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7 ADVANCED ASSEMBLER FEATURES 

It cannot be claimed that the assemblers of the last chapter are anything other than toys - but by
now the reader will be familiar with the drawbacks of academic courses. In this chapter we discuss
some extensions to the ideas put forward previously, and then leave the reader with a number of
suggestions for exercises that will help turn the assembler into something more closely resembling
the real thing. 

Complete source code for the assembler discussed in this chapter can be found in Appendix D. This
source code and equivalent implementations in Modula-2 and Pascal are also to be found on the
accompanying source diskette. 

7.1 Error detection 

Our simple assemblers are deficient in a very important area - little attempt is made to report errors
in the source code in a helpful manner. As has often been remarked, it is very easy to write a
translator if one can assume that it will only be given correctly formed programs. And, as the reader
will soon come to appreciate, error handling adds considerably to the complexity of any translation
process. 

Errors can be classified on the basis of the stage at which they can be detected. Among others, some
important potential errors are as follows: 

Errors that can be detected by the source handler 

Premature end of source file - this might be a rather fatal error, or its detection might be used
to supply an effective END line, as is done by some assemblers, including our own. 

Errors that can be detected by the lexical analyser 

Use of totally unrecognizable characters. 

Use of symbols whose names are too long. 

Comment fields that are too wide. 

Overflow in forming numeric constants. 

Use of non-digit characters in numeric literals. 

Use of symbols in the label field that do not start with a letter. 

Errors that can be detected by the syntax analyser 

Use of totally unrecognizable symbols, or misplaced symbols, such as numbers where the
comment field should appear. 



Failure to form address fields correctly, by misplacing operators, omitting commas in
parameter lists, and so on. 

Errors that can be detected by the semantic analyser 

These are rather more subtle, for the semantics of ASSEMBLER programming are often
deliberately vague. Some possible errors are: 

Use of undefined mnemonics. 

Failure to define all labels. 

Supplying address fields for one-byte instructions, or for directives like BEG, END. 

Omitting the address for a two-byte instruction, or for directives like DS or DC. 

Labelling any of the BEG, ORG, IF or END directives. 

Supplying a non-numeric address field to ORG or EQU. (This might be allowed in some
circumstances). 

Attempting to reference an address outside the available memory. A simple recovery action
here is to treat all addresses modulo the available memory size, but this, almost certainly,
needs reporting. 

Use of the address of "data" as the address in a "branch" instruction. This is sometimes used
in clever programming, and so is not usually regarded as an error. 

Duplicate definition, either of macro names, of formal parameter names, or of label names.
This may allow trick effects, but should probably be discouraged. 

Failure to supply the correct number of actual parameters in a macro expansion. 

Attempting to use address fields for directives like ORG, DS, IF and EQU that cannot be fully
evaluated at the time these directives take effect. This is a particularly nasty problem in a
one-pass system, for forward references will be set up to object bytes that have no real
existence. 

The above list is not complete, and the reader is urged to reflect on what other errors might be made
by the user of the assembler. 

A moment’s thought will reveal that many errors can be detected during the first pass of a two-pass
assembler, and it might be thought reasonable not to attempt the second pass if errors are detected
on the first one. However, if a complete listing is to be produced, showing object code alongside
source code, then this will have to wait for the second pass if forward references are to be filled in. 

How best to report errors is a matter of taste. Many assemblers are fairly cryptic in this regard,
reporting each error only by giving a code number or letter alongside the line in the listing where
the error was detected. A better approach, exemplified in our code, makes use of the idea of
constructing a set of errors. We then associate with each parsed line, not a Boolean error field, but
one of some suitable set type. As errors are discovered this set can be augmented, and at an



appropriate time error reporting can take place using a routine like listerrors that can be found in
the enhanced assembler class in Appendix D. 

This is very easily handled with implementation languages like Modula-2 or Pascal, which directly
support the idea of a set type. In C++ we can make use of a simple template set class, with operators
overloaded so as to support virtually the same syntax as is found in the other languages. Code for
such a class appears in the appendix. 

7.2 Simple expressions as addresses 

Many assemblers allow the programmer the facility of including expressions in the address field of
instructions. For example, we might have the following (shown fully assembled, and with some
deliberate quirks of coding): 

       Macro Assembler 1.0 on 30/05/96 at 21:47:53

       (One Pass Assembler)

       00                 BEG              ; Count chars and lowercase letters
       00         LOOP                     ; LOOP
       00  0D             INA              ;   Read(CH)
       01  2E 2E          CPI  PERIOD      ;   IF CH = "." THEN EXIT
       03  36 19          BZE  EXIT
       05  2E 61          CPI  SMALLZ - 25 ;   IF (CH >= "a")
       07  39 12          BNG  * + 10
       09  2E 7B          CPI  SMALLZ + 1  ;      AND (CH <= "z")
       0B  38 12          BPZ  * + 6
       0D  19 20          LDA  LETTERS     ;     THEN INC(Letters)
       0F  05             INC
       10  1E 20          STA  LETTERS     ;   END
       12  19 21          LDA  LETTERS + 1 ;   INC(Total)
       14  05             INC
       15  1E 21          STA  LETTERS + 1
       17  35 00          BRN  LOOP        ; END
       19  19 20  EXIT    LDA  LETTERS
       1B  0F             OTC              ; Write(Letters)
       1C  19 21          LDA  TOTAL
       1E  0F             OTC              ; Write(Total)
       1F  18             HLT
       20  00     LETTERS DC   0           ; RECORD Letters, Total : BYTE END
       21         TOTAL   EQU  *
       21  00             DC   0
       22         SMALLZ  EQU  122         ; ascii ’z’
       22         PERIOD  EQU  46          ; ascii ’.’
       22                 END

Here we have used addresses like LETTERS + 1 (meaning one location after that assigned to
LETTERS), SMALLZ-25 (meaning, in this case, an obvious 97), and * + 6 and * + 10 (a rather
dangerous notation, meaning "6 bytes after the present one" and "10 bytes after the present one",
respectively). These are typical of what is allowed in many commercial assemblers. Quite how
complicated the expressions can become in a real assembler is not a matter for discussion here, but
it is of interest to see how to extend our one-pass assembler if we restrict ourselves to addresses of a
form described by 

          Address  =   Term { "+" Term  |  "-" Term } .
          Term     =   Label  |  number |  "*" .

where * stands for "address of this byte". Note that we can, in principle, have as many terms as we
like, although the example above used only one or two. 

In a one-pass assembler, address fields of this kind can be handled fairly easily, even allowing for
the problem of forward references. As we assemble each line we compute the value of each address



field as fully as we can. In some cases (as in * + 6) this will be completely; in other cases forward
references will be needed. In the forward reference table entries we record not only the address of
the bytes to be altered when the labels are finally defined, but also whether these values are later to
be added to or subtracted from the value already residing in that byte. There is a slight complication
in that all expressions must be computed modulo 256 (corresponding to a two’s complement
representation). 

Perhaps this will be made clearer by considering how a one-pass assembler would handle the above
code, where we have deliberately delayed the definition of LETTERS, TOTAL, SMALLZ and PERIOD
till the end. For the LETTERS + 1 address in instructions like STA  LETTERS + 1 we assemble as
though the instruction were STA  1, and for the SMALLZ - 25 address in the instruction
CPI  SMALLZ - 25 we assemble as though the instruction were CPI  -25, or, since addresses are
computed modulo 256, as though the instruction were CPI 231. At the point just before LETTERS is
defined, the assembled code would look as follows: 

       Macro Assembler 1.0 on 30/05/96 at 21:47:53

       (One Pass Assembler)

       00                 BEG              ; Count chars and lowercase letters
       00         LOOP                     ; LOOP
       00  0D             INA              ;   Read(CH)
       01  2E 00          CPI  PERIOD      ;   IF CH = "." THEN EXIT
       03  36 00          BZE  EXIT
       05  2E E7          CPI  SMALLZ - 25 ;   IF (CH >= "a")
       07  39 12          BNG  * + 10
       09  2E 01          CPI  SMALLZ + 1  ;      AND (CH <= "z")
       0B  38 12          BPZ  * + 6
       0D  19 00          LDA  LETTERS     ;     THEN INC(Letters)
       0F  05             INC
       10  1E 00          STA  LETTERS     ;   END
       12  19 01          LDA  LETTERS + 1 ;   INC(Total)
       14  05             INC
       15  1E 01          STA  LETTERS + 1
       17  35 00          BRN  LOOP        ; END
       19  19 00  EXIT    LDA  LETTERS
       1B  0F             OTC              ; Write(Letters)
       1C  19 00          LDA  TOTAL
       1E  0F             OTC              ; Write(Total)
       1F  18             HLT
       20  00     LETTERS DC   0           ; RECORD Letters, Total : BYTE END
       21         TOTAL   EQU  *
       21  00             DC   0
       22         SMALLZ  EQU  122         ; ascii ’z’
       22         PERIOD  EQU  46          ; ascii ’.’
       22                 END

with the entries in the symbol and forward reference tables as depicted in Figure 7.1. 



To incorporate these changes requires modifications to the lexical analyser, (which now has to be
able to recognize the characters +, - and * as corresponding to lexical tokens or symbols), to the
syntax analyser (which now has more work to do in decoding the address field of an instruction -
what was previously the complete address is now possibly just one term of a complex address), and
to the semantic analyser (which now has to keep track of how far each address has been computed,
as well as maintaining the symbol table). 

Some of these changes are almost trivial: in the lexical analyser we simply extend the LA_symtypes

enumeration, and modify the getsym routine to recognize the comma, plus, minus and asterisk as
new tokens. 

The changes to the syntax analyser are more profound. We change the definition of an unpacked
line: 

  const int SA_maxterms = 16;

  enum SA_termkinds {
    SA_absent, SA_numeric, SA_alphameric, SA_comma, SA_plus, SA_minus, SA_star
  };

  struct SA_terms {
    SA_termkinds kind;
    int number;      // value if known
    ASM_alfa name;   // character representation
  };

  struct SA_addresses {
    char length;     // number of fields
    SA_terms term[SA_maxterms - 1];
  };

  struct SA_unpackedlines {
    // source text, unpacked into fields
    bool labelled;
    ASM_alfa labfield, mnemonic;
    SA_addresses address;
    ASM_strings comment;
    ASM_errorset errors;
  };

and provide a rather grander routine for doing the syntax analysis, which also takes more care to
detect errors than before. Much of the spirit of this analysis is similar to the code used in the
previous assemblers; the main changes occur in the getaddress routine. However, we should
comment on the choice of an array to store the entries in an address field. Since each line will have
a varying number of terms it might be thought better (especially with all the practice we have been
having!) to use a dynamic structure. This has not been done here because we do not really need to
create a new structure for each line - once we have assembled a line the address field is of no
further interest, and the structure used to record it is thus reusable. However, we need to check that
the capacity of the array is never exceeded. 

The semantic actions needed result in a considerable extension to the algorithm used to evaluate an
address field. The algorithm used previously is delegated to a termvalue routine, one that is called
repeatedly from the main evaluate routine. The forward reference handling is also marginally
more complex, since the forward reference entries have to record the outstanding action to be
performed when the back-patching is finally attempted. The revised table handler interface needed
to accommodate this is as follows: 

  enum ST_actions { ST_add, ST_subtract };

  typedef void (*ST_patch)(MC_bytes mem[], MC_bytes b, MC_bytes v, ST_actions a);

  class ST {
    public:
      void printsymboltable(bool &errors);



      // Summarizes symbol table at end of assembly, and alters errors
      // to true if any symbols have remained undefined

      void enter(char *name, MC_bytes value);
      // Adds name to table with known value

      void valueofsymbol(char *name, MC_bytes location, MC_bytes &value,
                         ST_actions action, bool &undefined);
      // Returns value of required name, and sets undefined if not found.
      // Records action to be applied later in fixing up forward references.
      // location is the current value of the instruction location counter

      void outstandingreferences(MC_bytes mem[], ST_patch fix);
      // Walks symbol table, applying fix to outstanding references in mem

      ST(SH *S);
      // Associates table handler with source handler S (for listings)
  };

Exercises 

7.1 Is it possible to allow a one-pass assembler to handle address fields that contain more general
forms of expression, including multiplication and division? Attempt to do so, restricting your effort
to the case where the expression is evaluated strictly from left to right. 

7.2 One drawback of using dynamic structures for storing the elements of a composite address field
is that it may be difficult to recover the storage when the structures are destroyed or are no longer
needed. Would this drawback detract from their use in constructing the symbol table or forward
reference table? 

7.3 Improved symbol table handling - hash tables

In assembly, a great deal of time can be spent looking up identifiers and mnemonics in tables, and it
is worthwhile considering how one might improve on the very simple linear search used in the
symbol table handler of the previous chapter. A popular way of implementing very efficient table
look-up is through the use of hashing functions. These are discussed at great length in most texts
on data structures, and we shall provide only a very superficial discussion here, based on the idea of
maintaining a symbol table in an array of fixed maximum length. For an assembler for a machine as
simple as the one we are considering, a fairly small array would surely suffice. Although the
possibilities for choosing identifiers are almost unlimited, the choice for any one program will be
severely limited - after all, with only 256 bytes in the machine, we are scarcely likely to want to
define even as many as 256 labels! 

With this in mind we might set up a symbol table structure based on the following declarations: 

  struct ST_entries {
    ASM_alfa name;          // name
    MC_bytes value;         // value once defined
    bool used;              // true after entry made in a table slot
    bool defined;           // true after defining occurrence encountered
    ST_forwardrefs *flink;  // to forward references
  };

  const int tablemax = 239; // symbol table size (prime number)
  ST_entries hashtable[tablemax + 1];

The table is initialized by setting the used field for each entry to false before assembly
commences; every time a new entry is made in the table this field is set to true. 



The fundamental idea behind hashing is to define a simple function based on the characters in an
identifier, and to use the returned value as an initial index or key into the table, at which position we
hope to be able to store or find the identifier and its associated value. If we are lucky, all identifiers
will map to rather scattered and different keys, making or finding an entry in the table will never
take more than one comparison, and by the end of assembly there will still be unused slots in the
table, and possibly large gaps between the slots that are used. 

Of course, we shall never be totally lucky, except, perhaps, in trivial programs. Hash functions are
kept very simple so that they can be computed quickly. The simplest of such functions will have the
undesirable property that many different identifiers may map onto the same key, but a little
reflection will show that, no matter how complicated one makes the function, one always runs the
risk that this will happen. Some hash functions are clearly very risky - for example, simply using
the value of the first letter in the identifier as a key. It would be much better to use something like 

            hash = (ident[first] * ident[last]) % tablemax;

(which would still fail to discriminate between identifiers like ABC and CBA), or 

            hash = (ident[first] * 256 + ident[last]) % tablemax;

(which would still fail to discriminate between identifiers like AC and ABC). 

The subtle part of using a hash table concerns the action to take when we find that some other
identifier is occupying the slot identified by the key (when we want to add to the table) or that a
different identifier is occupying the slot (when we want to look up the value of an identifier in the
table). 

If this happens - an event known as a collision - we must be prepared to probe elsewhere in the
table looking for the correct entry, a process known as rehashing. This can be done in a variety of
ways. The easiest is simply to make a simple linear search in unit steps from the position identified
by the key. This suffers from the disadvantage that the entries in the table tend to get very clustered
- for example, if the key is simply the first letter, the first identifier starting with A will grab the
obvious slot, the second identifier starting with A will collide with the first starting with B, and so
on. A better technique is to use bigger steps in looking for the next slot. A fairly effective way is to
use steps defined by a moderately small prime number - and, as we have already suggested, to use a
symbol table that is itself able to contain a prime number of items. Then in the worst case we shall
easily be able to detect that the table is full, while still being able to utilize every available slot
before this happens. 

The implementation in Appendix D shows how these ideas can be implemented in a table handler
compatible with the rest of the assembler. The suggested hashing function is relatively complicated,
but is intended to produce a relatively large range of keys. The search itself is programmed using
the so-called state variable approach: while searching we can be in one of four states - still looking,
found the identifier we are looking for, found a free slot, or found that the table is full. 

The above discussion may have given the impression that the use of hashing functions is so beset
with problems as to be almost useless, but in fact they turn out to be the method of choice for
serious applications. If a little care is taken over the choice of hashing function, the collision rate
can be kept very low, and the speed of access very high. 



Exercises 

7.3 How could one make use of a hash table to speed up the process of matching mnemonics to
opcodes? 

7.4 Could one use a single hash table to store opcode mnemonics, directive mnemonics, macro
labels, and user defined labels? 

7.5 In the implementation in Appendix D the hash function is computed within the symbol table
handler itself. It might be more efficient to compute it as the identifier is recognized within the
scanner. What modifications would be needed to the scanner interface to achieve this? 

Further reading 

Our treatment of hash functions has been very superficial. Excellent treatments of this subject are to
be found in the books by Gough (1988), Fischer and LeBlanc (1988, 1991) and Elder (1994). 

7.4 Macro processing facilities 

Programming in ASSEMBLER is a tedious business at the best of times, because assembler
languages are essentially very simple, and lack the powerful constructs possible in high level
languages. One way in which life can be made easier for programmers is to permit them to use
macros. A macro is a device that effectively allows the assembler language to be extended, by the
programmer defining new mnemonics that can then be used repeatedly within the program
thereafter. As usual, it is useful to have a clear syntactic description of what we have in mind.
Consider the following modification to the PRODUCTIONS section of the second Cocol grammar of
section 6.1, which allows for various of the extensions now being proposed: 

  PRODUCTIONS
    ASM               = StatementSequence "END" EOF .
    StatementSequence = { Statement [ comment ] EOL } .
    Statement         = Executable | MacroExpansion | Directive .
    Executable        = [ Label ] [ OneByteOp | TwoByteOp Address ] .
    OneByteOp         = "HLT" | "PSH" | "POP"  (* | . . . . etc *) .
    TwoByteOp         = "LDA" | "LDX" | "LDI"  (* | . . . . etc *) .
    Address           = Term { "+" Term | "-" Term } .
    Term              = Label | number | "*" .
    MacroExpansion    = [ Label ] MacroLabel ActualParameters .
    ActualParameters  = [ OneActual { "," OneActual } ] .
    OneActual         = Term | OneByteOp | TwoByteOp .
    Directive         =   Label "EQU" KnownAddress
                        | [ Label ] ( "DC" Address | "DS" KnownAddress )
                        | "ORG" KnownAddress | "BEG"
                        | "IF" KnownAddress | MacroDefinition .
    Label             = identifier .
    KnownAddress      = Address .
    MacroDefinition   = MacroLabel "MAC" FormalParameters [ comment ] EOL
                        StatementSequence
                        "END" .
    MacroLabel        = identifier .
    FormalParameters  = [ identifier { "," identifier } ] .

Put less formally, we are adopting the convention that a macro is defined by code like 

     LABEL   MAC     P1, P2, P3 ...  ; P1, P2, P3 ... are formal parameters
                                     ; lines of code as usual,
                                     ; using P1, P2, P3 ... in various fields
             END                     ; end of definition




