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1 Introduction  

1.1 Requirements  
We can classify requirements into four different categories 

- Cooperating program parts with well-defined interfaces (e.g. quality, documented interfaces, 

modeling entities of the real world, communication, distribution of data and code) 

- Classification and specialization (e.g. extendibility, adaptability, adaptable standard functionali-

ty, modeling entities of the real world) 

- Highly dynamic execution model (e.g. communication, describing dynamic system behavior, 

running simulations, concurrency) 

- Correctness (e.g. quality) 

1.2 Core Concepts 
- Object model. A software system is a set of cooperating objects with state and processing abil-

ity, where objects exchange messages. 

- Classification is a general technique to hierarchically structure knowledge about concepts, 

items, and their properties. The result is called classification. 

- Substitution principle. Objects of subtypes can be used wherever objects of supertypes are ex-

pected. 

- Polymorphism. A program part is polymorphic, if it can be used for objects of several types. 

o Subtype polymorphism is a direct consequence of the substitution principle: Program 

parts working with supertype objects work as well with subtype objects. 

o Other forms of polymorphism (not core concepts) 

Á Parametric polymorphism (generic types) 

Á Ad-hoc polymorphism (method overloading) 

- Specialization. Adding specific properties to an object or refining a concept by adding further 

characteristics. 

1.3 Language Design 
There are several design goals to be considered when designing a language. A good language should 

resolve design trade-offs in a way suitable for its application domain. 

- Simplicity. Syntax and semantics can easily be understood by users of the language. 

- Expressiveness. Language can (easily) express complex processes and structures. 

- (Static) safety. Language discourages errors and allows errors to be discovered and reported, 

ideally at compile time. 

- Modularity. Language allows modules to be compiled separately. 

- Performance. Programs written in the language can be executed efficiently. 

- Productivity. Language leads to low costs of writing programs. 

- Backwards compatibility. Newer language versions work and interface with programs in older 

versions. 
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2 Subtyping  

2.1 Types 
- A type system is a tractable syntactic method for proving absence of certain program behaviors 

by classifying phrases according to the kinds of values they compute. 

o Syntactic: Rules are based on form, not behavior. 

o Phrases: Expressions, methods, etc. of a program. 

o Kinds of values: Types.  

- A type is a set of values sharing some properties. A value ὺ has type Ὕ if ὺ is an element of Ὕ. 

o These properties differ in different languages (e.g. nominal vs. structural type systems) 

2.1.1 Weak and Strong Type Systems 

- Untyped languages (e.g. assembler) 

o Do not classify values into types 

- Weakly-typed languages (e.g. C, C++) 

o Classify values into types, but do not strictly enforce additional restrictions 

- Strongly-typed languages (e.g. C#, Eiffel, Java, Python, Scala) 

o Enforce that all operations are applied to arguments of the appropriate types 

2.1.2 Nominal and Structural Types  

- Nominal types are based on names (e.g. C++, Eiffel, Java, Scala) 

- Structural types are based on the availability of methods and fields (e.g. Python, Ruby or Small-

talk) 

2.1.3 Type Checking 

- Static type checking 

o Each expression of a program has a type 

o Types of variables and methods are declared explicitly or inferred 

o Types of expressions can be derived from the types of their constituents 

o Type rules are used at compile time to check whether a program is correctly typed 

- Dynamic type checking 

o Variables, methods, and expressions of a program are typically not typed 

o Every object and value has a type 

o The run-time system checks that operations are applied to expected arguments 

- A programming language is called type-safe if its design prevents type errors. 

- Statically type-safe object-oriented languages guarantee the following type invariant: In every 

execution state, the type of the value held by a variable ὺ is a subtype of the declared type of ὺ. 

o However, most static type systems rely on dynamic checks for certain operations, e.g. 

for type conversions by casts. 
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Advantages of static checking Advantages of dynamic checking 

- Static safety: More errors are found at compile 
time 

- Readability: Types are excellent documentation 
- Efficiency: Type information allows optimiza-

tions 

- Expressiveness: No correct program is rejected 
by the type checker 

- Low overhead: No need to write type annota-
tions 

- Simplicity: Static type systems are often compli-
cated 

2.2 Subtyping  
- Substitution principle: Objects of subtypes can be used wherever objects of supertypes are ex-

pected. 

- Syntactic classification: Subtypes can understand at least the messages that supertype objects 

can understand. 

- Semantic classification: Subtype objects provide at least the behavior of supertype objects. 

- We defined types as sets of values with some common property. The subtype relation then cor-

responds to the subset relation. 

2.2.1 Nominal Subtyping and Substitution  

- Subtype objects have a wider interface than supertype objects. 

o Existence of methods and fields: Subtypes may add, but not remove methods and fields. 

o Accessibility of methods and fields: An overriding method must not be less accessible 

than methods it overrides. 

o Types of methods and fields. 

Á Contravariant parameters: An overriding method must not require a more spe-

cific parameter type. 

Á Covariant results: An overriding method must not have a more general result 

type than the methods it overrides (out-parameter and exceptions are results as 

well). 

Á Non-variance of fields: Subtypes must not change the types of fields. 

Á Types of immutable fields can be specialized in subtypes (works only in the ab-

sence of inheritance, as the supertype constructor will initialize the field). 

o Eiffel allows narrowing interfaces in three ways (removing methods, overriding with co-

variant parameter types and specializing field types), all possibly resulting in a run-time 

ŜȄŎŜǇǘƛƻƴ ŎŀƭƭŜŘ άŎŀǘŎŀƭƭ ŘŜǘŜŎǘŜŘέΦ 

2.2.2 Covariant Arrays  

- Java and C# have covariant arrays, that is if S <: T , then S[] <: T[] . 

- Each array update requires a run-time type check. 

- The designers resolved the trade-off between expressiveness and static safety in favor of ex-

pressiveness. Generics allow a solution that is both expressive and statically safe. 
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2.2.3 Shortcomings of Nominal Subtyping  

1. Nominal subtyping can impede reuse: If two library classes have the same interface, but no (use-

ful) common supertype, a workaround has to be used. 

o Adapter pattern: An interface is created, and an adapter keeps a private reference to its 

adaptee, to which all calls are forwarded. 

Á Requires boilerplate code and causes memory and run-time overhead. 

o Generalization 

Á Instead of top-down development, some languages support bottom-up devel-

opment with generalization: A supertype can be declared after the subtype has 

been implemented. However, this approach does not match well with inher-

itance, and is not part of any mainstream programming language. 

2. Nominal subtyping can limit generality as many method signatures are overly restrictive. For in-

stance consider a method printAll  that expects a collection. Such a method uses only two 

methods of the collection interface, but requires the type to have all 13 methods. 

o It is possible to make type requirements weaker by declaring interfaces for useful super-

types, but many useful subsets of operations usually exist. 

o Java documentation makes some methods optional: Their implementation is allowed to 

throw an unchecked exception. This approach clearly loses static safety. 

2.2.4 Structural Subtyping and Substitution  

- Structural subtypes have by definition a wider interface than their supertypes. 

- Generality with structural subtyping: the example with printAll  

o Static type checking: Additional supertypes approach applies as well, but the supertypes 

must only be declared, the subtype relation is implicit (this helps only very little). 

o Dynamic type checking: Arguments to operations are not restricted, similar to optional 

methods approach (possible run-time errors). 

2.2.5 Type Systems in OO-Languages 

 Static Dynamic 

Nominal Sweetspot: Maximum static safety 
Why should one declare all the type in-

formation, but then not statically check it? 

Structural 
Overhead of declaring many types is 

inconvenient; Problems with semantics 
of subtypes (seen later) 

Sweetspot: Maximum flexibility 

2.3 Behavioral Subtyping  
In the definition of type (see section 2.1), properties of values are used to characterize them. So far, 

these properties have been syntactic properties, but the behavior of objects should also be included. 

The behavior is expressed as interface specifications, i.e. contracts. 

- Preconditions have to hold in the state before the method body is executed. 

- Postconditions have to hold in the state after the method body has terminated. 
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- Old-expressions can be used to refer to pre-state values from the postcondition. 

- Object invariants describe consistency criteria for object and have to hold in all states, in which 

an object can be accessed by other objects. That is, invariants have to hold in pre- and post-

states of method executions, but may be violated temporarily between. The pre- and post-

states are also called visible states. 

- History constraints describe how objects evolve over time and relate visible states. Constraints 

must be reflexive and transitive. 

Static contract checking Dynamic contract checking 

Program verification 

- Static safety: More errors are found at compile 
time 

- Complexity: Static contract checking is difficult 
and not yet mainstream 

- Large overhead: Static contract checking re-
quires extensive contracts 

- Examples: Spec#, JML 

Run-time assertion checking 

- Incompleteness: Not all properties can be 
checked (efficiently) at run-time 

- Efficient bug-finding: complements testing 
- Low overhead: Partial contracts are already use-

ful 
- Examples: Eiffel, JML 

2.3.1 Rules for Subtyping  

- Subtype objects must fulfill contracts of supertypes, but: 

o Subtypes can have stronger invariants 

o Subtype can have stronger history constraints 

o Overriding methods of subtypes can have weaker preconditions and stronger postcondi-

tions than the corresponding supertype methods 

- This concept is called behavioral subtyping and is often implemented via specification inher-

itance. 

- Static checking of behavioral subtyping 

o For each override S.m of T.m check for all parameters, heaps, and results that 

Pre T.m => Pre S.m and Post S.m => Post T.m 

o For each subtype S <: T  check for all heaps that 

Inv S => Inv T and ConsS => Cons T 

o Problem: entailment is undecidable 

- Dynamic checking of behavioral subtyping 

o Checking entailment for all parameters, heaps, and results is not possible at run-time, 

but we can check those properties subsequent code relies on. For each method call 

o.m(..)  we check 

Á that the precondition of m in oΩǎ ŘȅƴŀƳƛŎ ǘȅǇŜ όǿƘƛŎƘ ǘƘŜ ŜȄŜŎǳǘŜŘ ōƻŘȅ ǊŜƭƛŜǎ 

on) is fulfilled. 

Á that the postcondition of m in oΩǎ ǎǘŀǘƛŎ ǘȅǇŜ όǿƘƛŎƘ ǘƘŜ ŎŀƭƭŜǊ ǊŜƭƛŜǎ ƻƴύ ƛǎ Ŧǳl-

filled. 

2.3.2 Specification inheritance  

- Behavioral subtyping can be enforced by inheriting specification from supertypes. 
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- The invariant of type S is the conjunction of the invariant declared in S and the invariants de-

clared in the supertypes of S. Analogous for history constraints. 

2.3.2.1 Simple Inheritance of Method Contracts  

- The precondition of an overriding method is the disjunction of the precondition declared for the 

method and the preconditions declared for the methods it overrides. 

- The postcondition of an overriding method is the conjunction of the postcondition declared for 

the method and the postconditions declared for the methods it overrides. 

- Problem: The rule for postconditions becomes too restrictive. Consider a method remove  of a 

class Set  with precondition contains(x) , and a postcondition that says the size of the set 

decreased by one. If one would want to write a subclass with true  as precondition, the method 

is not able to fulfill the postcondition. 

2.3.2.2 Improved Rule for Postcondition Inheritance  

- A method must satisfy its postcondition only if the caller satisfies the precondition. That is, every 

postcondition is implicitly interpreted as old(Pre T.m) => Post T.m 

- The postcondition of a method is the conjunction of these implications for the declared and in-

herited contracts. 

2.3.3 Types as Contracts 

- Types can be seen as a special form of contracts, where static checking is decidable. Consider an 

operator type(x)  that yields the dynamic type of x. 

o For a field p of type P we have an invariant type(p) <: P  

o For a method with parameter a of type A we have a precondition type(a) <: A  

o For a method with return value r  of type R we have a postcondition type(r ) <: R  

- Subtyping now gives us covariance for fields and method results (stronger invariant and post-

conditions) and contra-variance for method arguments (weaker preconditions). 

2.3.4 Immutable Types  

- Objects of immutable types do not change their state after construction, which has several ad-

vantages: 

o No unexpected modifications of shared objects 

o No thread synchronization necessary 

o No inconsistent states 

- Subtype relation of mutable and immutable types 

o Immutable types as subtype: Not possible because mutable type has wider interface. 

o Mutable types as subtype: The mutable type does not specialize the behavior. 

o The clean solution is to have no subtype relation between mutable and immutable 

types. The only exception is Object , which has no history constraint. 
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3 Inheritance  

3.1 Inheritance and Subtyping  
- Subtyping expresses classification (substitution principle and subtype polymorphism) 

- Inheritance is a means of code reuse (through specialization) 

- Inheritance is usually coupled with subtyping, and we use the term subclassing to refer to the 

combined mechanism of subtyping and inheritance. 

- Simulation of subclassing with delegation 

o Subclassing can be simulated by a combination of subtyping and aggregation (which can 

useful in languages with single inheritance) 

o Example for workaround with aggregation 

 
o OO-programming can do without inheritance, but not without subtyping. Inheritance is 

thus not a core concept, but subtyping is. 

 

3.1.1 Problems with Subclassing  

- Consider two classes Set  and BoundedSet , where BoundedSet  specializes the behavior of 

the add method to have a precondition size < capacity . 

o Syntactically, the two classes could be subtypes of each other, but semantically, not: 

Á BoundedSet  is not a behavioral subtype of Set , as the precondition of the 

add  method is strengthened. 

Á Set is not a behavioral subtype of BoundedSet , as Set  cannot guarantee an 

invariant that is at least as strong as size <= capacity  (the invariant of 

BoundedSet ). 

o However, large parts of the implementation are identical, and thus this code should be 

reused. 

- Solution 1: Aggregation 

o BoundedSet  uses Set  and delegates most calls to Set . 

o No subtype relation, and thus no polymorphism or behavioral subtyping requirements. 
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o Only possible if subtype relation is not needed. Consider classes Polygo n and Rec-

tangle . Clearly, Rectangle  should be a subtype of Polygon , but Polygon  might 

have a method addVertex , which cannot be supported by Rectangle . 

- Solution 2: Creating new objects. 

o The addVertex  method returns its result (of type Polygon ). Instead of just adding a 

vertex to its own objects, the addVertex  method in Rectangle  can create a new 

object of type Pentagon  with the vertex added as needed. 

o For BoundedSet , this solution might work (add of BoundedSet  can return a normal 

Set  if capacity is exceeded), but this is most likely not what the user wants or expects. 

Of what use is a bounded set, if by adding elements it just gets converted to a regular 

set? 

- Solution 3: Weak superclass contract 

o Behavioral subtyping is always relative to a contract. We can introduce a superclass Ab-

stractSet  with very weak contracts (true  for both pre- and postcondition), and 

strengthen the subtype contracts via postconditions. 

o Problems might arise in verification. The method add in Set  has a postcondition co n-

tains(o)  and is implemented as super.add(o) , but how can we show that this 

postcondition is actually established, if the postcondition of the super method does not 

guarantee us anything? 

o One solution to this problem are static contracts, which specify a given method imple-

mentation, and are only used for statically-bound calls (e.g. super calls). No behavioral 

subtyping needed. 

- Solution 4: Inheritance without subtyping 

o Some languages support inheritance without subtyping (e.g. C++ with private and pro-

tected inheritance, or Eiffel with expanded inheritance) 

Aggregation Private Inheritance 

- Both allow code reuse without establishing a subtype relation. No subtype polymorphism and no be-
havioral subtyping requirements. 

- More overhead: two objects at run-time, boil-
erplate code for delegation, access methods for 
protected fields 

- Private inheritance might lead to unnecessary 
multiple inheritance 

3.2 Dynamic Method Binding  
- Static binding: At compile time, a method declaration is selected for each call based on the stat-

ic type of the receiver expression. 

- Dynamic binding: At run-time, a method declaration is selected for each call based on the dy-

namic type of the receiver object. 

- Dynamic method binding enables specialization and subtype polymorphism. However, there are 

important drawbacks: 

o Performance: Overhead of method look-up at run-time 

o Versioning: Dynamic binding makes it harder to evolve code without breaking subclasses 
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3.2.1 Fragile Baseclass Problem  

- Software is not static (maintenance, bug fixing, reengineering) 

- Subclasses can be affected by changes to superclasses 

- How should we apply inheritance to make our code robust against revisions of superclasses? 

- Example: Selective override 

o Consider again a class Set  with methods add  and addAll , where addAll  calls add 

repeatedly. A subclass might implement counting the number of elements by incre-

menting a field in add . If the method addAll  class Set  later is changed to directly add 

the elements instead of calling add , our subclass gets broken. 

- Rules for proper subclassing 

o The subclass depends on the implementation of add , and not only on its con-

tracts/interface documentation. 

o The superclass should not change calls to dynamically-bound methods, as this potential-

ly breaks subclasses. Do not add, remove or change the order of such calls. 

o The subclass should also override all methods that could break invariants. 

o The subclass should avoid specializing classes that are expected to be changed (often). 

3.2.2 Binary methods  

- Binary methods take a receiver and one explicit argument (e.g. equals ). Often, the behavior 

should be specialized depending on the dynamic types of both arguments. 

- Example: Consider a class Shape  with subclasses like Rectangle  or Circle . There might be 

a method intersect  that intersects two shapes, where for some special instances (e.g. inter-

section two rectangles) we would like to use specialized, more efficient code. 

- Solution 1: Explicit type tests 

o Type test and conditional for specialization based on dynamic type of explicit argument. 

o Problems: Tedious to write, code is not extensible and requires a type cast. 

- Solution 2: Double invocation 

o Additional dynamically-bound call for specialization based on dynamic type of explicit 

argument. 

o In our example, we would introduce methods like intersectShape  and inte r-

sectRectangle  that then contain the most efficient code, and intersect  would 

simple call the appropriate method on the explicit argument. 

o Note that this is also called visitor pattern. Shape  corresponds to both Node and Vi s-

itor , intersect to Node.accept and intersectX  to Visitor.visitX . 

o Problems: Even more tedious to write, and requires a modification of the superclass 

(which might not always be possible, e.g. for equals). 

- Solution 3: Multiple dispatch 

o Some research languages allow method calls to be bound based on the dynamic type of 

several arguments.  
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o Problems: Performance overhead of method look-up at run-time, and there are extra 

requirements needed to ensure that there is a unique best method for every call. 

3.3 Multiple Inheritance  
- Problems of multiple inheritance 

o Ambiguities: Superclasses may contain fields and methods with identical names and sig-

natures. 

o Repeated inheritance (diamonds): A class may inherit from a superclass more than once. 

How many copies of the superclass members are there? How are the fields initialized? 

- Ambiguity resolution: merging methods 

o Related inherited methods can often be merged into one overriding method, in which 

case the usual rules for overriding apply (type rules and behavioral subtyping). 

o Unrelated methods cannot be merged in a meaningful way, even if the signatures 

match. The subclass should provide both methods, but with different names. 

- Ambiguity resolution: explicit selection 

o The ambiguity can be resolved by the client if he explicitly selects one or another meth-

od. 

- Ambiguity resolution: renaming 

o Inherited methods can be renamed, and dynamic binding then takes renaming into ac-

count. 

- How many copies of superclass fields? 

 
o One copy (Eiffel with default, C++ with virtual inheritance) 

o Multiple copies (Eiffel with renaming, C++ with non-virtual inheritance) 

3.4 Inheritance and Object Initialization  
- Superclass fields are initialized before subclass fields. This helps preventing the use of uninitial-

ized fields, e.g. in inherited methods. 

- Order is typically implemented via mandatory call of superclass constructor at the beginning of 

each constructor. 

- With non-virtual inheritance, there are two copies of the superclass fields, and the superclass 

constructor is thus called twice to initialize both copies. 
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- With virtual inheritance there is only one copy of the superclass fields. Who gets to call the su-

perclass constructor? 

o C++ Solution 

Á Constructor of repeated superclass is 

called only once by the smallest subclass, 

which need to call the constructor of the 

virtual superclass directly. 

Á Example: 

 
Á Non-virtual inheritance is default, thus programmer need foresight. 

Á Constructors cannot rely on the virtual superclass constructors they call (in the 

above example, the constructor of Student  cannot assume that workdays  

equals 5 at the beginning of the constructor, since if it is called in the context of 

a PhDStudent , the Person constructor will be called with a value of 7. 

o Eiffel solution 

Á Eiffel does not force constructors to call superclass constructors, and the pro-

grammer has full control. 

Á No call of superclass constructor: Subclasses have to initialize inherited fields 

(code duplication and subclasses need to understand superclass implementa-

tion) 

Á Always call superclass constructor: Constructors of repeated superclasses get 

called twice (what if they have different arguments?). This is also problematic if 

the constructor has side-effect. 

Pros Multiple Inheritance Cons Multiple Inheritance 

- Increases expressiveness 
- Avoids overhead of using the delegation pat-

tern 

- Ambiguity resolution (explicit selection, merg-
ing, or renaming) 

- Repeated inheritance (complex semantics, ini-
tialization, renaming) 

- Complicated! 
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3.5 Traits  
- Mixins and traits provide a form of reuse 

o Methods and state that can be mixed into various classes 

o Example: Functionality to persist an object 

- Main applications are making thin interfaces thick, and stackable specializations 

- Language that support mixins or traits: Python, Ruby, Scala 

- Declaring traits in Scala 

 
- Mixing-in traits 

 
- Class must be a subclasǎ ƻŦ ƛǘǎ ǘǊŀƛǘǎΩ ǎǳǇŜǊŎƭŀǎǎŜǎ όƻǘƘŜǊǿƛǎŜ ǿŜ ǿƻǳƭŘ ƎŜǘ ƳǳƭǘƛǇƭŜ ƛƴƘŜr-

itance). 

- Each trait defines an abstract type, similar to interfaces. 

- Ambiguities are resolved by merging. In particular, there is no scope-operator like in C++ or re-

naming as in Eiffel. 

o Subclasses override all mixed-in methods with the same method. However, this does 

not work for mutable fields, in which case the field can be overridden by a method. It is 

possible to access the fields of supertypes using super [Type].fieldName . 

3.5.1 Linearizati on 

- Linearization is the key concept to understanding the semantics of Scala traits. It brings the su-

pertypes of a type in a linear order. 

- For a definition C extends  C1 with  C2 é with  Cn the linearization L(C)  is defined as 

L(C) = C, L(C n) + é + L(C1)  
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o + is concatenation, where elements of the right operand replace identical elements of 

the left operand. That is, only the last occurrence of any type in the linearization is in-

cluded. 

- Overriding and super-calls are defined according to this linear order. 

- Subclasses only inherit one copy of repeated superclasses (just like Eiffel and virtual inheritance 

in C++). The initialization order of classes and traits is the reverse linear order. 

o Each constructor is called exactly once. 

o Constructors of superclasses of traits must not take arguments. 

Á Fields must be initialized in subclasses. 

Á Support through abstract constants. 

Á Programmers need foresight. 

3.5.2 Reasoning about traits  

- Stackable specializations: with traits, specializations can be combined in flexible ways. 

- Behavioral subtyping with traits 

o Overriding of trait methods depends on order of mixing 

o Behavioral subtyping can only be checked when traits are mixed in. 

- Reasoning: traits are very dynamic, which complicates static reasoning. 

o Traits do not know how their superclasses get initialized. 

o Traits do not know which methods they override. 

o Traits do not know where super-calls are bound to. 

3.5.3 Summary  

- Traits party solve problems of multiple inheritance: Linearization resolves some issues ambigui-

ties and initialization 

- Other problems remain 

o Resolving ambiguities between unrelated methods 

o Initializing superclasses 

- And new problems arise 

o No specification inheritance between trait methods 

o What to assume about superclass initialization and super-calls 

  



17 
 

4 Types 

4.1 Bytecode Verifi cation  
- Mobile code as a motivation 

o Download and execution of code, e.g. as Java applets 

o Upload of code to customize a server 

o Automatic distribution of code and patches in distributed systems 

- Class loaders 

o Programs are compiled into platform-independent bytecode that is organized into class 

files. 

o The bytecode is interpreted on a virtual machine, and the class loader gets code for 

classes and interfaces on demand. 

o Programs can also contain their own class loaders. 

- Mobile code cannot be trusted 

o Code may not be type safe 

o Code may destroy or modify data 

o Code may expose personal information 

o Code may purposefully degrade performance (denial of service) 

- How can we guarantee a minimum level of security with an untrusted code producer and un-

trusted compiler? 

4.1.1 Java Virtual Machine and Java Bytecode  

- Java Virtual Machine 

o JVM is stack-based, and most operations pop their operands from a stack and push a re-

sult. 

o Registers store method parameters and local variables. 

o Stack and registers are part of the method activation record. 

- Java bytecode 

o Instructions are typed. 

o Load and store instructions access registers. 

o Control is handled by intra-method branches (goto, conditional branches). 

- A proper execution requires that 

o Each instruction is type correct 

o Only initialized variables are read 

o No stack over- or underflow occurs 

o Etc. 

- JVM guarantees these properties by bytecode verification when a class is loaded and dynamic 

checks at run-time. 

4.1.2 Bytecode Verification via Type Inference  

- The bytecode verifier simulates the execution of the program, where operations are performed 

on types instead of values. 
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- For each instruction, a rule describes how the operand stack and local variables are modified. 

- Errors are denoted by the absence of a transition (type 

mismatch, or stack over- or underflow). 

- Types of the inference engine 

o Primitive types, object and array reference types 

o null  type for the null reference 

o T for uninitialized registers 

- Rules 

o The maximum stack size MS and the maximum number of parameters and local varia-

bles ML are stored in the class file. 

o Rule for method invocation uses method signature, no jump. 

 
o Branches lead to joins in the control flow, and if an instruction has several predecessors, 

the smallest common supertype is selected (or T if no other common supertype exists). 

Á With multiple subtyping, several smallest common supertypes may exist. 

Á The JVM solution is to ignore interfaces and treat all interface types as Object . 

Á i nvokeinterface I.m cannot check whether the target object imple-

ments interface I , and thus a run-time check is necessary. 

- The inference algorithm is a fixpoint iteration 

 
o pointwise_scs  computes the smallest common supertype of two vectors, and is 

undefined for stacks of different sizes. 

- Advantages of type inference 

o Determines the most general solution that satisfies the typing rules. 

o Might be more general than what is permitted by the compiler. 

o Very little type information required in class files. 

- Disadvantages 
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o Fixpoint computation might be slow. 

o Solution for interfaces is imprecise and requires run-time checks. 

- The alternative is bytecode verification via type checking which exists since Java 6. 

4.1.3 Bytecode Verification via Type Checking  

- Class files are extended to store type information, e.g. ([int], [C,int,T]) . 

- Type information can be declared for each bytecode instruction, and is required at the begin-

ning of all basic blocks (i.e. at jump targets, and at every entry point of an exception handler). 

This includes all join points. 

- Computation of smallest common supertype no longer needed, which avoids the fixpoint com-

putation and the interface problem. 

- Type checking algorithm 

 

4.2 Parametric Polymorphism  
- Not all polymorphic code is best expressed using subtype polymorphism. For instance consider 

writing a class Queue to store objects of a certain type. 

- Classes and methods can be parameterized with type parameters. 

o Clients provide instantiations for these type parameters. 

o Modularity: The generic code is type-checked once and for all (without knowing the in-

stantiations). 

- Type-checking the generic code often requires information about its type argument (e.g. availa-

bility of methods). This can be expressed using upper bounds. Example: 
































































