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•  ML 	
  abstract	
  machine	
  for	
  L	
  
•  MO	
   	
  host	
  machine	
  
•  Pure	
  Interpreta.on	
  

–  ML	
  is	
  interpreted	
  over	
  MO	
  
–  Not	
  very	
  efficient,	
  mainly	
  because	
  of	
  the	
  interpreter	
  (fetch-­‐decode	
  

phases)	
  

•  Pure	
  Compila.on	
  
–  Programs	
  wriPen	
  in	
  L	
  are	
  translated	
  into	
  equivalent	
  programs	
  

wriPen	
  in	
  LO,	
  the	
  machine	
  language	
  of	
  MO	
  
–  The	
  translated	
  programs	
  can	
  be	
  executed	
  directly	
  on	
  MO	
  	
  

•  	
  ML	
  is	
  not	
  realized	
  at	
  all	
  
–  ExecuDon	
  more	
  efficient,	
  but	
  the	
  produced	
  code	
  is	
  larger	
  

•  Two	
  limit	
  cases	
  that	
  almost	
  never	
  exist	
  in	
  reality	
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Pure	
  InterpretaDon	
  
•  Program	
  P 	
  in	
  L	
  as	
  a	
  parDal	
  funcDon	
  on	
  D:	
  

•  Set	
  of	
  programs	
  in	
  L:	
  

	
  

•  The	
  interpreter	
  defines	
  a	
  funcDon	
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Fig. 1.4 Purely interpreted implementation

Purely interpreted implementation In a purely interpreted implementation
(shown in Fig. 1.4), the interpreter for ML is implemented using a set of instruc-
tions in L o. That is, a program is implemented in L o which interprets all of L ’s
instructions; this is an interpreter. We will call it I L o

L .
Once such interpreter is implemented, executing a program PL (written in lan-

guage L ) on specified input data D ∈ D , we need only execute the program I L o
L

on machine M oL o, with PL and D as input data. More precisely, we can give
the following definition.

Definition 1.3 (Interpreter) An interpreter for language L , written in language
L o, is a program which implements a partial function:

I L o
L : (ProgL × D) → D such that I L o

L (PL , Input) = PL (Input) (1.1)

The fact that a program can be considered as input datum for another program
should not be surprising, given that, as already stated, a program is only a set of
instructions which, in the final analysis, are represented by a certain set of symbols
(and therefore by bit sequences).

In the purely interpreted implementation of L , therefore, programs in L are
not explicitly translated. There is only a “decoding” procedure. In order to execute
an instruction of L , the interpreter I L o

L uses a set of instructions in L o which
corresponds to an instruction in language L . Such decoding is not a real translation
because the code corresponding to an instruction of L is executed, not output, by
the interpreter.

It should be noted that we have deliberately not specified the nature of the ma-
chine M oL o. The language L o can therefore be a high-level language, a low-level
language or even one firmware.

Purely compiled implementation With purely compiled implementation, as
shown in Fig. 1.5, the implementation of L takes place by explicitly translating
programs written in L to programs written in L o. The translation is performed
by a special program called compiler; it is denoted by CL ,L o. In this case, the
language L is usually called the source language, while language L o is called
the object language. To execute a program PL (written in language L ) on input
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1.2 Implementation of a Language 13

1.2.2 Implementation: The Ideal Case

Let us consider a generic language, L , which we want to implement, or rather, for
which an abstract machine, ML is required. Assuming that we can exclude, for the
reasons just given, direct implementation in hardware of ML , we can assume that,
for our implementation of ML , we have available an abstract machine, M oL o,
which we will call the host machine, which is already implemented (we do not care
how) and which therefore allows us to use the constructs of its machine language
L o directly.

Intuitively, the implementation of L on the host machine M oL o takes place
using a “translation” from L to L o. Nevertheless, we can distinguish two con-
ceptually very different modes of implementation, depending on whether there is
an “implicit” translation (implemented by the simulation of ML ’s constructs by
programs written in L o) or an explicit translation from programs in L to cor-
responding programs in L o. We will now consider these two ways in their ideal
forms. We will call these ideal forms:

1. purely interpreted implementation, and
2. purely compiled implementation.

Notation

Below, as previously mentioned, we use the subscript L to indicate that a particular
construct (machine, interpreter, program, etc.) refers to language L . We will use
the superscript L to indicate that a program is written in language L . We will use
ProgL to denote the set of all possible programs that can be written in language
L , while D denotes the set of input and output data (and, for simplicity of treatment,
we make no distinction between the two).

A program written in L can be seen as a partial function (see the box):

PL : D → D

such that

PL (Input) = Output

if the execution of PL on input data Input terminates and produces Output as its
result. The function is not defined if the execution of PL on its input data, Input,
does not terminate.3

3It should be noted that there is no loss of generality in considering only one input datum, given
that it can stand for a set of data.
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Fig. 1.5 Pure compiled implementation

data D, we must first execute CL ,L o and give it PL as input. This will produce
a compiled program PcL o as its output (written in L o). At this point, we can
execute PcL o on the machine M oL o supplying it with input data D to obtain the
desired result.

Definition 1.4 (Compiler) A compiler from L to L o is a program which imple-
ments a function:

CL ,L o : ProgL → ProgL o

such that, given a program PL , if

CL ,L o(P
L ) = PcL o, (1.2)

then, for every Input∈ D4:

PL (Input) = PcL o(Input) (1.3)

Note that, unlike pure interpretation, the translation phase described in (1.2)
(called compilation) is separate from the execution phase, which is, on the other
hand, handled by (1.3). Compilation indeed produces a program as output. This
program can be executed at any time we want. It should be noted that if M oL o is
the only machine available to us, and therefore if L o is the only language that we
can use, the compiler will also be a program written in L o. This is not necessary,
however, for the compiler could in fact be executed on another abstract machine
altogether and this, latter, machine could execute a different language, even though
it produces executable code for M oL o.

4It should be noted that, for simplicity, we assume that the data upon which programs operate are
the same for source and object languages. If were not the case, the data would also have to be
translated in an appropriate manner.

A	
  compiler	
  from	
  L	
  to	
  LO	
  defines	
  a	
  funcDon	
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then	
  for	
  every	
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  we	
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Compilers	
  versus	
  Interpreters	
  
•  Compilers	
  efficiently	
  fix	
  decisions	
  that	
  can	
  be	
  taken	
  at	
  compile	
  

Dme	
  to	
  avoid	
  to	
  generate	
  code	
  that	
  makes	
  this	
  decision	
  at	
  run	
  
Dme	
  
–  Type	
  checking	
  at	
  compile	
  Dme	
  vs.	
  runDme	
  
–  StaDc	
  allocaDon	
  
–  StaDc	
  linking	
  
–  Code	
  opDmizaDon	
  

•  CompilaDon	
  leads	
  to	
  bePer	
  performance	
  in	
  general	
  
–  AllocaDon	
  of	
  variables	
  without	
  variable	
  lookup	
  at	
  run	
  Dme	
  
–  Aggressive	
  code	
  opDmizaDon	
  to	
  exploit	
  hardware	
  features	
  

•  InterpretaDon	
  facilitates	
  interacDve	
  debugging	
  and	
  tesDng	
  
–  InterpretaDon	
  leads	
  to	
  bePer	
  diagnosDcs	
  of	
  a	
  programming	
  
problem	
  

–  Procedures	
  can	
  be	
  invoked	
  from	
  command	
  line	
  by	
  a	
  user	
  
–  Variable	
  values	
  can	
  be	
  inspected	
  and	
  modified	
  by	
  a	
  user	
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CompilaDon	
  +	
  InterpretaDon	
  

•  All	
  implementaDons	
  of	
  programming	
  languages	
  
use	
  both.	
  At	
  least:	
  
– CompilaDon	
  (=	
  translaDon)	
  from	
  external	
  to	
  internal	
  
representaDon	
  

–  InterpretaDon	
  for	
  I/O	
  operaDons	
  (runDme	
  support)	
  
•  Can	
  be	
  modeled	
  by	
  idenDfying	
  an	
  Intermediate	
  
Abstract	
  Machine	
  MI	
  with	
  language	
  LI	
  
– A	
  program	
  in	
  L	
  is	
  compiled	
  to	
  a	
  program	
  in	
  LI	
  
– The	
  program	
  in	
  LI	
  is	
  executed	
  by	
  an	
  interpreter	
  for	
  MI	
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CompilaDon	
  +	
  InterpretaDon	
  
with	
  Intermediate	
  Abstract	
  Machine	
  

18 1 Abstract Machines

Can interpreter and compiler always be implemented?

At this point, the reader could ask if the implementation of an interpreter or a com-
piler will always be possible. Or rather, given the language, L , that we want to
implement, how can we be sure that it is possible to implement a particular program
I L o

L in language L o which performs the interpretation of all the constructs of L ?
How, furthermore, can we be sure that it is possible to translate programs of L into
programs in L o using a suitable program, CL ,L o?

The precise answer to this question requires notions from computability theory
which will be introduced in Chap. 3. For the time being, we can only answer that the
existence of the interpreter and compiler is guaranteed, provided that the language,
L o, that we are using for the implementation is sufficiently expressive with respect
to the language, L , that we want to implement. As we will see, every language
in common use, and therefore also our L o, have the same (maximum) expressive
power and this coincides with a particular abstract model of computation that we
will call Turing Machine. This means that every possible algorithm that can be for-
mulated can be implemented by a program written in L o. Given that the interpreter
for L is no more than a particular algorithm that can execute the instructions of
L , there is clearly no theoretical difficulty in implementing the interpreter I L o

L .
As far as the compiler is concerned, assuming that it, too, is to be written in L o,
the argument is similar. Given that L is no more expressive than L o, it must be
possible to translate programs in L into ones in L o in a way that preserves their
meaning. Furthermore, given that, by assumption, L o permits the implementation
of any algorithm, it will also permit the implementation of the particular compiling
program CL ,L o that implements the translation.

Fig. 1.6 Implementation: the real case with intermediate machine

The real situation for the implementation of a high-level language is therefore
that shown in Fig. 1.6. Let us assume, as above, that we have a language L that has
to be implemented and assume also that a host machine M oL o exists which has
already been constructed. Between the machine ML that we want to implement and

•  The	
  “pure”	
  schemes	
  as	
  limit	
  cases	
  
•  Let	
  us	
  sketch	
  some	
  typical	
  implementaDon	
  schemes…	
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Virtual	
  Machines	
  as	
  Intermediate	
  
Abstract	
  Machines	
  

•  Several	
  language	
  implementaDons	
  adopt	
  a	
  compilaDon	
  
+	
  interpretaDon	
  schema,	
  where	
  the	
  Intermediate	
  
Abstract	
  Machine	
  is	
  called	
  Virtual	
  Machine	
  

•  Adopted	
  by	
  Pascal,	
  Java,	
  Smalltalk-­‐80,	
  C#,	
  funcDonal	
  
and	
  logic	
  languages,	
  and	
  some	
  scripDng	
  languages	
  
–  Pascal	
  compilers	
  generate	
  P-­‐code	
  that	
  can	
  be	
  interpreted	
  
or	
  compiled	
  into	
  object	
  code	
  

–  Java	
  compilers	
  generate	
  bytecode	
  that	
  is	
  interpreted	
  by	
  
the	
  Java	
  virtual	
  machine	
  (JVM)	
  

–  The	
  JVM	
  may	
  translate	
  bytecode	
  into	
  machine	
  code	
  by	
  
just-­‐in-­‐Dme	
  (JIT)	
  compilaDon	
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CompilaDon	
  and	
  ExecuDon	
  on	
  	
  
Virtual	
  Machines	
  

•  Compiler	
  generates	
  intermediate	
  program	
  
•  Virtual	
  machine	
  interprets	
  the	
  intermediate	
  
program	
  

•  Portability!	
   Virtual	
  
Machine	
  

Compiler	
  
Source	



Program	


Intermediate	



Program	



Input	

 Output	



Run on VM	

Compile on X	



Run on X, Y, Z, …	
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Pure	
  CompilaDon	
  and	
  StaDc	
  Linking	
  

•  Adopted	
  by	
  the	
  typical	
  Fortran	
  systems	
  
•  Library	
  rouDnes	
  are	
  separately	
  linked	
  
(merged)	
  with	
  the	
  object	
  code	
  of	
  the	
  program	
  

Compiler	
  
Source	



Program	


Incomplete	



Object Code	



Linker	
  Static Library���
Object Code	



_printf 
_fget 
_fscan 
… 

extern printf(); 

Binary	


Executable	



11	
  



CompilaDon,	
  Assembly,	
  and	
  	
  
StaDc	
  Linking	
  

•  Facilitates	
  debugging	
  of	
  the	
  compiler	
  

Compiler	
  
Source	



Program	


Assembly���
Program	



Linker	
  Static Library���
Object Code	



Binary	


Executable	



Assembler	
  

_printf 
_fget 
_fscan 
… 

extern printf(); 
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CompilaDon,	
  Assembly,	
  and	
  	
  
Dynamic	
  Linking	
  

•  Dynamic	
  libraries	
  (DLL,	
  .so,	
  .dylib)	
  are	
  linked	
  at	
  
run-­‐Dme	
  by	
  the	
  OS	
  (via	
  stubs	
  in	
  the	
  executable)	
  

Compiler	
  
Source	



Program	


Assembly���
Program	



Incomplete	
  
Executable	
  

Input	


Output	



Assembler	
  

Shared Dynamic Libraries	


_printf, _fget, _fscan, … 

extern printf(); 
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Preprocessing	
  

•  Most	
  C	
  and	
  C++	
  compilers	
  use	
  a	
  preprocessor	
  
to	
  import	
  header	
  files	
  and	
  expand	
  macros	
  

Compiler	
  

Preprocessor	
  
Source	



Program	


Modified Source���

Program	



Assembly or ���
Object Code	



#include <stdio.h> 
#define N 99 
… 
for (i=0; i<N; i++) 

for (i=0; i<99; i++) 
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The	
  CPP	
  Preprocessor	
  

•  Early	
  C++	
  compilers	
  used	
  the	
  CPP	
  preprocessor	
  
to	
  generated	
  C	
  code	
  for	
  compilaDon	
  

C	
  Compiler	
  

C++	
  
Preprocessor	
  

C++	


Source	


Code	



C Source	


Code	



Assembly or ���
Object Code	
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Compilers,	
  graphically	
  

•  Three	
  languages	
  involved	
  in	
  wriDng	
  a	
  compiler	
  
–  Source	
  Language	
  (S)	
  
–  Target	
  Language	
  (T)	
  
–  ImplementaDon	
  Language	
  (I)	
  

•  T-­‐Diagram:	
  

•  If	
  I	
  =	
  T	
  we	
  have	
  a	
  Host	
  Compiler	
  
•  If	
  S,	
  T,	
  and	
  I	
  are	
  all	
  different,	
  we	
  have	
  a	
  Cross-­‐Compiler	
  	
  

S 	
   	
  	
  	
  	
  	
  	
  	
  T	


I	
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Composing	
  compilers	
  

•  Compiling	
  a	
  compiler	
  we	
  get	
  a	
  new	
  one:	
  the	
  
result	
  is	
  described	
  by	
  composing	
  T-­‐diagrams	
  

•  A	
  compiler	
  of	
  S	
  to	
  M	
  can	
  be	
  wriPen	
  in	
  any	
  
language	
  having	
  a	
  host	
  compiler	
  for	
  M	
  

S 	
   	
  	
  	
  	
  	
  	
  	
  M	


I	
 I 	
  	
  	
  	
  	
  	
  	
  	
  	
  M	


M	


S 	
  	
  	
  	
  	
  	
  	
  	
  	
  M	


M	

Example:	
  
S 	
  Pascal	
  
I 	
  C	
  
M 	
  68000	
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Composing	
  compilers	
  

•  Compiling	
  a	
  compiler	
  we	
  get	
  a	
  new	
  one:	
  the	
  result	
  is	
  
described	
  by	
  composing	
  T-­‐diagrams	
  

•  The	
  shape	
  of	
  the	
  basic	
  transformaDon,	
  in	
  the	
  most	
  
general	
  case,	
  is	
  the	
  following:	
  

•  Note:	
  by	
  wriDng	
  this	
  transformaDon,	
  we	
  implicitly	
  
assume	
  that	
  we	
  can	
  execute	
  programs	
  wriPen	
  in	
  M	
  

S 	
   	
  	
  	
  	
  	
  	
  	
  T	


I	
 I 	
  	
  	
  	
  	
  	
  	
  	
  	
  N	


M	


S 	
  	
  	
  	
  	
  	
  	
  	
  	
  T	


N	
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Bootstrapping	
  
•  Bootstrapping:	
  techniques	
  which	
  use	
  parDal/inefficient	
  
compiler	
  versions	
  to	
  generate	
  complete/bePer	
  ones	
  

•  Olen	
  compiling	
  a	
  translator	
  programmed	
  in	
  its	
  own	
  
language	
  

•  Why	
  wriDng	
  a	
  compiler	
  in	
  its	
  own	
  language?	
  
–  it	
  is	
  a	
  non-­‐trivial	
  test	
  of	
  the	
  language	
  being	
  compiled	
  
–  compiler	
  development	
  can	
  be	
  done	
  in	
  the	
  higher	
  level	
  
language	
  being	
  compiled.	
  

–  improvements	
  to	
  the	
  compiler’s	
  back-­‐end	
  improve	
  not	
  
only	
  general	
  purpose	
  programs	
  but	
  also	
  the	
  compiler	
  itself	
  

–  it	
  is	
  a	
  comprehensive	
  consistency	
  check	
  as	
  it	
  should	
  be	
  
able	
  to	
  reproduce	
  its	
  own	
  object	
  code	
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Compilers:	
  Portability	
  Criteria	
  

•  Portability	
  
–  Retargetability	
  
–  Rehostability	
  

•  A	
  retargetable	
  compiler	
  is	
  one	
  that	
  can	
  be	
  modified	
  
easily	
  to	
  generate	
  code	
  for	
  a	
  new	
  target	
  language	
  

•  A	
  rehostable	
  compiler	
  is	
  one	
  that	
  can	
  be	
  moved	
  easily	
  
to	
  run	
  on	
  a	
  new	
  machine	
  

•  A	
  portable	
  compiler	
  may	
  not	
  be	
  as	
  efficient	
  as	
  a	
  
compiler	
  designed	
  for	
  a	
  specific	
  machine,	
  because	
  we	
  
cannot	
  make	
  any	
  specific	
  assumpDon	
  about	
  the	
  target	
  
machine	
  	
  

20	
  



Using	
  Bootstrapping	
  to	
  port	
  a	
  compiler	
  

•  We	
  have	
  a	
  host	
  compiler/interpreter	
  of	
  L	
  for	
  M	
  
•  Write	
  a	
  compiler	
  of	
  L	
  to	
  N	
  in	
  language	
  L	
  itself	
  
	
  
	


L 	
   	
  	
  	
  	
  	
  	
  	
  N	


L	
 L 	
  	
  	
  	
  	
  	
  	
  	
  	
  M	


M	


L 	
  	
  	
  	
  	
  	
  	
  	
  	
  N	


N	
L 	
  	
  	
  	
  	
  	
  	
  	
  	
  N	


M	


L 	
   	
  	
  	
  	
  	
  	
  	
  N	


L	


L 	
  	
  	
  	
  	
  	
  	
  	
  	
  N	


M	
Example:	
  
L 	
  Pascal	
  
M 	
  P-­‐code	
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Bootstrapping	
  to	
  opDmize	
  a	
  compiler	
  

•  The	
  efficiency	
  of	
  programs	
  and	
  compilers:	
  
–  Efficiency	
  of	
  programs:	
  	
  

•  memory	
  usage	
  
•  runDme	
  

–  Efficiency	
  of	
  compilers:	
  	
  
•  Efficiency	
  of	
  the	
  compiler	
  itself	
  
•  Efficiency	
  of	
  the	
  emiPed	
  code	
  

•  Idea:	
  Start	
  from	
  a	
  simple	
  compiler	
  (generaDng	
  
inefficient	
  code)	
  and	
  develop	
  more	
  sophisDcated	
  
version	
  of	
  it.	
  We	
  can	
  use	
  bootstrapping	
  to	
  
improve	
  performance	
  of	
  the	
  compiler.	
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Bootstrapping	
  to	
  opDmize	
  a	
  compiler	
  

•  We	
  have	
  a	
  host	
  compiler	
  of	
  ADA	
  to	
  M	
  
•  Write	
  an	
  opDmizing	
  compiler	
  of	
  ADA	
  to	
  M	
  in	
  ADA	
  
	
  
	


ADA	
   	
  	
  	
  	
  	
  	
  	
  M*	


ADA	
 ADA	
  	
  	
  	
  	
  	
  	
  	
  	
  M	


M	


ADA	
  	
  	
  	
  	
  	
  	
  	
  	
  M*	


M*	
ADA	
  	
  	
  	
  	
  	
  	
  	
  	
  M*	


M	


ADA	
   	
  	
  	
  	
  	
  	
  	
  M*	


ADA	


ADA	
  	
  	
  	
  	
  	
  	
  	
  	
  M*	


M	


23	
  



Full	
  Bootstrapping	
  
•  A	
  full	
  bootstrap	
  is	
  necessary	
  when	
  building	
  a	
  new	
  
compiler	
  from	
  scratch.	
  

	
  
•  Example:	
  
•  We	
  want	
  to	
  implement	
  an	
  Ada	
  compiler	
  for	
  machine	
  
M.	
  We	
  don’t	
  have	
  access	
  to	
  any	
  Ada	
  compiler	
  

•  Idea:	
  Ada	
  is	
  very	
  large,	
  we	
  will	
  implement	
  the	
  
compiler	
  in	
  a	
  subset	
  of	
  Ada	
  (call	
  it	
  Ada0)	
  and	
  
bootstrap	
  it	
  from	
  a	
  subset	
  of	
  Ada	
  compiler	
  in	
  
another	
  language	
  (e.g.	
  C)	
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Full	
  Bootstrapping	
  (2)	
  
•  Step	
  1:	
  build	
  a	
  compiler	
  of	
  Ada0	
  to	
  M	
  in	
  another	
  language,	
  say	
  C	
  

•  Step	
  2:	
  compile	
  it	
  using	
  a	
  host	
  compiler	
  of	
  C	
  for	
  M	
  

•  Note:	
  new	
  versions	
  would	
  depend	
  on	
  the	
  C	
  compiler	
  for	
  M	
  

Ada0	
   	
  	
  	
  	
  	
  	
  	
  M	


C	


Ada0	
   	
  	
  	
  	
  	
  	
  	
  M	


C	
 C 	
  	
  	
  	
  	
  	
  	
  M	


M	


Ada0	
  	
  	
  	
  	
  v1	
  	
  	
  	
  	
  	
  M	


M	
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Full	
  Bootstrapping	
  (3)	
  
•  Step	
  3:	
  Build	
  another	
  compiler	
  of	
  Ada0	
  in	
  	
  Ada0	
  

•  Step	
  4:	
  compile	
  it	
  using	
  the	
  Ada0	
  compiler	
  for	
  M	
  

•  Note:	
  C	
  compiler	
  is	
  no	
  more	
  necessary	
  

Ada0	
   	
  	
  	
  	
  	
  	
  	
  M	


Ada0	
  	


Ada0	
  	
  	
  	
  	
  v2	
  	
  	
  	
  	
  	
  M	


M	


Ada0	
   	
  	
  	
  	
  	
  	
  	
  M	


Ada0	
  	
 Ada0	
  	
  	
  	
  	
  v1	
  	
  	
  	
  	
  	
  M	


M	
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Full	
  Bootstrapping	
  (4)	
  
•  Step	
  5:	
  Build	
  a	
  full	
  compiler	
  of	
  Ada	
  in	
  	
  Ada0	
  

•  Step	
  4:	
  compile	
  it	
  using	
  the	
  second	
  Ada0	
  compiler	
  for	
  M	
  

•  Future	
  versions	
  of	
  the	
  compiler	
  can	
  be	
  wriPen	
  directly	
  in	
  Ada	
  

Ada 	
   	
  	
  	
  	
  	
  	
  	
  M	


Ada0	
  	


Ada 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M	


M	
Ada0	
  	
  	
  	
  	
  v2	
  	
  	
  	
  	
  	
  M	


M	


Ada 	
   	
  	
  	
  	
  	
  	
  	
  M	


Ada0	
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Compilers	
  



The	
  Analysis-­‐Synthesis	
  	
  
Model	
  of	
  CompilaDon	
  

•  Compilers	
  translate	
  programs	
  wriPen	
  in	
  a	
  
language	
  into	
  equivalent	
  programs	
  in	
  another	
  
language	
  	
  

•  There	
  are	
  two	
  parts	
  to	
  compilaDon:	
  
– Analysis	
  determines	
  the	
  operaDons	
  implied	
  by	
  the	
  
source	
  program	
  which	
  are	
  recorded	
  in	
  a	
  tree	
  
structure	
  

– Synthesis	
  takes	
  the	
  tree	
  structure	
  and	
  translates	
  
the	
  operaDons	
  therein	
  into	
  the	
  target	
  program	
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Other	
  Tools	
  that	
  Use	
  the	
  Analysis-­‐
Synthesis	
  Model	
  

•  Editors	
  (syntax	
  highlighDng)	
  
•  PrePy	
  printers	
  (e.g.	
  Doxygen)	
  
•  StaDc	
  checkers	
  (e.g.	
  Lint	
  and	
  Splint)	
  
•  Interpreters	
  
•  Text	
  formaPers	
  (e.g.	
  TeX	
  and	
  LaTeX)	
  
•  Silicon	
  compilers	
  (e.g.	
  VHDL)	
  
•  Query	
  interpreters/compilers	
  (Databases)	
  
Several	
  compilaDon	
  techniques	
  are	
  used	
  in	
  
other	
  kinds	
  of	
  systems	
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CompilaDon	
  Phases	
  and	
  Passes	
  
•  CompilaDon	
  of	
  a	
  program	
  proceeds	
  through	
  a	
  
fixed	
  series	
  of	
  phases	
  

•  A	
  pass	
  is	
  one	
  phase	
  or	
  a	
  sequence	
  of	
  phases	
  that	
  
starts	
  from	
  a	
  representaDon	
  of	
  the	
  program	
  and	
  
produces	
  another	
  representaDon	
  of	
  it	
  

•  Passes	
  can	
  be	
  serialized,	
  phases	
  not	
  necessarily	
  
–  Pascal,	
  FORTRAN,	
  C	
  languages	
  designed	
  for	
  one-­‐pass	
  
compilaDon,	
  which	
  explains	
  the	
  need	
  for	
  funcDon	
  
prototypes	
  

–  Single-­‐pass	
  compilers	
  need	
  less	
  memory	
  to	
  operate	
  
–  Java	
  and	
  ADA	
  are	
  mulD-­‐pass	
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The	
  Many	
  Phases	
  of	
  a	
  Compiler	
  
Source Program 

Lexical analyzer 1

Syntax Analyzer 2

  Semantic Analyzer 3

Intermediate 
Code Generator 4

Code Optimizer 5

Code Generator 

Target Program 

Symbol-table 
Manager 

Error Handler 

 Analyses 

Peephole Optimization 7 
1, 2, 3, 4 :  Front-End 
5, 6, 7 :  Back-End 

6
 Syntheses 
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Compiler	
  Front-­‐	
  and	
  Back-­‐end	
  

Seman@c	
  Analysis	
  and	
  
Intermediate	
  Code	
  

Genera@on	
  

Scanner	
  
(lexical	
  analysis)	
  

Parser	
  
(syntax	
  analysis)	
  

Machine-­‐Independent	
  
Code	
  Improvement	
  

Target	
  Code	
  Genera@on	
  

Machine-­‐Specific	
  Code	
  
Improvement	
  

Source program (character stream)	



Tokens	



Parse tree	



Abstract syntax tree or���
other intermediate form	



Modified intermediate form	



Assembly or object code	



Modified assembly or object code	



Abstract syntax tree or���
other intermediate form	



Fr
on

t e
nd
���

an
al

ys
is	



Ba
ck

 e
nd
���

sy
nt

he
sis
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Scanner:	
  Lexical	
  Analysis	
  

•  Lexical	
  analysis	
  breaks	
  up	
  a	
  program	
  into	
  tokens	
  
program gcd (input, output); 
var i, j : integer; 
begin 
  read (i, j); 
  while i <> j do 
    if i > j then i := i - j else j := j - i; 
  writeln (i) 
end. 

program  gcd   (    input  ,    output    )      ; 
var      i     ,    j      :    integer   ;      begin 
read     (     i    ,      j    )         ;      while 
i        <>    j    do     if   i         >      j 
then     i     :=   i      -    j         else   j 
:=       i     -    i      ;    writeln   (      i 
)        end   . 
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Context-­‐Free	
  Grammars	
  
•  A	
  context-­‐free	
  grammar	
  defines	
  the	
  syntax	
  of	
  a	
  
programming	
  language	
  

•  The	
  syntax	
  defines	
  the	
  syntacDc	
  categories	
  for	
  
language	
  constructs	
  
–  Statements	
  
–  Expressions	
  
–  DeclaraDons	
  

•  Categories	
  are	
  subdivided	
  into	
  more	
  detailed	
  
categories	
  
–  A	
  Statement	
  is	
  a	
  

•  For-­‐statement	
  
•  If-­‐statement	
  
•  Assignment	
  

<statement>  ::= <for-statement> | <if-statement> | <assignment> 
<for-statement>  ::= for ( <expression> ; <expression> ; <expression> ) <statement> 
<assignment> ::= <identifier> := <expression> 
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Example:	
  Micro	
  Pascal	
  

<Program>  ::= program <id> ( <id> <More_ids> ) ; <Block> . 
<Block>   ::= <Variables> begin <Stmt> <More_Stmts> end 
<More_ids>  ::= , <id> <More_ids> 

  | ε 
<Variables>  ::= var <id> <More_ids> : <Type> ; <More_Variables> 

  | ε 
<More_Variables>  ::= <id> <More_ids> : <Type> ; <More_Variables> 

  | ε 
<Stmt>   ::=  <id> := <Exp> 

  | if <Exp> then <Stmt> else <Stmt> 
  | while <Exp> do <Stmt> 
  | begin <Stmt> <More_Stmts> end 

<Exp>   ::= <num> 
  | <id> 
  | <Exp> + <Exp> 
  | <Exp> - <Exp> 
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Parser:	
  Syntax	
  Analysis	
  

•  Parsing	
  organizes	
  tokens	
  into	
  a	
  hierarchy	
  
called	
  a	
  parse	
  tree	
  

•  EssenDally,	
  a	
  grammar	
  of	
  a	
  language	
  defines	
  
the	
  structure	
  of	
  the	
  parse	
  tree,	
  which	
  in	
  turn	
  
describes	
  the	
  program	
  structure	
  

•  A	
  syntax	
  error	
  is	
  produced	
  by	
  a	
  compiler	
  when	
  
the	
  parse	
  tree	
  cannot	
  be	
  constructed	
  for	
  a	
  
program	
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SemanDc	
  Analysis	
  
•  SemanDc	
  analysis	
  is	
  applied	
  by	
  a	
  compiler	
  to	
  discover	
  the	
  meaning	
  

of	
  a	
  program	
  by	
  analyzing	
  its	
  parse	
  tree	
  or	
  abstract	
  syntax	
  tree	
  
•  StaDc	
  semanDc	
  checks	
  are	
  performed	
  at	
  compile	
  Dme	
  

–  Type	
  checking	
  
–  Every	
  variable	
  is	
  declared	
  before	
  used	
  
–  IdenDfiers	
  are	
  used	
  in	
  appropriate	
  contexts	
  
–  Check	
  subrouDne	
  call	
  arguments	
  
–  Check	
  labels	
  

•  Dynamic	
  semanDc	
  checks	
  are	
  performed	
  at	
  run	
  Dme,	
  and	
  the	
  
compiler	
  produces	
  code	
  that	
  performs	
  these	
  checks	
  
–  Array	
  subscript	
  values	
  are	
  within	
  bounds	
  
–  ArithmeDc	
  errors,	
  e.g.	
  division	
  by	
  zero	
  
–  Pointers	
  are	
  not	
  dereferenced	
  unless	
  poinDng	
  to	
  valid	
  object	
  
–  A	
  variable	
  is	
  used	
  but	
  hasn't	
  been	
  iniDalized	
  
–  When	
  a	
  check	
  fails	
  at	
  run	
  Dme,	
  an	
  excepDon	
  is	
  raised	
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SemanDc	
  Analysis	
  and	
  Strong	
  Typing	
  

•  A	
  language	
  is	
  strongly	
  typed	
  "if	
  (type)	
  errors	
  are	
  always	
  
detected"	
  
–  Errors	
  are	
  either	
  detected	
  at	
  compile	
  Dme	
  or	
  at	
  run	
  Dme	
  
–  Examples	
  of	
  such	
  errors	
  are	
  listed	
  on	
  previous	
  slide	
  
–  Languages	
  that	
  are	
  strongly	
  typed	
  are	
  Ada,	
  Java,	
  ML,	
  
Haskell	
  

–  Languages	
  that	
  are	
  not	
  strongly	
  typed	
  are	
  Fortran,	
  Pascal,	
  
C/C++,	
  Lisp	
  

•  Strong	
  typing	
  makes	
  language	
  safe	
  and	
  easier	
  to	
  use,	
  
but	
  potenDally	
  slower	
  because	
  of	
  dynamic	
  semanDc	
  
checks	
  

•  In	
  some	
  languages,	
  most	
  (type)	
  errors	
  are	
  detected	
  
late	
  at	
  run	
  Dme	
  which	
  is	
  detrimental	
  to	
  reliability	
  e.g.	
  
early	
  Basic,	
  Lisp,	
  Prolog,	
  some	
  script	
  languages	
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Code	
  GeneraDon	
  and	
  Intermediate	
  
Code	
  Forms	
  

•  A typical intermediate form of 
code produced by the 
semantic analyzer is an 
abstract syntax tree (AST) 

•  The AST is annotated with 
useful information such as 
pointers to the symbol table 
entry of identifiers 

Example AST for the 
gcd program in Pascal 
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Target	
  Code	
  GeneraDon	
  and	
  
OpDmizaDon	
  

•  The	
  AST	
  with	
  the	
  annotated	
  informaDon	
  is	
  
traversed	
  by	
  the	
  compiler	
  to	
  generate	
  a	
  low-­‐level	
  
intermediate	
  form	
  of	
  code,	
  close	
  to	
  assembly	
  

•  This	
  machine-­‐independent	
  intermediate	
  form	
  is	
  
opDmized	
  

•  From	
  the	
  machine-­‐independent	
  form	
  assembly	
  
or	
  object	
  code	
  is	
  generated	
  by	
  the	
  compiler	
  

•  This	
  machine-­‐specific	
  code	
  is	
  opDmized	
  to	
  exploit	
  
specific	
  hardware	
  features	
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SupporDng	
  Phases/	
  	
  
AcDviDes	
  for	
  Analysis	
  

•  	
  Symbol	
  Table	
  CreaDon	
  /	
  Maintenance	
  
–  Contains	
  info	
  (storage,	
  type,	
  scope,	
  args)	
  on	
  each	
  

“meaningful” token,	
  typically	
  idenDfiers	
  
– Data	
  structure	
  created	
  /	
  iniDalized	
  during	
  lexical	
  
analysis	
  

–  Exploited	
  /	
  updated	
  during	
  later	
  analysis	
  &	
  synthesis	
  

•  Error	
  Handling	
  
– DetecDon	
  of	
  different	
  errors	
  which	
  correspond	
  to	
  all	
  
phases	
  

– What	
  happens	
  when	
  an	
  error	
  is	
  found?	
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