some property. 

• Liveness properties (total correctness) 

• The program terminates (at least under certain conditions) 

• Hoare logic is the “mother of all program logics”: It provides a 
foundation for most program logics for imperative programming 
languages. 

• Reason of HL success: compositional verification at the level of 
the programming language constructs.
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Dafny
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“Dafny is an imperative object-
based language with built-in 
specification constructs. The 
Dafny static program verifier 
can be used to verify the 
functional correctness of 
programs. The specifications 
include pre- and 
postconditions, frame 
specifications (read and write 
sets), and termination metrics” 
Leino, Koenig, 2010
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Dafny @ GitHub
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Dafny in VS Code
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Dafny in VS Code
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Basic Program Specs (Hoare Logic)
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Hoare Logic (1969)
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https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjuh7-1tN_ZAhXJzlkKHSLUAZQQFggsMAA&url=https://www.cs.cmu.edu/~crary/819-f09/Hoare69.pdf&usg=AOvVaw0C3WohKPHelnsGPW5J9v_P
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Simple Programming Language

24

E ::= Expressions
num Integer

| x Variable
| E + E | ... Integer operators
| E < E | ... Relational operators
| E and E... Boolean operators

P ::= Programs
skip No op

| x := E Assignment
| P ;P Sequential Composition
| if E then P else P Conditional
| while E do P Iteration

<latexit sha1_base64="bAnWsjqSn5RbOYXUMbFxVzIrDbQ="></latexit><latexit sha1_base64="bAnWsjqSn5RbOYXUMbFxVzIrDbQ="></latexit><latexit sha1_base64="bAnWsjqSn5RbOYXUMbFxVzIrDbQ="></latexit><latexit sha1_base64="bAnWsjqSn5RbOYXUMbFxVzIrDbQ="></latexit>
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States and State Transformers

25

• An imperative program is a state transformer.  
It transforms an initial state into a target state. 

• What is a program state? An assignment of values to 
state variables: 

• An imperative program transforms states into states 

•If P is executed in state σ it yields state σ’ where    

•We may say that P transforms σ in σ’ 
• P is only defined on states σ where vars(P) ⊆ dom(σ)

� = {x 7! 1, y 7! 2, z 7! 3}
<latexit sha1_base64="YJQ1SdlheJfYv5k6tOC4mVtLri4="></latexit><latexit sha1_base64="YJQ1SdlheJfYv5k6tOC4mVtLri4="></latexit><latexit sha1_base64="YJQ1SdlheJfYv5k6tOC4mVtLri4="></latexit><latexit sha1_base64="YJQ1SdlheJfYv5k6tOC4mVtLri4="></latexit>

P , x := y + x; z := z � x
<latexit sha1_base64="gn660Lf006zP0jS8X4F+WtJSP4I="></latexit><latexit sha1_base64="gn660Lf006zP0jS8X4F+WtJSP4I="></latexit><latexit sha1_base64="gn660Lf006zP0jS8X4F+WtJSP4I="></latexit><latexit sha1_base64="gn660Lf006zP0jS8X4F+WtJSP4I="></latexit>

�0 = {x 7! 3, y 7! 2, z 7! 0}
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os programas pegam num conjunto de variáveis iniciais (chamadas de "estado inicial") e, após a sua execução, transformam-nas, (sendo as variáveis alteradas designadas por "estado final")
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um estado é a atribuição de valores a variáveis
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States and Assertions
• A (safety) property is a set of (safe) states 
• Essentially an assertion is a boolean expression that only 

depends on observing program (state) variables 
• An assertion is just a pure observation, it is either true or 

false, its evaluation does not change the state. 
• In general, one may use all the expressiveness of (first 

order) logic in assertions (e.g. quantifiers, etc…). 
• The assertion language is part of the specification 

language, separate from the programming language. 
• In some cases, assertions may be expressed in the 

programming language (e.g. a subset of Dafny).
26
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A bit of History



Construction and Verification of Software, FCTUNL, © (uso reservado)

Some bits of history … (extra)
Kick off: 

– “Checking a large routine”

28
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Turing
Kick off: 

– “Checking a large routine”
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“How can one check a routine in the 
sense of making sure that it is right? 
In order that the man who checks 
may not have too difficult a task the 
programmer should make a number 
of definite assertions which can be 
checked individually, and from which 
the correctness of the whole 
programme easily follows.” 
Alan Turing, 24th June 1949
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Assertions
Second boost: 

– Floyd’s Assertion Method

30

Robert Floyd’s, "Assigning Meanings 
to Programs," opened the field of 
program verification. His basic idea 
was to attach so-called "tags" in the 
form of logical assertions to individual 
program statements or branches that 
would define the effects of the 
program based on a formal semantic 
definition of the programming 
language.  
R. Floyd, MFCS, June 1967
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Assertions

31
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Language Based Program Specs
Lift Off: 

– Hoare Logic

32

“Computer Programming is an 
exact science in that all the 
properties of a program and all 
consequences of executing it in 
any given environment can, in 
principle, be found out from the 
text of the program itself by 
means of purely deductive 
reasoning.” 
Tony Hoare, CACM 1969
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The Weakest Precondition
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https://dl.acm.org/doi/10.1145/360933.360975
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Closer to the present
Still relevant 

– Hoare Logic

34

“ The axiomatic method gives 
an objective criterion of the 
quality of a programming 
language, and the ease with 
which programmers could use it. 
The latest response comes from 
hardware designers, who are 
using axioms in anger to define 
the properties of modern 
multicore chips with weak 
memory consistency.” 
Tony Hoare, CACM 2009
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Extended Static Checking 
Spec# 

35

Spec# is an extension of the 
object-oriented language C#.  
It extends the type system to 
include non-null types and 
checked exceptions.  It 
provides method contracts in 
the form of pre- and 
postconditions as well as 
object invariants. 
Barnett, Leino, Schulte, 2004
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Dafny
Dafny 

36

Dafny is an imperative object-
based language with built-in 
specification constructs. The 
Dafny static program verifier 
can be used to verify the 
functional correctness of 
programs. The specifications 
include pre- and 
postconditions, frame 
specifications (read and write 
sets), and termination metrics 
Leino, Koenig, 2010
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Separation Logic

37

John C. Reynolds Peter O’Hearn
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Verifast
Verifast 
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VeriFast is a verifier for 
single-threaded and 
multithreaded C and Java 
programs annotated with 
preconditions and 
postconditions written in 
separation logic.  
Jacobs, Smans, Piessens, 
2010 
NB: separation logic is a 
spec language for talking 
about programs that allocate 
memory and use references
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Program Proofs in Hoare Logic
• A program proof in Hoare logic adds assertions between 

program statements, making sure that all Hoare triples are 
satisfied/valid. 

• For example, consider the code snippet 
      if (x > y) { 
          z := x 
      } else { 
          z := y 
      }

40
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temos que adicionar condições de asserção entre fragmentos do programa para garantir que quaisquer modificações feitas pelo programa são válidas

Tiago
Realce



Construction and Verification of Software, FCTUNL, © (uso reservado)

Program Proofs in Hoare Logic
• A Hoare Logic “proof” may look like 
     { true } 
     if (x > y) {
          { (x > y)  } 
          z := x; 
          { (x > y) && (z == x) }
     } 
     else { 
          { (x <= y) }
          z := y;
          { (x <= y) && (z == y) }
     }
     { (x>y) && (z == x) || (x<=y) && (z == y)}
     { z == max(x,y) }

41
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requires true garante que o programa executa sempre, tornando a execução válida sobre qualquer circunstância
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sabemos que, dentro destre ramo do if, x > y
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após a atribuição, sabemos que z é igual a x, e que x > y, visto que isto não foi alterado
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no outro ramo, x não é maior que y, como tal, x <= y
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depois desta atribuição, sabemos que z é igual a y, bem como a condição do ramo do ciclo, que não se alterou
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finalmente, juntamos as condições dos dois ramos do if com um OU, o que significa que ou é uma das condições, ou é a outra. Podemos também concluir que este código se trata do max entre dois números.
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In Dafny
function max(x:int, y:int):int { if x > y then x else y }

method maxImp(x:int, y:int) returns (z:int)
  ensures z == max(x,y)
{
  assert true;
  if (x>y) { 
    assert x > y ;
    z := x;
    assert z > y && z == x;
    assert z >= y && z == x;
  } else {
    assert x <= y;
    z := y ;
    assert z >= x && z == y;
  }
  assert (z >= y && z == x) || (z >= x && z == y);
  assert z == max(x,y);
}

42
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Functions as Specifications

44

• We often use functions in the specification of (imperative) 
methods. 

• Functions must be pure (i.e, no state). 
• Functions must provably terminate (aka total). 
• Pure total functions  Mathematical functions. 

• Dafny proves, for all x and y, z is equal to max(x,y)
• What is the relationship between max and “math” max?

≅
function max(x:int, y:int):int { if x > y then x else y }

method maxImp(x:int, y:int) returns (z:int)
  ensures z == max(x,y)
{…}
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as funções em dafny não podem ter um estado (ou seja, devem dar sempre o mesmo valor para os mesmos parâmetros)
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Functions as Specifications

45

• We can prove that max is actually equivalent to mathematical 
max (adequacy). 

• Since Dafny functions are both pure and total, we can reason 
about them using relatively simple techniques: 

• Calculation by evaluation (e.g. max(2,3)  3) 
• Mathematical induction 
• Structural induction 

• Reasoning about functions without totality is much harder (but 
doable).  

• Reasoning about functions that manipulate state is as hard as 
reasoning about imperative code. 

↪
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Function Evaluation

46

• Identify function calls with their definitions, substituting args for 
formal parameters (referential transparency). 

• Same as how it works in mathematics: 
• If  then  is the same as . 
• max(2,3) is the same as 3. 

• In a general purpose lang., functions might not terminate and 
so we distinguish: 
• Evaluation ( ) —  evaluates to value  (no “calculation” left). 
• Reduction ( ) —  computes to expr.  (some “calculation” may remain). 

• In our setting we need not make this distinction.

f(x) = x2 − x f(5) 20

e ↪ v e v
e ⟹ e′ e e′ 
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as funções são avaliadas substituindo as suas chamadas pelos resultados dados.
(ex: escrever "a = 5 + max (3,2)" é a mesma coisa que escrever "a = 5+ 3")
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Proving functional adequacy

47

• Assume that values (e.g., numbers, booleans) and ops. (e.g., 
+,-,*, …) map directly onto their mathematical counterparts. 

• For non-recursive functions, proceed by calculation. 
• For all n , m integers, max(n,m) = n if n > m; max(n,m) = m 

otherwise. 
• Calculation: max(n,m) = if n > m then n else m 
• Case #1: n>m  true , max(n,m) = n 
• Case #2: n>m  false, max(n,m) = m

↪
↪
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Proving functional adequacy

48

• For recursive functions, we use induction. 
• Mathematical induction: 

• Proof technique for statements of the form . 
• Prove base case   
• Prove inductive case  
• We can construct an argument for any  by “iterating” the 

inductive case up from the base case. 
• Many equivalent variations exist: 

• Base case as  for some specific  ( ) 
• Strong induction, inductive case as 

 
• …

∀n . P(n)
P(0)

∀k . P(k) ⟶ P(k + 1)
n

P(k) k ∀n ≥ k . P(n)

∀k . (∀n ≤ k . P(n)) ⟶ P(k + 1)
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Proving functional adequacy

49

function slowAdd(a:nat, b:int) : int {
  if (a==0) then b else 1+slowAdd(a-1,b)
}

• Lets prove the following function is equivalent to +:

•  slowAdd( ) = 
• By induction on n 

∀n, m . n, m n + m
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Proving functional adequacy
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function slowAdd(a:nat, b:int) : int {
  if (a==0) then b else 1+slowAdd(a-1,b)
}

• Lets prove the following function is equivalent to +:

•  slowAdd( ) = 
• By induction on n 

• Base case: slowAdd( )   


∀n, m . n, m n + m

0,m ↪ m
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Proving functional adequacy
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function slowAdd(a:nat, b:int) : int {
  if (a==0) then b else 1+slowAdd(a-1,b)
}

• Lets prove the following function is equivalent to +:

•  slowAdd( ) = 
• By induction on n 

• Base case: slowAdd( )   

• Inductive case: 

• Assume slowAdd( )  , for some k. 
• Prove slowAdd( )  

∀n, m . n, m n + m

0,m ↪ m

∀m . k, m ↪ k + m
k + 1,m ↪ k + 1 + m
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Proving functional adequacy
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function slowAdd(a:nat, b:int) : int {
  if (a==0) then b else 1+slowAdd(a-1,b)
}

• Lets prove the following function is equivalent to +:

•  slowAdd( ) = 
• By induction on n 

• Base case: slowAdd( )   

• Inductive case: 

• Assume slowAdd( )  , for some k. 
• Prove slowAdd( )  
• slowAdd( ) = 1+slowAdd( )


∀n, m . n, m n + m

0,m ↪ m

∀m . k, m ↪ k + m
k + 1,m ↪ k + 1 + m

k + 1,m k, m
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Proving functional adequacy
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function slowAdd(a:nat, b:int) : int {
  if (a==0) then b else 1+slowAdd(a-1,b)
}

• Lets prove the following function is equivalent to +:

•  slowAdd( ) = 
• By induction on n 

• Base case: slowAdd( )   

• Inductive case: 

• Assume slowAdd( )  , for some k. 
• Prove slowAdd( )  
• slowAdd( ) = 1+slowAdd( )

• By i.h. 

∀n, m . n, m n + m

0,m ↪ m

∀m . k, m ↪ k + m
∀m′ . k + 1,m′ ↪ k + 1 + m′ 

k + 1,m′ k, m′ 

= 1 + k + m′ = k + 1 + m′ 
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queremos provar isto
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de acordo com o código, isto é igual
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de acordo com o código, isto é igual
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então, pela hipótese de indução
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Generalizing the inductive hypothesis
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function factAcc(n:nat, a:int) : int {
  if (n==0) then a else factAcc(n-1,n*a)
}

• Sometimes the “obvious” statement is not general enough:

•  factAcc( ) = 
• By induction on n 

• Base case: factAcc( )   

• Inductive case: 

• Assume factAcc( )  , for some k. 
• Prove factAcc( )  
• factAcc( ) = factAcc( )

• We are stuck… 

∀n . n,1 n!

0,1 ↪ 1

k,1 ↪ k!
k + 1,1 ↪ (k + 1)!

k + 1,1 k, k + 1
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since the inductive case relies on the same function without any external modifications, only with internal parameters modified, we cannot infer anything about its behaviour
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O que queremos provar por indução é factAcc(n,1), o que significa que para a nossa prova é crucial o segundo argumento ser 1, o que não acontece aqui, onde é k+1
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Generalizing the inductive hypothesis
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function factAcc(n:nat, a:int) : int {
  if (n==0) then a else factAcc(n-1,n*a)
}

• Instead, prove  factAcc( ) =  
• By induction on n 

• Base case: factAcc( )   

• Inductive case: 

• Assume factAcc( )  , for some k. 
• Prove factAcc( )  
• factAcc( ) = factAcc( )

• by i.h. ( ):     

∀n, m . n, m m × n!

∀m . 0,m ↪ m = m × 0!

∀m . k, m ↪ m × k!
∀m′ . k + 1,m′ ↪ m′ × (k + 1)!

k + 1,m′ k, m′ × (k + 1)
m = m′ × (k + 1)

= m′ × (k + 1) × k! = m′ × (k + 1)!

Tiago
Realce

Tiago
Realce

Tiago
Realce
generalizamos a hipótese de indução de forma a podermos utilizá-la no passo indutivo
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Generalizing the inductive hypothesis

56

• Related to inventing “good” loop invariants (later!). 
• Sometimes this isn’t enough:

function fib(n:nat) : int {
  if n==0 then 0
    else if n==1 then 1 
      else fib(n-1)+fib(n-2)
}

• Use strong induction… (Exercise!)
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Part V (redux) 
Hoare Logic
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Program Proofs in Hoare Logic
• A Hoare Logic “proof” may look like 
     { true } 
     if (x > y) {
          { (x > y)  } 
          z := x; 
          { (x > y) && (z == x) }
     } 
     else { 
          { (x <= y) }
          z := y;
          { (x <= y) && (z == y) }
     }
     { (x>y) && (z == x) || (x<=y) && (z == y)}
     { z == max(x,y) }

58
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Example: Rule for Sequence
• A sequence defines a dependency on the effects of both 

program statements. 

• If                     and                    then

59

{A} P {B} {B} Q {C}
{A} P ;Q {C}
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{A} P {B} {B} Q {C}
{A} P ;Q {C}
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regra da sequência
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se um programa usa a output de outro programa, então as pós condições do programa P vão ser as pré-condições do programa Q. As pré condições da composição são as do programa P, e as pós condições a do programa Q
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Rules of Hoare Logic (general form)
• The inference rules of Hoare logic are used to derive (valid) 

Hoare triples given some already derived Hoare triples 

• What is nice here: 
• the program in the conclusion contains the subprograms 

P1, ..., Pn as components 
• we derive properties of the composite from the properties 

of its parts (compositionality) 
• pretty much the same as with a type system

60

{A1} P1 {B1} ... {An} Pn {Bn}
{A} C(P1, ..., Pn) {B}
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“Structural” Proof Rules
• Basic logic proof systems operate on assertions, e.g. 

• Hoare logic proof system operates on Hoare triples, e.g. 

61

A A =) B
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A B

A ^B
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B

A _B
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One rule for each PL construct

• A cool idea: 
• Programmers can use the rules informally to 

mentally check their code  
• Tools exist that automate most of the process 
• Lets go through each rule, one by one…

62
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Simple Programming Language

63

E ::= Expressions
num Integer

| x Variable
| E + E | ... Integer operators
| E < E | ... Relational operators
| E and E... Boolean operators

P ::= Programs
skip No op

| x := E Assignment
| P ;P Sequential Composition
| if E then P else P Conditional
| while E do P Iteration
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Rule for Skip

64

{A} skip {A}
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skip não faz nada
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Rule for Skip
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{A} skip {A}
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if x < 0 
  { x := -x; }
else 
  skip

if x < 0 
  { x := -x; }
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skip não altera nada do programa
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Rule for Sequence
• A sequence defines a dependency on the effects of both 

program statements.

66

{A} P {B} {B} Q {C}
{A} P ;Q {C}
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Rule for Conditional

67

{A ^ E} P {B} {A ^ ¬E} Q {B}
{A} if E then P else Q {B}
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if then else
se P e Q forem ramos opostos de um if, então a expressão que os distingue deve ser a pré-condição de cada um, quer no seu estado natural quer negada.
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• A ⇒ B means “A logically implies B” 

• We prove A ⇒ B using the principles of first order logic, plus 
basic properties of the domain data types, e.g. properties of 
integers, arrays, etc.

Rule for Deduction

68

A0 =) A {A} P {B} B =) B0

{A0} P {B0}
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se uma pré-condição logicamente implicar outra, e vice versa na pós-condição, podemos utilizar a versão original e a versão implicada na pré e pós condição, respetivamente
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Rule for Assignment

•  means: 
• Result of replacing all free occurrences of variable x in 

assertion A by the expression E 
• For this rule to be sound, we require E to be an expression 

without side effects (a pure expression)

A[E /x]

69

{A[E/x]} x := E {A}
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se tivermos uma expressão A, onde existe muitas vezes a expressão E (exemplo: y+z),
e associarmos x: y+z, podemos dizer que a pós condição da associação é a expressão A, mas onde anteriormente se encontrava y+z podemos encontrar x
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Rule for Assignment

• We can think of A as a condition where “x” appears in some 
places. A is a condition dependent on “x”. 

• The assignment x := E changes the value of x to E, but leaves 
everything else unchanged 

• So everything that could be said of E in the precondition, can 
be said of x in the postcondition, since the value of x after the 
assignment is E 

• Example: { x + 1 > 0 } x := x + 1 { x > 0 }
70

{A[E/x]} x := E {A}
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Rule for Assignment

• Example, let’s check { x > -1 } x := x + 1 { x > 0 } 

{ (x+1 > 0) } x := x+1 { x > 0 }          by the := Rule 
  
that is, { (x > 0)[x+1/x] }   x := (x+1)    { x > 0 }  

{ x > -1 } x := x + 1 { x > 0 }                by deduction 

71

{A[E/x]} x := E {A}
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Rule for Assignment

• Trick: if x does not appear in E or A. 

We can always write { A && E == E } x := E { x == E } 
So, if x does not occur in E, A the triple 

 { A } x := E { A && x == E } 

   is always valid
72

{A[E/x]} x := E {A}
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Rule for Assignment

• Exercises. Derive:  
• { y > 0 } x := y { x > 0 && y == x }  
• { x == y } x := 2*x { y == x div 2 } 
• { P(y) && Q(z) }      (here P and Q are any properties) 

                x := y ; y := z;  z:= x 
         { P(z) && Q(y) }

73

{A[E/x]} x := E {A}
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• Consider the program 

      P ≜ if (x>y) then z := x else z := y 

• We can (mechanically) check the triple 

     { true } P { z == max(x,y) }

Example

74
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• Consider the program 

      P ≜ if (x>y) then z := x else z := y 

• We can (mechanically) check the triple 

     { true } P { z == max(x,y) } 

     { x == max(x,y) }  z := x { z == max(x,y) }  
     { x > y }  z := x { z == max(x,y) }  

     { y == max(x,y) } z := y { z == max(x,y) } 
     { y >= x } z := y { z == max(x,y) } 

Example

75
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Procedures and method calls

76

<latexit sha1_base64="16HDgKXGemyFKEniiDnQ+cdLbFw="></latexit>

E ::= Expressions
| . . .

S ::= Statements
| . . .
| x := m(E1, . . . , En) Call + Assignment

D ::= Declarations
| method m(x1, . . . , xn) returns (r)

requiresPre(x1, . . . , xn)
ensuresPost(x1, . . . , xn, r)
{S}

P ::= Program
| D
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Procedures and method calls

77

• Declarations annotated with pre- and post-conditions. 
• Method calls built into a form of assignment. 
• A program P is a set of method declarations. 
• Each method decl. is validated, assuming its pre-condition 

and establishing its post-condition:
<latexit sha1_base64="k5HYrpekn5j5dYitXHZ6zCflcco="></latexit>
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method m(x1, . . . , xn) returns (r)
requiresPre(x1, . . . , xn)
ensuresPost(x1, . . . , xn, r) {S}
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conjunto das pré-condições

Tiago
Realce
conjunto das pós-condições

Tiago
Realce
o método, parâmetros e o retorno
as pré condições
as pós condições
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• Method calls built into a form of assignment:

<latexit sha1_base64="KAALFmckqAVSNhhNz9QACX8qPZo=">AAADk3icbVLbbtNAEN3YXIq5NC3iiZcREVIqWSGuUEFFiDRQiRekcElbKWus9XqTrGqvnd01JLL8QfwOb/wN68SgJM1Klkcz58ycOZowi7nS3e6fhmXfun3n7t495/6Dh4/2mweHFyrNJWVDmsapvAqJYjEXbKi5jtlVJhlJwphdhtfvq/rlDyYVT8U3vciYn5CJ4GNOiTap4KDxC0djSahTAA7ZhIuCSEkWZUFLcGArF5cO4I ToqdZFwvQ0jUrsYheS9jzwwAUcpVqZ/zwQR6ZQIyXTuRTKQNvyCOOq6//KLOeSVaVVjutiIFm5q906jwmVb9NSpXfwXFkJcXEBXwGXDmYiqpcBzAUMAOPRMUt8s9dslpMIzgB/4ZOpNqD056ao88Bzl63dcyPoH2FTwAbGDN/o1h99ly+Cub8uo6yML85wtcscTt8aL7fnGPV9XEIZNFvdTnf54Gbg1UEL1W8QNH+bNjRPmNA0JkqNvG6mfTNYcxoz40auWEboNZmwkQkFSZjyi+VNlfDcZCIYp9J8QsMyu84oSKLUIgkNsnJAbdeq5K7aKNfj137BRZZrJuhq0DiPQadQHShE5iKojhcmIFRyoxXolJgT1eaMHWOCt73yzeDiuOOddLzPL1u9fm3HHnqKnqE28tAr1EMf0QANEbWa1on1zurZT+w3dt/+sIJajZrzGG08+9NfbDUerQ==</latexit>

method m(x1, . . . , xn) returns (r)
requiresPre(x1, . . . , xn)
ensuresPost(x1, . . . , xn, r) {S}

2 P

A ) Pre(E1, . . . , En) Post(E1, . . . , En, r) ) B[r/x]

{A}x := m(E1, . . . , En) {B}

Tiago
Realce
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• Instantiated method pre-condition must follow from A 
• Instantiated method post-condition must imply B 
• Calls are opaque! We only know what’s in the post-condition. 
• Verification with method calls is modular.

<latexit sha1_base64="KAALFmckqAVSNhhNz9QACX8qPZo=">AAADk3icbVLbbtNAEN3YXIq5NC3iiZcREVIqWSGuUEFFiDRQiRekcElbKWus9XqTrGqvnd01JLL8QfwOb/wN68SgJM1Klkcz58ycOZowi7nS3e6fhmXfun3n7t495/6Dh4/2mweHFyrNJWVDmsapvAqJYjEXbKi5jtlVJhlJwphdhtfvq/rlDyYVT8U3vciYn5CJ4GNOiTap4KDxC0djSahTAA7ZhIuCSEkWZUFLcGArF5cO4I ToqdZFwvQ0jUrsYheS9jzwwAUcpVqZ/zwQR6ZQIyXTuRTKQNvyCOOq6//KLOeSVaVVjutiIFm5q906jwmVb9NSpXfwXFkJcXEBXwGXDmYiqpcBzAUMAOPRMUt8s9dslpMIzgB/4ZOpNqD056ao88Bzl63dcyPoH2FTwAbGDN/o1h99ly+Cub8uo6yML85wtcscTt8aL7fnGPV9XEIZNFvdTnf54Gbg1UEL1W8QNH+bNjRPmNA0JkqNvG6mfTNYcxoz40auWEboNZmwkQkFSZjyi+VNlfDcZCIYp9J8QsMyu84oSKLUIgkNsnJAbdeq5K7aKNfj137BRZZrJuhq0DiPQadQHShE5iKojhcmIFRyoxXolJgT1eaMHWOCt73yzeDiuOOddLzPL1u9fm3HHnqKnqE28tAr1EMf0QANEbWa1on1zurZT+w3dt/+sIJajZrzGG08+9NfbDUerQ==</latexit>

method m(x1, . . . , xn) returns (r)
requiresPre(x1, . . . , xn)
ensuresPost(x1, . . . , xn, r) {S}

2 P

A ) Pre(E1, . . . , En) Post(E1, . . . , En, r) ) B[r/x]

{A}x := m(E1, . . . , En) {B}

Tiago
Realce
numa chamada de um método, só podemos saber o que aconteceu na pós-condição, ou seja, o retorno do método

Tiago
Realce

Tiago
Realce
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method maxImp(x:int,y:int) returns (r:int)
  ensures r >= x && r >= y
{
  if x > y { r := x; } else { r := y; }
  return r;
}

Tiago
Realce
o método apenas nos assegura que o resultado será maior ou igual a b, não que seja estritamente igual

Tiago
Realce
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method maxImp(x:int,y:int) returns (r:int)
  ensures r >= x && r >= y
{
  if x > y { r := x; } else { r := y; }
  return r;
}

method Main() {
  var a := -10;
  var b := 23;
  var c := maxImp(a,b);
  assert (c >= b);

}

Tiago
Realce
assim já está de acordo com a especificação

Tiago
Realce
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method maxImp(x:int,y:int) returns (r:int)
  ensures (x>y ==> r == x) && (x <= y ==> r == y)
{
  if x > y { r := x; } else { r := y; }
  return r;
}

method Main() {
  var a := -10;
  var b := 23;
  var c := maxImp(a,b);
  assert (c == b);

}

Tiago
Realce
modificando a pós-condição já conseguimos fazer com que a igualdade passe.
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Next Week:
• Hoare Logic (continuation) 
• Loops and Loop invariants 
• Verification of ADTs
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