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program
type TREE:
structure
NODE: integer;
LB : TREE;
RB : TREE;

end structure;

type TREE_LIST:
structure
HEAD : TREE;
TAIL : TREE_LIST;
end structure;

declare NODE_VALUE, NUM_HITS: integer,
declare A, B, C: TREE;
declare L, P : TREE_LIST;

begin
A := new TREE(1, null, null)

B := new TREE(2, null, null)
C := new TREE(3, null, null)
L := new TREE_LIST(C, null)
L := new TREE_LIST(B, L);

L := new TREE_LIST(A, L);
input NODE_VALUE;

P :=L;

NUM_HITS := 0;

while (P # null) loop
if P.HEAD.NODE = NODE_VALUE then
NUM_HITS := NUM_HITS + 1,
end if;
P := P.TAIL;
end loop;

output NUM_HITS;
end;

Example 13.2 Searching a linked list
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NODE NODE NODE 3
LB null LB null [X:] null
R8 aull RB null RB null
L
HEAD —] I HEAD -J HEAD —J
TAIL TAIL TAIL null

Figure 13.2 Development of a tree list

From a language viewpoint, the concept of such data structures
brings in some critical new issues. The first is that the storage
requirements for a program cannot be determined simply from the
number of variables and the nature of their types. For example, consider
the following sequence:

new LIST(l, null);
= new LIST(2, L);
new LIST(3, L);
new LIST(4, L);

1]

e
|

Here we see the development of a single list structure named L. Over
the course of execution, the size of L grows progressively. Generally,
the actual number of elements cannot be predicted until execution is
completed. Thus, we see a need to allocate storage dynamically. This is
in sharp contrast with the variables introduced in previous mini-
languages.

A second issue with such structures is that the components of a
structure may relate to previously defined structures, and these relation-
ships may themselves change during program execution. In the above
sequence of statements, the interrelation of the list elements changes as
each statement is executed.

Perhaps the most central issue in the use of data structures is the
sharing of information. For example, consider the program of Example
13.3. The structure set up by this program is shown in Figure 13.3.
Here both L and M are lists, some of whose components are identical.
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program
type LIST: structure
HEAD: integer;
TAIL: LIST;
end structure;
declare L, M: LIST;

begin

L := new LIST(1, null);

L := new LIST(2, L);

M := new LIST(3, L);

L := new LIST(4, M);

output L.TAIL.HEAD, M.HEAD; -- values are 3 and 3
end;

Example 13.3 Building a list in Mini-Language Structures

& leg—
[X}) SONE—

HEAD

l HEAD ' HEAD 2 I HEAD 1
TAIL TAIL TAIL TAIL null

Figure 13.3 A list structure with shared components

In particular, both

L.TAIL.HEAD
M.HEAD

denote the same value, the integer 3. Finally, note that even if the list L
is assigned a completely new value, as with the statement

L := new LIST(5, null);

some elements originally in L will still be accessible via the list named
M. This brings up another difficult issue, namely, when do the objects of
a structure become inaccessible?
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13.3 POINTERS

In many higher level languages (and in most lower level languages) data
structures are developed with some kind of mechanism for pointers. A
pointer is an object that gives the address of, or refers to, another
object.

Working with pointers is full of hazards for the unwary. The object
associated with a pointer may change during program execution.
Although complex structures may be developed, the programmer must
always keep in mind whether a variable refers to an object directly or
indirectly through a pointer. Where a complex data structure is
involved, a clear understanding of a program that uses pointers is
difficult to obtain. The complex relationships that pointers are intended
to represent are often very difficult to fathom.

Nevertheless, there is still a fundamental question: do we need the
notion of a pointer in order to understand the use of data structures? For
example, consider the statements that establish the list structure
illustrated above. Here the value of M.HEAD is 3. Now suppose we
execute the statement:

L.TAIL.HEAD := 6,

The value of M.HEAD will now be 6. Notice that M does not appear in
this assignment statement, but its value is changed nevertheless.

This is a situation in which the program behavior can be readily
understood in terms of the concepts of a pointer. This is especially true
when we have the sharing of structure information. Thus, we see that
even in Mini-language Structures, in which pointers are not explicit, the
idea of a pointer is quite central to understanding actions performed in
the language.

Many programming languages make the notion of a pointer
explicit. For example, consider the following Pascal declarations:

type ITEM = 4LIST;
LIST = record
HEAD: INTEGER;
TAIL: ITEM
end;

var L, M, NEXT: ITEM;

Here a pointer type is explicitly indicated with an * . In Pascal, the
type of object to which a pointer points must be explicitly indicated, in
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this case a list. The Pascal statements corresponding to the structures of
Figure 13.3 are given in Example 13.4.

Each call to the procedure NEW allocates space for the type of
object referenced by the pointer given as an argument and assigns a
reference to the new object to the pointer. In subsequent statements, all
references to the objects pointed to by L or M must be explicitly
indicated. For example, we have:

L -- denotes the pointer value of L
L+* - denotes the object pointed to by L

In comparison with Mini-language Structures, we see here a very
straightforward set of conventions in which pointers are explicitly
identified. Unlike Mini-language Structures, however, the Pascal pro-
grammer must always be aware of the notion of a pointer, even in the
case where knowledge that a value is a pointer is somewhat superfluous.
While both views are valid and a final resolution of this issue is not
clear, we generally support the suppression of pointers.

13.4 DESIGN CRITERIA FOR DATA STRUCTURES

Facilities for defining dynamically varying collections of data are not a
part of every language. For example, neither Fortran nor in Basic has a
facility corresponding to that given in Mini-language Structures. With
such languages, the reader is forced to use alternative constructs in
order to deal with structured data. Typically, arrays are used with
indices to simulate pointers. Clearly, if the development of dynamically
varying data structures is an important application domain, such
languages are difficult to use.

To discuss the various design issues in data structures, we will
compare the facilities given in Mini-language Structures with those in
Pascal. This is taken further in Examples 13.3 and 13.4.

Definition of Data Structures

A definition of a data structure defines the objects to be manipu-
lated and, implicitly, the ways in which they can be referenced.

In Mini-language Structures, the definition of data structures is
handled by a type declaration in which each of the components of the
structure is identified. This requires that the structure be defined to have
a specific form since arbitrarily connected structures are prohibited. The
development of chained structures is handled by the use of recursion in
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program BUILDLIST (INPUT,QUTPUT);

type ITEM = 4 LIST;
LIST = record
HEAD: INTEGER;
TAIL: ITEN
end;

var L, M, NEXT: ITEM,

begin
NEW (L);
L4 .HEAD
L4 .TAIL :=
NEXT = L;
NEW (L);
L4 .HEAD := 2;
L* .TAIL := NEXT;
NEXT = L
NEW (M);
Mt HEAD := 3;
M4 TAIL := NEXT;
NEXT = N;
NEW (L);
L4 .HEAD := 4;
L4 .TAIL := NEXT;

WRITE (L * .TAIL } .HEAD, M % .HEAD)
{ output values are 3 and 3 }

1;
nil

end

Example 13.4 Building a list structure in Pascal

the definition of the structure. The apparent infinite recursion indicated
in Example 13.3 is prevented by associating a null object with each
defined structure.

In Pascal, the mechanism for defining structures is analogous to
that of Mini-language Structures. Here, however, an intermediate type
must be used to indicate a pointer to another structure, which is in fact
the normal record structure in Pascal. This intermediate type slightly
obscures the definition of the object being defined, but makes the
existence of pointers explicit, as well as clearing up any ambiguity
about possible infinite recursion.
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Operations over Structures

There are two general kinds of operations relevant to the use of
structures. First are those provided within the language. Second are the
higher level operations more suitable to the domain these structures are
intended to represent.

In Mini-language Structures, the primitive operations over struc-
tures are basically those of creation, assignment, and component
selection. Assignment of structures is handled just as assignment of
variables that can take single values. References to components of
structures are specified by the dot notation used for record structures.
With the dot notation the use of pointers is suppressed and the
dereferencing operation (see Chapter 4) is implicit. Consider the
variable M. HEAD in Example 13.3. Here, although M can be viewed
as a pointer to a structure, if a component of that structure, HEAD, for
instance, is referenced, it is as if M points to the component instead of
the whole structure. This implicit dereferencing appears to be generally
what is meant when the components of the structure are referenced.
Thus Mini-language Structures presents a conceptually simple mecha-
nism for handling the components of structures.

In Pascal, on the other hand, the use of pointers is made explicit.
Each reference to the component of a structure must be handled by
giving an up-arrow explicitly dereferencing the pointer to the named
structure to one of its components. The extensive use of the up arrow-in
Pascal is somewhat annoying. While it does make explicit the fact that
an object is really a reference to a structure, the repeated use of the up-
arrow somewhat detracts from the readability of the intended opera-
tions.

For higher level operations, for example, a subprogram to reorder
the components of a list, Mini-language Structures and Pascal both
require the use of functions and procedures. Thus the user has no way
of explicitly defining higher level operations on the structures other than
through the mechanism of subprograms. The general issue of defining
such operations is treated in Chapter 10 on type definitions.

Construction of Data Structures

In Mini-language Structures the construction of new structures is
handled with the new operation. Values must be given for each
component of a structure and the component type must be stated.
Notice that only one instance of a structure can be generated by a single
statement. More complex structures must be built via repeated assign-
ment statements, each with a new operation.
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In Mini-language Structures both the allocation of space for the
structure and the setting of the pointer value are handled implicitly.
Thus, the user can think more directly in terms of the actual kinds of
objects being generated.

In Pascal, on the other hand, objects of structures are not created
directly. The Pascal procedure NEW must be applied to an object with
a pointer type. This procedure call allocates the space for the object and
sets a pointer value to this storage area. The actual setting of
components of structures must be handled via direct record assignment
to each component. This method suffers from the fact that objects are
not treated as a whole, but only on a component-by-component basis.
Furthermore, the pointer set by the procedure NEW must be explicitly
dereferenced when any component of the structure is initialized.

Both languages treat the selection of components of structures in a
manner analogous to that of selecting the components of a record valued
variable. Pascal, however, has a drawback from our point of view, in
that the pointer to the structure object must always be explicitly
dereferenced before a component can be selected.

When dealing with data structures, especially large ones, it is
frequently the case that different types of objects must be connected into
the structure at a particular point. There is thus a need for union types
as described in Section 6.4. Furthermore, there will be a need to make a
test the type of a given object. That is, it must be possible to define
predicates that test which type the current value of a union variable
belongs to. Union types and such tests are still very uncommon in
modern programming languages.

In Pascal, for example, the type of an object is part of the
specification of a procedure. Procedures that operate on multiple types
are not allowed, and thus the writing of any generalized procedures is
prohibited. .

The development of data structures is becoming an increasingly
important application domain for computers. Development of large
information bases and the applications of computers to much more
sophisticated information processing areas is becoming more and more
widespread. The issue of dynamically varying data structures as
discussed here is only a part of the problem. In this chapter in
particular, we have barely scratched the surface.

13.5 DYNAMIC ALLOCATION OF STORAGE

In Mini-language Structures, storage is allocated for structure objects
through a special form of the assignment statement. It is thus under the
direct control of the programmer. This differs from the allocation
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pattern for variables in block structured languages, where the activation
record forms the model. This pattern was described in Section 8.3.

The space for variables of a block structured language is created
when the block is invoked and destroyed when the block terminates.
The lifetime of an object thus directly follows the dynamic block
structure of the language and may be implemented with an execution
stack. The lifetime of an object that is created explicitly by the
execution of a special statement does not follow the block invocation
pattern. A structure object can exist from one block invocation to the
next. Thus a method of storage management that is separate from the
execution stack is required for languages where the programmer has
explicit control of storage allocation.

In some languages, for example Pascal and PL/I, specific state-
ments are provided for the release of storage allocated for an object.
Suppose a destroy statement were added to Mini-language Stuctures,
where the form of the statement is:

¢

destroy identifier ;

Execution of the statement would have the effect of destroying the
object referenced by the identifier and setting the value of the identifier
to undefined. The problem here is exemplified by the statement
sequence:

L := new LIST(1, null);
L := new LIST(2, L);

M := new LIST(3, L);

L := new LIST(4, M);
destroy L;

The complete list referenced by L has now been destroyed and the value
of L is undefined. However, the variable M now references a location
that no longer exists. It has become a dangling reference. While it is
easy to see what is happening in this short fragment, in a larger program
invalid references of this sort are very difficult to detect.

An alternative is, as in the original definition of Mini-language
Structures, to provide no explicit means for the destruction of an object.
Then, for example, if the statement

L := new LIST(1l, null);

which creates a new object and assigns a reference to L, were
immediately followed by the statement
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L := new LIST(2, null);

this would create a second LIST object and supplants the reference to
the first object by a reference to the second one. The original object can
no longer be referenced and there is no way of regaining access to it.
The storage occupied by the object is no longer usable and can be
returned to the system for potential reallocation. In some languages,
such as Lisp and Algol 68, this is done by a special support routine,
known as a garbage collector, which searches currently allocated
storage for objects that are no longer accessible and destroys them.
Such support can require a considerable execution overhead.

FURTHER READING

Much of the original work in recursive data statements was done by Hoare
[1974]. A good discussion of the issues presented in this section is given in
[Ichbiah et al. 1979]. In the rationale for the Ada programming language, a
number of issues and problems associated with dynamic types are discussed.

EXERCISES

Exercise 13.1 Programming in Mini-language Structures

Write a program in Mini-language Structures that will read a
sequence of numbers, terminated by zero, and put them into a binary
tree. When all the numbers have been read, print the numbers in
ascending order.

Exercise 13.2 Explicit Versus Implicit Pointers

In Chapter 4, we described Mini-language Ref with explicit
pointers. Consider a variant of Mini-language Structures with reference
variables instead of recursive structure definitions. Thus the declaration
for the type PERSON would be:
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type PERSON:

structure
NAME : string;
SS_NUM : string;

NEXT_OF_KIN : ref PERSON;
end structure;

This variant requires an explicit dereferencing operator.

Compare the use of explicit versus implicit pointers on the clarity
and ease of programming, including comparative examples from both
variants of Mini-language Structures.

Exercise 13.3 Storage Management

Mini-language Structures provides no way for the programmer to
return storage longer required to the system. Instead, the implementa-
tion must detect and reclaim storage through the use of some garbage
collection routine. Explain how such a routine could be implemented.

Exercise 13.4 The Dangers of Explicit Pointers

It has been suggested by Hoare that there is an analogy between
pointers in a data structure and goto statements in a program. Both are
primitive tools capable of increasing the complexity of the program.
Provide arguments and examples that support this position and examine
how recursive data structures, as used in Mini-language Structures
overcomes the problem.

Exercise 13.5 Notation for Pointers

Pascal uses an up-arrow (4 ) for dereferencing a pointer and
producing the object pointed to. For example, if P is a pointer to an
integer, P 4 denotes the integer. At first glance you might prefer a down
arrow to suggest the idea of following down a pointer. Or are there yet
better notations?

Propose a notation for declaring and using pointers, and discuss its
impact on program readability.
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Exercise 13.6 Tree Building

Write a program in Mini-language Structures that will read in a
sequence of integers, terminated by O, build a binary tree containing
these integers, and then print the integers in scending order.

Normally the traversal of the tree required to print out the minutes
in ascending order is done with a recursive program. Here, since Mini-
language Structures does not allow recursion, you will have to simulate
it with a stack built as a dynamic data structure.
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Exception Handling

There are ‘“‘exceptional’”’ conditions that can arise in every program.
Input data may contain values that are out of range, a hardware unit
may fail, a table may become full, or the wrong reel of tape may be
mounted.

To think of all exceptional conditions as errors is too limiting.
There are exceptional conditions whose occurrences, though rare, are
required for the proper termination of the program. For example, the
end of the input file may mark the end of the input phase of a program
and the beginning of its computation phase. Unfortunately, there is no
generally accepted distinction between exceptional and normal condi-
tions. What is normal in one context, may be exceptional in another.

For our purposes here, we define an exception condition as:

A condition that is detected by an operation, that cannot be
resolved within the local context of the operation, and must
be brought to the attention of the operation’s invoke.

The action of bringing the condition to the invoker’s attention is called
raising the exception. The corresponding action by the invoker is called
handling the exception.

Generally, once an exception condition is raised, it must be
handled; otherwise, the program is in error. Some languages provide
default actions for conditions that are not handled by the program.
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Since exception conditions are linked to particular operations, they
are synchronous in the sense that they can only occur at specific points
in the program. For example, a subscript error can only occur during
array manipulation. Asynchronous events, such as an interrupt caused
by a user pressing the break key on a terminal, can occur at any point
during a program’s execution. The handling of asynchronous events is
discussed in Chapter 15. In this chapter, we discuss only synchronous
conditions.

14.1 MINI-LANGUAGE EXCEPTIONS

As illustrated in Table 14.1, our mini-language for this chapter contains
many features that have appeared in other mini-languages. As usual, the
first part of a program consists of a sequence of one or more variable
declarations, and each variable in a program must be declared exactly
once. Each identifier may represent either a single integer value or a
vector of integer values. Integer values may contain at most eight
decimal digits. The number of components in arrays is 100, with a
subscript range of 1 through 100.

Mini-language Exceptions has a simple procedural mechanism.
Each procedure has a name and a body. The body simply consists of a
sequence of statements and may also have an exception part, described
below.

Most of the statements of this mini-language are familiar, they
include:

Assignment statements
Loop and if statements
Call statements

Input and output statements

In addition, there is a raise statement whose meaning will be explained
below.

Exceptions

There are a number of specific situations that can cause excep-
tions. These exceptions are described in Table 14.2. When one of these
situations arises during program execution, the corresponding exception
condition is raised. For example, if no value has been assigned to the
variable INDEX, then evaluation of the expression

INDEX + 1
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program

variable-declaration

procedure

statement

exception-handler

exception-name

assignment-statement

loop-statement

if-statement

call-statement
raise-statement
input-statement
output-statement

comparison
expression
operand
variable

comparison-operator

"
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Mini-Language Exceptions

program
variable-declaration...
procedure...
begin
statement...
( exception-handler ]
end;

declare identifier [,identifier...}: integer [array];

procedure identifier :
statement...

[ exception-handler }

end;

assignment-statement | loop-statement
if-statement | call-statement | raise-statement
input-statement | output statement

exception
when exception-name => statement...
[ when exception-name => statement... ]...

identifier | overflow | undefined_value
data_error | subscript_error | end_of_input

variable := expression ;

while comparison loop
statement...
end loop;

if comparison then
statement...
else
statement... )
end if;

identifier ;

raise exception-name ;

input variable [ , variable ]... ;
output variable [ , variable ]... ;

( operand comparison-operator operand )
[ expression + ] operand

integer variable | ( expression )
identifier | identifier [expression]
< |l=14#1>
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causes the suspension of normal execution and the raising of the
undefined_value condition.

Each of the conditions defined in Table 14.2 can also be raised by
the execution of a raise statement. For example, execution of the
statement

raise overflow;

causes the overflow condition to be raised, just as it is when overflow
occurs during computation. The raise statement can also be used to
raise programmer-defined conditions, thus allowing a subroutine to
report the occurrence of an exceptional condition. For example, the
statement

raise TABLE_EMPTY;

would raise the TABLE_EMPTY condition and could be used to
indicate that there were no entries in a table. This is a condition defined
by the programmer for the particular program. The appearance of the
identifier TABLE_EMPTY in the raise statement defines it to be a
conditon. Whether this would be an error situation would depend upon
the context in which it was used.

In Mini-language Exceptions, the user may define how a condition
is to be handled. The response can range from printing the values of one
or more variables, to taking elaborate steps to deal with the cause of the
exception. If the programmer does not specify how an exception
condition is to be handled, the program is in error and is terminated.
This applies to both predefined and user-defined conditons.

A response to an exception condition is defined by an exception
handler included in a program unit. A program unit is either the main
program or a procedure. For example, consider the handler:

exception
when data_error => INVALID_DATA_FLAG := 1;
ERROR_COUNT := ERROR_COUNT + 1;
when INVALID_ACCOUNT_NUMBER => output ACCOUNT_NUMBER;

When an exception condition is raised, normal execution is suspended.
If there is an appropriate handler defined in the program unit that was
being executed, the corresponding sequence of statements in the given
handler is executed. These statements are executed instead of comple-
ting execution of the statement that caused the condition to be raised.
After execution of the handler, normal execution of the procedure
continues at the statement following the one that raised the condition.
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overflow

undefined_value

data_error

subscript_error

end_of_input
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Cause

The absolute value of some quantity exceeds
99999999.

An attempt to obtain the value of a variable to
which no value has been assigned.

The characters read during the execution of an input
statement, do not constitute an integer or there is
a transmission error due to a hardware malfunction.

The use of an array subscript outside the range
1 through 100.

The execution of an input statement when
there is no more data to be read.

If there is no appropriate handler for the exception condition in the
program unit, execution of the unit is terminated and the same condition
is raised by the call statement that invoked the procedure. This process
is continued until either a handler for the condition is executed or the
program is terminated. Thus, if the main program does not contain a
handler for the condition, the program is terminated.

Consider the simple procedure:

procedure INITIALIZE_TABLE:
END_OF_DATA := 0;
TABLE_INDEX := 1;

input X, Y, Z;

while (END_OF_DATA = 0) loop

TABLE[TABLE_INDEX] :
TABLE_INDEX

X+Y+ Z;
TABLE_INDEX + 1;

input X, Y, Z;

end loop;

exception

when end_of_input

when overflow

when subscript_error

end;

[}
v

END_OF_DATA := 1;
TABLE[TABLE_INDEX] := MAX_VALUE;
output X, Y, Z;

TABLE_INDEX := 1;

nn
v Vv
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This procedure has handlers for three exception conditions. When the
condition for end of input is raised, the value of END_OF_DATA is set
to 1. Control then returns to the statement following the input statement
that raised the condition. The detection of the end of input is thus used
to signal the end of the initialization process. The raising of the overflow
condition is assumed to be due to the computation of the value to be
inserted in the table. When this happens, the table value is set to the
constant value MAX_VALUE defined in the containing program, and
execution continues normally.

If the input contains more than 100 sets of values, the subscript-
error condition will be raised. The handler for this condition prints the
set of values last read (and ignored), and resets TABLE_INDEX to 1.

14.2 EXCEPTIONS
There are two broad classes of exceptions:

® Domain failure: The input parameters to the operation
do not satisfy the requirements of the operation. In Mini-
language Exceptions, the subscripting operation has a domain
failure when it is passed a subscript greater than 100.

W Range failure: The operation is unable to produce a
result that is in its range. For example, an input statement
can encounter an end of file mark instead of a value. As we
have seen, this is not necessarily an error; it depends upon
the context of the operation. The overflow condition is a kind
of range failure.

The exception handling mechanism of the mini-language treats both
classes of exceptions in accordance with our definition of an exception.
The raising of an exception condition by a statement brings the
exception to the notice of the procedure containing the statement. If the
procedure does not have a handler, the condition cannot be handled at
that level and must be passed higher in the dynamic invocation chain.

Before we discuss the issues in exception handling, we turn to
other common means for handling exceptions.

Unusual Return Value

This is the simplest and most primitive method of handling
exception conditions. The operation returns an “impossible” value, that
is, a value that is established by convention and that lies outside the
normal range of the operation.
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In its unadorned form, this method has obvious deficiencies. It
requires explicit checking after each return from the operation and can
destroy the abstraction of the type of the value returned. This can either
lead to incomprehensible code that takes advantage of a particular
representation for data or it can lead the programmer into spectacular
errors.

For example, suppose an operation is defined to calculate the
length of some object. Its range is therefore limited to positive values. If
the convention is adopted that a specific value (say -1) is used to
indicate the detection of an error, the programmer must always be aware
that this impossible value may be returned. To forget this is to accept
the risk that the value may be used in subsequent arithmetic operations
and lead to bizarre results.

The Error Return

This is a mechanism that involves a nonstandard control structure.
A call statement passes one or more label parameters designating error
returns. These label values mark the beginnings of handlers for various
exceptional conditions. For example, consider:

GET(I, OVERFLOW, BAD_DATA);

OVERFLOW: ...
BAD_DATA: ...

The idea is that, if the subroutine detects an exceptional condition, it
branches to the label value specified by the appropriate parameter. The
use of parameters allows the subroutine to be used in a number of
contexts, since it is not tied to specific handlers. This technique imposes
little overhead and requires no checking after each return as is required
by an unusual return value. However, it does raise serious program
structuring issues. In addition, the programmer may have difficulty in
knowing where the program is to be resumed after the error has been
handled.

In cases where the operation is a block that is internal to the block
that invokes it, the label of the handler does not have to be passed as an
argument, This makes the program’s control structure even more
difficult to understand.

Error Routines
In this case, the operation may be invoked with an entry argument

specifying the procedure to be invoked by the operation if an exception
is detected. For example,
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GET(I, E)

where E is the name of the error handling procedure that is to be
invoked if GET wishes to raise a condition.

The exception handler is a procedure and thus returns to its
invoker. The structure of the control flow is therefore preserved and the
operation that detected the condition is able to respond to any recovery
action taken by the handler.

The use of a procedure as an exception handler does not require
that the procedure be passed explicitly to the operation. Instead, the
handler to be used can be specified implicitly. The handler can be
associated with the object being processed or can be dynamically
associated with the condition that is detected.

An example of associating the handler with the object would be to
specify, as part of the declaration of a file, the procedure to be executed
when the end of that file is detected. Thus the handler is associated with
the file. As another example, the AED language allows a programmer
to divide storage into zones and to associate with each zone a
subroutine to be invoked if a subsequent space allocation request for
that zone cannot be satisfied.

The dynamic association of a handler with a condition is typified
by the PL/I on-unit mechanism. This was perhaps the first attempt to
provide an explicit exception condition mechanism in a high level
language. It has the disadvantage that, though the handler has many of
the attributes of a procedure, there is no parameter passing mechanism.
All communication between the operation and the handler must be
passed through global variables. This reduces both flexiblilty and
clarity.

14.3 ISSUES IN EXCEPTION HANDLING

Is there any real need to worry about exception conditions? Anyone
who has ever built a large program that makes any pretense at
robustness appreciates the problems. As programs grow in size, special
cases and unusual circumstances proliferate. Even the performance of a
seemingly simple task, like a tape-to-tape copy program, abounds with
exception conditions. The end-of-input condition will generally be
handled properly since it probably marks the end of the process.
However, what can be done about tape label checking and the multitude
of possible hardware malfunctions? Exceptions exist in even the
simplest task and the complexity that they induce in the program is
large. None of the techniques described in the previous section
adequately controls this complexity.



Exception Handling 385

It is clear that, for a program to be robust, any exception condition
that can arise must be handled. The difficulty is in designing a simple
mechanism of sufficient generality to handle all possibilities.

One common method is to make an explicit test for each exception
at all possible points of occurrence. This method has the great
advantage that no special mechanism is required. In many cases,
however, the inclusion of such tests can complicate the structure of the
program and hide the algorithm behind a welter of special cases. Thus
we need to search for some method that is sufficiently general, has
manageable complexity, and yet remains clear enough so that the
normal is not obscured by the handling of the exceptional.

In the quest for such a method, there are a variety of issues that
must be addressed.

m The specification of a handler

@ The use of defaults when the programmer has not
provided an explicit handler

B The propagation of conditions outside the program unit
in which they are detected

B The resumption of execution following handling

® The possibility of suppressing the detection of conditions
Handler Specification

The basic operation of an exception handler is to perform some
diagnostic or repair actions. Frequently, a handler will take over when
some exception condition is raised. In order to act appropriately, a
handler may need access to the environment in which the exception was
raised.

One of the critical choices in the design of an exception facility is
the method by which the handlers are defined. In Mini-language
Exceptions a very simple mechanism is used. A handler may be
specified within a procedure. This handler is supposed to complete the
work of the operation that raised the condition. Because of the
simplicity, the mechanism cannot cope with a situation where different
handlers are required at different points in a procedure. While the
handler has access to the complete environment of the operation, there
is no easy way to determine which one of several operations that have
the potential for raising the condition actually raised it. For example, if
the procedure has several arithmetic expressions, there is no way of
telling which operation caused the overflow condition.
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Use of Default Handlers

In Mini-language Exceptions, nearly all of the predefined condi-
tions represent error situations. Generally, these error situations have
the potential of being raised at many points in the program. This brings
up the need for default exception handlers.

A default handler is one that is used in the absence of an explicitly
defined handler. The Mini-language Exceptions approach defines a
single default action for all conditions — program termination.

Termination may not be adequate for many programs. For exam-
ple, whenever an overflow occurs, we may wish simply to assign the
maximum possible number to the offending expression and then resume
normal execution. This brings up a number of issues. How does one
define a default handler to be used throughout a program? When should
a specifically provided handler override the default handler? The
question of the resumption of execution will be taken up later in this
section,

The conventional response to an error situation in a programming
language is a simple abnormal termination of a program, usually with
the printing of some diagnostic message. We may view this action itself
as simply the default handler provided for the exception situation raised
by the error condition. Accordingly, one test of the adequacy of any
exception handling mechanism is that it should be possible to define the
normal response to errors provided in a programming language. With
Mini-language Exceptions, this test is not satisfied.

Propagation of Exceptions

The underlying reason for devising an exception mechanism is the
realization that the context in which a condition is detected may not be
the proper context in which to process it. For this reason, notice of its
detection must be passed to the context where it can be processed. This
is generally another procedure at a different level of abstraction. In
order to preserve the abstraction, the detecting operation should express
the exception condition in terms of the abstraction that it defines.

It may not be possible for the recipient of an exception to process
the condition completely. The occurrence of the exception may serious-
ly affect its behavior, forcing it to raise an exception as well. In order to
maintain the higher level of abstraction of the recipient, this second
exception must be expressed in terms of the abstraction represented by
its recipient. In short, it must not simply pass the condition raised by
the original operation straight through.
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In Chapter 1 we cited the Fortran error message:

STATE-ABEND CODE IS: SYSTEM 0200, USER 0000
I0-NONE, SCB=0F10C0, PSW IS 078D2000000A98B7E

Here is an example of an exception condition that was originally
detected and raised at the level of abstraction of the operating system
and passed to the Fortran run time support library. This library
represents the change of abstraction level from that of operating system
to that of programming language. However, in our example, the
condition was not modified at that level to maintain the proper
abstraction. Thus the programmer cannot assign any meaning to the
message.

This example also illustrates a second problem in design: the
unilateral decision by a subroutine to terminate execution rather than to
offer the programmer the option of effecting a repair and continuing, or
of cleaning up before terminating in an orderly manner. Consider the
difficulties that a language module can bring by aborting execution of a
data base system instead of propagating the exception upward. Crucial
files of the data base may be left in an inconsistent state, potentially
causing further erroneous behavior when the data base system is later
restored.

A raise statement like that in Mini-language Exceptions provides a
simple basis for the propagation of exception conditions while maintain-
ing the proper levels of abstraction. However, because of its extreme
simplicity this mechanism does not provide for adequate passage of
information from the detecting operation to the handler. There is no way
in which variable information can be passed other than through the
clumsy use of global variables.

Resuming Program Execution

With most methods of exception handling, the flow of control
passes to some remote program text that defines the action to be taken
when the exception is raised. Thus the handler may be viewed as a sort
of trap. One basic question about exception handling is, what happens
after handling the exception? This amounts to a question of whether
resumption of normal program flow is meaningful.

One view of exception handlers is that they are basically subrou-
tines to which control is automatically passed when the exception is
raised. As with all subroutine calls, after completion of the subroutine,
control resumes at the statement after the subroutine call. With this
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view, the notion of a trap is still retained, but resumption of normal
program flow is implicit.

A second view is that exceptions represent program errors. This
means that when an exception occurs in a given environment, this
environment is to be terminated. The primary role of an exception
handler is to provide some appropriate clean-up operation before
termination. With this view, resumption of normal execution is mean-
ingless. The handler may decide to restore the same sequence of actions
under better conditions, but it will do so by a different invocation of
these actions, not a simple resumption.

The first view of exception handlers is the one adopted in PL/I.
However, the question of resumption was not treated in a consistent
manner. In some cases, resumption implies repetition of the action that
raised the condition with the presumption that some sort of fix-up has
been made in the handler. In other cases, resumption takes place at the
statement following the one that raised the condition. For a third class
of conditions, no sort of resumption is possible without the use of labels
and goto statements.

The second view of exceptions is taken by Ada. It provides for
local detection of exceptions, which are synonymous with errors. With
this view of exceptions, a handler is part of the program unit in which
the exception may be raised. Here, the notion of a trap is perhaps not as
appropriate, for the handler takes over in case of a faulty situation
within the procedure. In this view, normal program execution resumes at
the point in which the procedure is called, just as if there had been no
exception raised in the first place.

The view taken by Mini-language Exceptions lies between these
two positions. The handler does not really constitute a subroutine, but
resumption is possible.

Suppression of Exceptions

It could be said that the detection of exception conditions should
never be turned off. There is, however, a counter view to this.

Some exception conditions may be quite inefficient to implement.
For example, in a language with arrays whose subscripts are restricted
to lie within certain bounds (as is the case with most programming
languages), range checks for subscripts may need to be implemented in
software. Such checks require an implementation overhead during
execution of a program.

In addition, in some languages there are exception conditions that
certainly require excess overhead. For example, a language may include
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the ability for the user to specify assertions that must be true during
execution of a program, for example, that the value of one variable must
always be greater than the value of another. When assertions are
themselves present in a programming language, the validity of each
assertion must be checked with the underlying software. Such assertion
checks can be quite expensive to implement.

Imagine for the moment that you are sure that the program you
have written is correct. That is, assume that you tested it, and that in all
conceivable cases the output produced by the program is as desired.
While we might argue that a program is never fully certified to be
correct, in practice we may want to make this assumption. In these
cases, the checking of exception conditions is superfluous. For this
reason, we may wish a feature in a programming language to indicate
that one or more (or all) exception conditions should not be checked.
This gives us the notion of suppression of exception conditions.

There seem to be two basic views regarding the suppression of
exceptions. On the one hand, perhaps the suppression of exceptions is
best indicated by a command given in the environment in which the
program is run. Such a feature would not have any direct impact on the
programming language itself. On the other hand, we may wish to state
the explicit suppression of exceptions within the programming language.
This question is not addressed in Mini-language Exceptions.

FURTHER READING

Perhaps the most significant works related to this chapter are the paper
[Goodenough 1975] and the thesis [Levin 1977]. These works survey a number
of issues regarding exception handling.

" An early paper relevant to the discussion here is that by Hill [1971]. A
more recent discussion of exception handling is given in [Ichbiah et al. 1979).
Another view of exception handling is that by Parnas and Wurges [1976].

EXERCISES

Exercise 14.1 Programming in Mini-language Exceptions

Write a program in Mini-language Exceptions that will calculate
and print the largest integer value supported by the implementation.
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Exercise 14.2 Using the Raise Statement

Write a program in Mini-language Exceptions that first reads in a
sequence of pairs of integers terminated by a pair of zeros. The first
integer of each pair represents a part number and the second, the
number of parts in stock. The part numbers should be stored in one
array and the quantity on hand in another.

Following the table initialization phase, terminated by the two
zeros, another sequence of integer pairs is to be read, this is the
sequence terminated by end-of-input. This second sequence represents
additions to the quantity-on-hand for certain parts in the original
sequence. Thus, for each part number in the second sequence, the table
must be searched to find the index so that the corresponding quantity on
hand can be updated. Finally, the updated table is to be printed out.

During table initialization, the table must be checked for each new
part number to ensure that there are no erroneous duplicate entries.
During the updating phase, appropriate error action must be taken if a
part number that doesn’t exist in the table is supplied. Both phases
should use the same table search routine, which should report the fact
that the searched-for entry does not exist in the table (using a raise
statement).

Exercise 14.3 Resumption of Execution after an Exception

There are many points of view on how execution of a program
should be resumed after the handling of an exception. In Ada, for
example, the action of the handler terminates the execution of the
program unit containing the statement that raised the exception. Thus
execution is resumed after the statement that invoked the unit. Mini-
language Exceptions takes the view that the handler terminates the
operation that raised the exception. In PL/I, the point of resumption
depends on the type of exception, and varies from repeating the
operation to aborting the program.

An exception may be raised by an operation that has only partially
completed and it may be inappropriate or undesirable to return control
to the precise point at which the exception was raised. Discuss what
might be an appropriate set of return points after the following
exceptions:

a. Overflow during integer arithmetic.
b. Subscript range error.
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c. End of page after output of the second line of a four-line
block of printing.

d. Non-numeric character encountered during conversion of
a character string to numeric representation.

. Insufficient storage during creation of a dynamic data
structure.

End of file during an input operation.
. Following the execution of a raise statement.

[

(- ]

Exercise 14.4 Handlers with Parameters

Mini-language Exceptions has no provision for the passing of
parameters to exception handlers. Suggest modifications to the syntax
and semantics of the mini-language that will allow this.

Exercise 14.5 Default Handlers

Mini-language Exceptions defines a single default action for all
conditions, program termination. Propose a more useful set of default
handlers for the conditions detected in the mini-language.
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Parallel Processing

We are all familiar with sets of related actions that take place
concurrently. The operation of many moving trains on a rail network
and the handling of several lines of customers at a bank are typical
examples. In contrast, the traditional stored program digital computer
has had as its primary objective the sequential execution of the steps
forming a single algorithm. As a consequence, most programming
languages address only questions of sequence and ignore parallelism.

However, parallelism has had a place in computers. The desire for
increased speed has led to overlapping of input and output with
computation, arithmetic units that work in parallel, and to multipro-
grammed and multiprocessor operating systems. However, this parallel-
ism has generally been hidden from the programmer. In this chapter we
examine the programming language implications of specifying indepen-
dent, but related, tasks that are to be executed concurrently. These are
sometimes known as concurrent processes. To achieve concurrency in a
controlled and reliable manner, the tasks must be able to communicate
and synchronize with each other.

It is not necessary that the component steps of the tasks actually
take place concurrently. In a multiprogramming, single processor,
operating system they may be arbitrarily interleaved. The important
point is that the execution of the tasks is only required to be
synchronized at specific points specified by the programmer. Thus the
requirement for parallel execution poses a new level of discipline on the
programming process.
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Our discussion here will make frequent use of a single example.
We wish to write a program to decode messages. Let us not worry about
what the messages mean. They are generated at some remote field
station, decoded, and then printed on a line printer. In particular, we
wish to define three program units, RECEIVE_CODES, DECODER,
and PRINT_MESSAGES:

m RECEIVE_CODES: This program unit reads encoded
data and passes them on, code by code.

® DECODER: This program unit receives encoded data,
decodes them by some method, which does not concern us
here, and transmits the decoded characters.

m PRINT_MESSAGES: This program unit receives char-
acters, and when it obtains a full line of text, prints the line
on a line printer.

Both the codes and characters are assumed to be represented by
integers.

The important point about our program is that the three program
units are conceptually independent and can progress at their own rates.
Except for specific points of synchronization, the interleaving in time
for executing the individual statements of the three program units is of
no concern.

Mini-language Parallel is designed to solve such problems. This
mini-language is based on the work of Hoare [1978]; its syntax is
inspired by that of Ada.

15.1 MINI-LANGUAGE PARALLEL

As usual, a program consists of a sequence of declarations followed by
a sequence of statements, as shown in Table 15.1. Declarations
introduce variables whose values are either simple integers or arrays of
integers. The bounds of arrays are unspecified. All variables used in a
program must be declared exactly once.

The syntax and semantics of the assignment statement are familiar.
Addition and subtraction operators may be used in arithmetic expres-
sions.
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Table 15.1 Mini-language Parallel

program 1= program
~ declaration...
begin
statement...
end;
declaration = declare identifier [, identifier]... [ : array ];
statement = assignment-statement
| start-statement |  send-statement
| receive-statement | select-statement
assignment-statement  ::=  variable := expression ;
start-statement D= start tasks
task-identifier: statement...
[ task-identifier: statement... ]...
end tasks;
send-statement 1= send variable to task-identifier ;
receive-statement = receive variable from task-identifier;
select-statement 1= select [loop]
when guard => statement...
[ when guard => statement... ]...
end select;
guard = comparison [ and comparison ]...
[ and receive-clause ]
| receive-clause
receive-clause = receive variable from task-identifier
comparison D= ( operand comparison-operator operand )
expression B [ operand + ] operand
| [ operand - } operand
operand 2= integer | variable | ( expression )
variable D= identifier | identifier [expression]
task-identifier 1= identifier

comparison-operator = < | = | # | >
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Tasks

A task is a program unit that can be executed concurrently with
other tasks. Each task has a name and a body. The body of a task
simply consists of a sequence of one or more statements.

A start statement specifies the concurrent execution of one or more
tasks. All tasks in a start statement may begin execution simultaneous-
ly. A start statement terminates successfully when all named tasks have
been successfully completed.

For example, consider the following sketch:

start tasks
RECEIVE_CODES:
— statements for obtaining codes

DECODER:
— statements for decoding code values
-~ into character values

PRINT_MESSAGES:
— statements for printing the decoded messages
end tasks;

Execution of the start statement results in the parallel execution of the
bodies of each named task.

As far as termination is concerned, each task will terminate
normally after execution of its last statement. The start statement
containing the tasks will terminate when all named tasks have termina-
ted, at which time control continues at the statement following the start
statement. In our example above, the start statement will wait at its end
for the three tasks named RECEIVE_CODES, DECODER, and
PRINT_MESSAGES to terminate. If any of the tasks leads to an
execution error, the entire program terminates abnormally.

There is one important requirement on the use of tasks within a
start statement. Each of the tasks must be disjoint in the sense that a
task may not use a variable that occurs as a target variable in one of the
other tasks. A target variable is a variable that occurs on the left hand
side of the assignment statement or a variable that occurs in a receive
statement, defined below.

Communications between Tasks
In any system of related tasks, there must be some form of

communication. We clearly do not want the trains on a rail network to
collide, we may want to ensure that two bank tellers do not make
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conflicting transactions on the same account, or we may need to
coordinate the actions of the devices in a computing system.

In Mini-language Parallel, the basic form of communication
between tasks is through send and receive statements. Communication
occurs between two tasks whenever:

® A send statement in one task specifies a value to be
transmitted to another task, and

® A receive statement in the other task specifies a target
variable whose value is to be obtained from the sending task.

When these two conditions arise, the two tasks are said to meet in a
rendezvous:
Consider the statement

send NEW_CODE to DECODER;

which occurs in the task body for RECEIVE_CODES, and the
following clause

receive CODE from RECEIVE_CODES;

taken from the body of DECODER. There are two possibilities for a
rendezvous, according to whether the send statement in the task
RECEIVE_CODES is executed before or after the corresponding
receive statement is reached by the task DECODER. Whichever gets
there first waits for the other. When the rendezvous is achieved, the
value of NEW_CODE is passed to the variable CODE, and both tasks
again proceed independently.

We thus see the two basic functions achieved with a rendezvous:

1. Synchronization: The sending task must execute a send
statement naming the receiving task and the receiving task
must reach a corresponding receive statement, which names
the sending task.

2. Transmission of information: The sending task transmits
a value to the receiving task.

It should be observed that a receiving task can only handle one send
statement at a time. Although not illustrated by our example, there
could be several tasks with pending send statements to a single receiving
task. The send statements are processed on a first come, first served
basis.
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Finally, we note that simple integer values and complete arrays
may be transmitted during a rendezvous. The type of the value that is
sent must match the type of the corresponding receiving variable;
otherwise the program is terminated abnormally.

Guarded Statements

A guarded statement (or a guarded sequence of statements) is a
statement prefixed by a guard, which determines whether or not a
statement is to be executed. A guard can contain a sequence of
comparisons each separated by and. A guard may also contain a receive
clause (defined below). Such a guard may contain only one receive
clause, which must appear as the last element of the guard.

Guarded statements form the alternatives of a select statement, as
in:

select
when (LINE_POSITION < LINE_SIZE) =>
LINE_POSITION := LINE_POSITION + 1;

when (LINE_POSITION = LINE_SIZE)
send LINE to OUTPUT_DEVICE;
LINE_POSITION := 1;
end select;

>

This select statement contains two guarded statements: one for the case
when the value of LINE_POSITION is less than LINE_SIZE and the
other for when LINE_POSITION equals LINE_SIZE.

Execution of a select statement takes place as follows. First, each
of the guards in the select statement is evaluated. If none of the guards
evaluates to true, the select statement has no net effect and is equivalent
to an empty statement. If exactly one of the guards evaluates to true,
then the statement prefixed by this guard is executed. Otherwise, if
more than one guard evaluates to true, then a statement with a true
guard is selected arbitrarily and executed. In our example above, where
line positions are assumed to be integers in a range of 1 through
LINE_SIZE, exactly one of the guards will always be true.

It is important to note that when more than one guard evaluates to
true, execution of a select statement is nondeterministic. This is in
sharp contrast with our other mini-languages, where a program will
always execute statements in a determined order. In Mini-language
Parallel, it is possible to write select statements with several true
guards, and to give different actions for each true guard. The precise
effect of such a select statement cannot be predicted.
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As mentioned above, a guard may contain a single receive clause.
This has the same form as a receive statement but in this context serves
the additional function of a guard. For example, consider the following
select statement:

select
when receive MESSAGE_CHAR from DECODER =>
LINE[LINE_POSITION] := MESSAGE_CHAR;
end select;

Here a statement is guarded by a receive clause. A receive clause is
said to be:

W True if there is a corresponding send statement that is
waiting for its information to be received. In this case, the
receive clause performs the function of a receive statement
and the information is transferred between the tasks. The
statement guarded by the receive clause is then executed.

® Pending if no corresponding send statement has been
issued by the task named in the receive clause and that task
is still active.

B False if the task named in the receive clause has
terminated.

Accordingly, in a select statement, the following cases can arise:

1. One or more guards evaluate to the value true. In this
case, one of the guarded statements is executed.

2. All guards evaluate to the value false. In this case,
execution of the select statement has no effect.

3. One or more of the guards is pending, and the remaining
guards evaluate to false. In this case, the select statement is
not executed immediately but must await a corresponding
send statement from one of the named tasks. When that send
statement is issued, the appropriate guarded statement is
executed. If all named tasks terminate without issuing a send
statement, the select statement is completed with no net
effect.

Thus we see that a select statement may be immediately executed, or
may be delayed until a send statement in another task is executed.



400 Chapter 15

Another form of select statement is used to specify loops. This is
the select loop statement. For example, consider the following select
loop:

select loop
when (COUNT < N) =>
COUNT := COUNT + 1;
end select;

As long as the variable COUNT remains less than N, the variable
COUNT will continue to be incremented by one. The loop will
terminate when the value of COUNT is equal to N.

Execution of a select loop is similar to that of a select statement,
except that, as long as guards remain true or contain pending receive
clauses, the alternatives in the body of the loop will continue to be
executed. In particular, execution of a select loop proceeds as follows:

m If one or more of the guards evaluate to true, one of the
corresponding guarded statements is executed, and the select
loop is executed again.

m If none of the guards evaluates to true but one or more of
the guards contains a pending receive clause, execution of the
loop is suspended. When a corresponding send statement is
issued, execution of the loop is continues. If all pending tasks
terminate before issuing a send statement, the loop is also
terminated.

m If all of the guards evaluate to false, the loop is
terminated.

Predefined Tasks

Two tasks are predefined in Mini-language Parallel. The first is a
task named INPUT_DEVICE. This task is assumed to be associated
with some input device that sends characters to a program containing a
corresponding receive clause. The second is the predefined task named
OUTPUT_DEVICE. This task corresponds to some output device that
receives lines of text containing 72 characters. Such lines of text are
represented as arrays in Mini-language Parailel.
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15.2 A FIRST SOLUTION TO THE DECODING PROBLEM

We are now in a position to present a solution to the decoding problem
described earlier. This solution is given in Example 15.1.

The program of Example 15.1 essentially consists of three tasks,
named: RECEIVE_CODES, DECODER, and PRINT_MESSAGES.

The task RECEIVE_CODES consists of a simple select loop that
continues to receive new codes from the input device and transmits
these codes to the task named DECODER. Notice that the guard in the
select loop for this task consists of a single receive clause. This receive
clause continues to wait for values to be transmitted to the target
variable NEW_CODE. Notice also that this task may be delayed if no
codes are forthcoming for a period of time.

The second task, named DECODER, consists of a simple select
loop also, again with a single guarded statement prefixed by a receive
clause. When a code is sent from the task RECEIVE_CODES, the
value of the code is analyzed and its decoded value is stored in the
integer variable named CHAR. Notice here, that in cases where the
decoding of codes is somewhat time consuming, this task may operate
more slowly than the sending task RECEIVE_CODES. If the data from
the input device cannot be delayed, some sort of buffering mechanism
will have to be added to RECEIVE_CODES.

Finally, a third task, named PRINT_MESSAGES, again consists
of a simple select loop. This loop continues to receive message
characters from the task named DECODER, fills an array named LINE
with these characters and, when a full line is given, sends the value of
LINE to the output device.

The three tasks operate quite independently, but are, of course,
synchronized through the corresponding send statements and receive
clauses. As given, the three tasks operate forever, and the program
never terminates.

15.3 PUTTING A BUFFER IN A TASK

The computation performed on a code by DECODER may not be
completed by the time the next code is received by RECEIVE_CODES.
Since RECEIVE_CODES cannot receive the next code until the
transmission of the previous one has been completed, there may be a loss
of input data. Of course, on average, the decoding process must be able to
keep pace with the reception of codes, but this may not be true over short
bursts of input activity. We would like the reception of codes and their
decoding to go on much more independently.
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program

declare CODE, NEW_CODE, CHAR, MESSAGE_CHAR,
LINE_POSITION, LINE_SIZE;
declare LINE: array;

begin
start tasks
RECEIVE_CODES:
select loop
when receive NEW_CODE from INPUT_DEVICE =>
send NEW_CODE to DECODER;
end select;

DECODER:
select loop
when receive CODE from RECEIVE_CODES =>
— statements for decoding the value of CODE
— and producing the decoded value in CHAR

send CHAR to PRINT_MESSAGES;
end select;

PRINT_MESSAGES:
LINE_POSITION := 1;
LINE_SIZE 12;
select loop
when receive MESSAGE_CHAR from DECODER =>
LINE[LINE_POSITION] := MESSAGE_CHAR;
select
when (LINE_POSITION < LINE_SIZE) =>
LINE_POSITION = LINE_POSITION + 1;
when (LINE_POSITION = LINE_SIZE) =>
send LINE to OUTPUT_DEVICE;
LINE_POSITION := 1;
end select;
end select;

end tasks;
end;

Example 15.1 A solution to the decoding problem
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In particular, if our decoding process is slow, we would still like
RECEIVE_CODES to accept a burst of new data. For this purpose, we
can introduce a storage area for characters in the RECEIVE_CODES
task as a buffer. The design must be such that as long as the buffer is
neither full nor empty, the task is able to accept requests for both input
and output,.

To do this, the conditions that guard the alternatives must be such
that if there is room in the buffer, a new code can be accepted and, if there
are characters to be sent, a send request can be performed. Consider the
following outline:

select loop
when (COUNT < STORAGE_SIZE) =>
-- what to do if more storage space is available

when (COUNT > 0) =>
—— what to do if the storage area is not empty
end select;

Only those statements whose guarding conditions evaluate to true can be
executed. Importantly, when both guards are true, either guarded
statement can be executed. Thus we have a case of nondeterminism,
where the choice of actions is not specified by the programmer.

These points are illustrated in Example 15.2. The major change is in
the RECEIVE_CODES task where there is an array managed as a
circular buffer. That is, whenever the end of the storage area is reached, it
is continued again at the beginning. The two indexes, IN_INDEX and
OUT_INDEX, are used to denote the elements in the buffer for the next
incoming code and the next code for transmission, respectively.

To prevent the RECEIVE_CODES task from being hung up while
waiting for the completion of decoding by the DECODER task, the send
statement is not executed until a request has been received from
DECODER. The request does not have a value that is used, it is merely
used as a synchronizing signal.

15.4 INTERRUPTING A TASK

On many systems, we have hardware interrupts that are triggered by
certain events. For example, we may wish to install a stop button in our
decoding system. If no more codes are to be produced, or if for some
reason the user wants the program to terminate, the user can press the stop
button. All the tasks must then be brought to an orderly completion with
all codes printed.
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program
declare CODE, NEW_CODE, CHAR, MESSAGE_CHAR, LINE_POSITION, LINE_SIZE;
declare COUNT, IN_INDEX,OUT_INDEX, STORAGE_SIZE, REQUEST_Q,REQUEST_A;
declare LINE, STORAGE_AREA: array;

begin
start tasks
RECEIVE_CODES:
COUNT
IN_INDEX
OUT_INDEX
STORAGE_SIZE :

select loop
when (COUNT < STORAGE_SIZE)
and receive NEW_CODE from INPUT_DEVICE =>
STORAGE_AREA[IN_INDEX] := NEW_CODE;
COUNT ;= COUNT + 1,
select
when (IN_INDEX < STORAGE_SIZE) =
IN_INDEX := IN_INDEX + 1,
when (IN_INDEX = STORAGE_SIZE) =>
IN_INDEX := 1;
end select;

when (COUNT > 0)
and receive REQUEST_A from DECODER =>
send STORAGE_AREA[OUT_INDEX] to DECODER;
COUNT := COUNT - 1;
select
when (OUT_INDEX < STORAGE_SIZE) =>
OUT_INDEX := OUT_INDEX + 1;
when (OUT_INDEX = STORAGE_SIZE) =>
OUT_INDEX :=1;
end select;
end select;

DECODER:
REQUEST_Q := 1;
select loop
when (1 = 1) => - always true

send REQUEST_Q to RECEIVE_CODES;
receive CODE from RECEIVE_CODES;
-~ statements for decoding the value of CODE
— and producing the decoded value in CHAR
send CHAR to PRINT_MESSAGES;

end select;

n

500;

1
O o —

L]

Example 15.2 Putting a buffer into the receiving task
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PRINT_MESSAGES:
LINE_POSITION :
LINE_SIZE
select loop

when receive MESSAGE_CHAR from DECODER
LINE[LINE_POSITION] := MESSAGE_CHAR;
select
when (LINE_POSITION < LINE_SIZE) =>
LINE_POSITION := LINE_POSITION + 1;
when (LINE_POSITION = LINE_SIZE) =>
send LINE to OUTPUT_DEVICE;
LINE_POSITION := 1,
end select;
end select;
end tasks;
end;

1,
12;

Wow

0
v

Example 15.2 continued

Hardware interrupts can be handled in various ways. Conceptually,
we can think of the user as another task that transmits a single piece of
information, the pressing of the button. This model fits well with the way
that we view a task as executing independently except for a particular
rendezvous for the purpose of transmitting data.

Example 15.3 shows the complete solution incorporating both the
buffering described in the previous section and the provision for a stop
button. Note that if the user presses the stop button when the input
buffer is full, that is, when

(COUNT = STORAGE_SIZE)

there is the possibility that one of the input codes will be lost. It seems
that in such a situation, shutting down the system should take priority.

15.5 ISSUES IN PARALLEL PROCESSING

Parallel processing brings up a number of new issues with programming
languages. Traditionally, we are quite accustomed to the idea of a
program as a purely sequential process. After one statement is executed,
the next statement to be executed is specified precisely and in a
deterministic manner. However, with the advancement of computer
technology, systems with multiple processors and multiple devices are
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program
declare CODE, NEW_CODE, CHAR, MESSAGE_CHAR, LINE_POSITION, LINE_SIZE;
declare COUNT, IN_INDEX,OUT_INDEX, STORAGE_SIZE, REQUEST_Q,REQUEST_A;
declare STOP, STOP_CODE, STOP_FLAG, STOP_DECODING, OFF, ON;
declare LINE, STORAGE_AREA: array;

begin
OFF = 0;
ON =1

STOP_CODE := 999;
start tasks

RECEIVE_CODES:
STOP_FLAG := OFF;
COUNT =0
IN_INDEX =1
OUT_INDEX = 1
STORAGE_SIZE := 500;

select loop
when (STOP_FLAG = OFF)
and receive STOP from USER =>
STOP_FLAG := ON;
STORAGE_AREA[IN_INDEX] := STOP_CODE;
COUNT 1= COUNT + 1;
when (STOP_FLAG = OFF) and (COUNT < STORAGE_SIZE)
and receive NEW_CODE from INPUT_DEVICE =>
STORAGE_AREA[IN_INDEX] := NEW_CODE;
COUNT 1= COUNT + 1;
select
when (IN_INDEX < STORAGE_SIZE)
IN_INDEX := IN_INDEX + 1;
when (IN_INDEX = STORAGE_SIZE)
IN_INDEX := 1;
end select;
when (COUNT > 0)
and receive REQUEST_A from DECODER =>
send STORAGE_AREA[OQUT_INDEX] to DECODER;
COUNT := COUNT - 1;
select
when (OUT_INDEX < STORAGE_SIZE) =>
OUT_INDEX := QUT_INDEX + 1;
when (OUT_INDEX = STORAGE_SIZE) =>
OUT_INDEX := 1;
end select;
end select;

>

1]
v

Example 15.3 Adding a stop button to the encoding problem
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DECODER:
REQUEST_Q := 1;
STOP_DECODING := OFF;
select loop
when (STOP_DECODING = OFF) =>
send REQUEST_Q to RECEIVE_CODES;
receive CODE from RECEIVE_CODES;
select
when (CODE # STOP_CODE) =>
-- statements for decoding values of CODE
-- and producing the decoded value in CHAR
send CHAR to PRINT MESSAGES;
when (CODE = STOP_CODE) =>
STOP_DECODING := ON,
send STOP_CODE to PRINT_MESSAGES;
end select;
end select;

PRINT_MESSAGES:
LINE_POSITION := 1;
LINE_SIZE 72,
receive MESSAGE_CHAR from DECODER;
select loop
when (MESSAGE_CHAR # STOP_CODE) =>
LINE[LINE_POSITION] := MESSAGE_CHAR;
select
when (LINE_POSITION < LINE_SIZE) =>
LINE_POSITION := LINE_POSITION + 1;
when (LINE_POSITION = LINE_SIZE) =>
send LINE to OUTPUT_DEVICE;
LINE_POSITION := 1;
end select;
receive MESSAGE_CHAR from DECODER;
end select;

N

LINE[LINE_POSITION] := STOP_CODE;
send LINE to OUTPUT_DEVICE;
end tasks;
end;

Example 15.3 continued
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becoming commonplace. Effective use of these resources demands special
constructs for parallel processing.

Concurrency

The fact that different portions of the same program may be executed
concurrently can lead to a number of serious problems. These problems
arise when two or more tasks have access to the same location. In
particular, execution of one of the tasks may update a variable, while
another task may not be sure that the value of the variable has been
changed. Such a variable is generally called a shared variable.

In Mini-language Parallel, this problem is avoided by requiring that
each task be disjoint. That is, no task may mention a variable that is
updated by another task, and there are thus no shared variables. This
restriction clearly simplifies the understanding of concurrently executed
tasks. The only means of communication between two tasks is through a
rendezvous, as in Ada.

When shared variables are allowed, the construct of a critical region
is usually introduced, see [Brinch Hansen 1972). A critical region is a
portion of program text for which one or more shared variables are
referenced. These variables are protected from use by other tasks during
execution of the statements of the critical region.

Critical regions solve the problem of preventing undesired access to
shared data; however, shared variables are in a sense global variables and
entail some of their complexities. Although Mini-language Parallel was
not designed to have the scope of variables limited to tasks in which they
are declared, this could have been done. This would have ensured
disjointness without hindering communication through a rendezvous.
Critical regions do not treat the problem of task synchronization.

Synchronization

The execution of concurrent tasks is not completely independent. A
collection of tasks is executed in order to solve some problem. Often one
task must complete some computation before another task can complete
its own computation. This is the general problem of synchronization.

In Mini-language Parallel, the synchronization between tasks is
handled by corresponding send and receive statements. Before a task
can receive a data item, another task must send the data item to the
given task. Thus, even if each task is executed with a given piece of
hardware, certain tasks may be suspended during execution. The actual
rates at which tasks progress is really a matter for the underlying
implementation.
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A synchronization primitive available in some languages is the
semaphore, introduced by Dijkstra [1968b]. The name semaphore
evokes the idea of a signal used on railroads to permit or deny entry of a
train to a section of track. A semaphore is a special variable that has an
integer associated with it. We might declare a semaphore variable as:

declare S: semaphore;

The only valid operations on semaphores are P (from the Dutch
passeren meaning ‘‘to pass’’), sometimes called WAIT, and V (from the
Dutch vrijgeven meaning ‘““to release’), sometimes called SIGNAL.
The two semaphore operations allow a process to cause itself to wait for
a certain event and then to be awakened by another process when the
event occurs. P and V have the following meaning:

P(S): Wait until the value of S > O and then
subtract one from S and continue execution.

V(S): Add 1 to S. This will allow a process that is
waiting because it executed P(S) to continue.

Both P and V must be performed indivisibly. That is, there can be no
partial completion of the operation while something else takes place. On
some machines, the equivalent of these operations is implemented as a
hardware instruction.

An example of how these might be used to communicate between
tasks is shown in Example 15.4. The difficulty with semaphores is that
they are not associated with the shared variable except by a programmer
convention. The compiler is thus not able to check that the semaphore is
being used to ensure mutual exclusion of the tasks whenever the value
of the variable is changed. As a programming language mechanism they
are therefore, unreliable.

Communication

In addition to synchronizing their behavior, tasks must also be able
to exchange information. In Mini-language Parallel, synchronization of
tasks and exchange of information are inseparable. These two require-
ments are embraced by the concept of a rendezvous. During the
rendezvous, the value of an expression is passed to a target variable in
another task.

A rendezvous has several strong advantages in the writing of
concurrent programs. For one, it allows interactions between tasks to be
clearly defined and isolated. Furthermore, there is a pleasant symmetry
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program
declare COUNT; -- used to pass information between tasks
declare S: semaphore;
begin
COUNT := 0;
start tasks
SENDER:
select loop
when (1 = 1) =>
—- code to observe an event
P(S); -- prepare to change COUNT
COUNT := COUNT + 1;
V(S); —- signal that COUNT is available
end select;
RECEIVER:
select loop
when (1 = 1) =>
P(S); -- prepare to read COUNT and reset it
print COUNT;
COUNT := 0;
V(S); —— signal that COUNT is available
end select;
end tasks;
end;

Example 15.4 Use of semaphores

between send and receive statements. The symmetry helps make the
behavior of the tasks quite explicit. Most importantly, aside from a
rendezvous, we may view the operation of each task independently from
the others.

In Mini-language Parallel, the sending task must name the task to
which information is sent, and the receiving task must mention the
sending task. In certain circumstances, this symmetry may have
drawbacks. In particular, it is difficult to describe the behavior of a task
that can accept information from several other tasks, independently of
the origin of the information. In the programming language Ada, only
the sending task can name the destination to which information is sent.
From the receiver’s point of view, the information received is anony-
mous.
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Scheduling

In most applications of concurrent processing, there will be
senders and receivers of information. In particular, a request to receive
information may have been preceded by numerous requests to send the
information, presumably from different tasks. In Mini-language Parallel,
when this case arises, the requests to send information are presumed to
be processed on a first come, first served basis. This brings up the
notion of scheduling.

The problem with this method of scheduling is that a first come,
first served basis may not always be desirable. In particular, there may
be certain tasks whose urgency is far greater than that of other tasks. In
some languages, tasks can be assigned a priority, and tasks with a more
higher priority are processed first.

It is possible to express the notion of urgency entirely within Mini-
language Parallel. This can be accomplished by the suitable use of
select statements, where outer level guards can be used to handle urgent
requests and nested guards can be used to handle less urgent requests.
While this kind of solution may appear to be somewhat awkward, it
may, in fact, express the desired urgency in an appropriate manner. A
final resolution to this matter is not clear.

Deadlock

Imagine for the moment a task named TASK_A and one named
TASK_B, which contain the following statements:

start tasks
TASK_A:
receive VALUE_A from TASK_8;
send (VALUE_A + 1) to TASK_B;

TASK_B:
receive VALUE_B from TASK_A;
send (VALUE_B - 1) to TASK_A;

end tasks;

When these two tasks are initiated, they will immediately deadlock.
That is, TASK_A will await a value from TASK_B, and TASK_B will
await a value from TASK_A. Since neither value has been sent, both
receive statements will be suspended, in this case indefinitely.

The deadlock problem for concurrent tasks is as difficult to avoid
as the writing of infinite loops in a sequential language and the detection
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of deadlocks is just as difficult. Only the care of the programmer can
prevent this circumstance from happening.

Nondeterminism

In the select statement of Mini-language Parallel, more than one
guard may evaluate to true. In this case, one of the corresponding
guarded statements is executed. The choice among the guarded state-
ments whose guards evaluate to true is arbitrary. In this sense, the
execution of the select statement is nondeterministic.

This is consistent with much of concurrent processing. Frequently,
a task is used to control a mechanical device that has a timing variance
that is much larger than the machine instruction time. Thus, when an
execution of the task is repeated, it will be impossible to obtain
synchronization without using special synchronizing constructs. Pro-
grammers who are used to repeatability in the execution of simple
sequential programs find it difficult to become accustomed to the
nondeterminancy of concurrent programming.

The application of nondeterminism is not limited to concurrent
processes. An elegant solution based on nondeterminism to the problem
of providing control structures in a programming language has been
proposed in [Dijkstra 1975). There, the conditional and iterative
structures are of similar form to the select statement of Mini-language
Parallel. Indeed, its use of guarded commands comes from Dijkstra’s
work by way of Ada. In the conditional statement, one of the guards
must be true, otherwise the statement terminates abnormally. In the
iterative form, the iteration continues as long as there exists a true
guard. In both cases, if more than one guard is true, the statement
sequence to be executed is selected nondeterministically. This has the
potential of permitting certain optimizations to be effected by the
compiler while allowing the programmer to retain determinancy by
specifying that no two guards are ever true concurrently.

Concurrent processing does not necessarily imply a mechanism
with nondeterministic behavior, although such is the case in Mini-
language Parallel, the proposal by Hoare [1978], and Ada.

Comments on Parallel Processing

As with most of the topics treated in the Mini-languages, a full
discussion of all the attendant issues is difficult, and as usual, we make
no pretense of treating these areas completely.
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Two general remarks seem to be in order. Parallel processing is
important, and in many application areas it is essential.

Second, while it may seem superfluous to say, we believe strongly
that extreme care is required in the design of any linguistic facility to
handle parallel processing. When tasks operate in parallel, the potential
chaos to the average programmer is enormous. No expense should be
spared to make the facility in a programming language as clear as
possible. Any "such facility should be designed with a careful eye
towards making it one that can be programmed with ease and with
clarity.

FURTHER READING

The basis for this chapter, as mentioned earlier, to the work of Hoare [1978].
Certainly, this work deserves reading for a further examination of the issues
discussed here.

An early survey of parallel processing is presented in [Brinch Hansen
1972]. A further work {Brinch Hansen 1977] describes the actual concepts used
to define a version of Pascal that includes parallel processing.

Often, concepts are developed that later turn out to be somewhat minor
variations of concepts introduced much earlier. Such is the case with the
parallel processing facilities introduced in Mini-language Parallel. Here we have
in mind the very early work of Conway [1963], which introduces the idea of a
coroutine. It is here that the notion of a rendezvous is introduced.

The application of guarded commands to sequential programming lan-
guages is described in [Dijkstra 1975].

EXERCISES

Exercise 15.1 Terminology for Parallel Processing

In a difficult area like parallel processing, it is all the more
important to define the terminology precisely. Write a one to four
sentence definition of each of the following terms:

Task Critical Region
Synchronization Deadlock
Rendezvous Delay

Guard Semaphore
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Exercise 15.2 Programming in Mini-language Parallel

Modify the program in Example 15.3 so that there are two
separate RECEIVE_CODES tasks, named RECEIVE_CODES_A and
RECEIVE_CODES_B, which obtain data from different sources, and
feed their buffered input to DECODER. Each one of them is able to
receive a stop signal from its own user. Receipt of a stop signal by either
task shuts down the entire program, including the other receiving task,
in an orderly manner.

Exercise 15.3 Mutual Exclusion

One method of implementing process waiting is through a loop that
repeatedly tests the condition for the termination of the wait. The body
of the loop is empty. This technique is known as busy waiting, since the
processor is executing constantly during the waiting period.

Consider the following two implementations of the P and V
semaphore operations through busy waiting. Supposing that busy
waiting is acceptable and that there are two tasks that use the constants
THIS and OTHER to distinguish them, determine whether the imple-
mentations are correct. The first is:

P(S):
S[THIS]) := true;
while (S[OTHER] = true) loop
end loop;

V(S):
S[THIS] := false;

The second is:

P(S):

S[THIS] := true;

while (S[OTHER] = true) loop
S[THIS] := false;
while (S[OTHER] = true) loop
end loop;
S[THIS] := true;

end loop;

V(S):
S[THIS) := false;

If either, or both, of these implementations is incorrect, explain.
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Exercise 15.4 Semaphores

Consider a variant of Mini-language Parallel that does not have
the send and receive mechanism defined in Section 15.1 but instead
allows the declaration of semaphore variables as described in Section
15.5. Rewrite the program in Example 15.2 using this variant of the
mini-language.

Exercise 15.5 Guarded Commands

Consider a variant of Mini-language D where the if statement and
loop statement are described by the syntax:

if

if-statement
when guard => statement...
[ when guard => statement... ]...

end if;
loop-statement = loop
when guard => statement...
[ when guard => statement... ]...
end loop;
guard ;1= condition-expression

During execution of the if statement, the statement sequence corre-
sponding to an arbitrarily chosen true guard (at least one of the guards
must be true, otherwise the program terminates abnormally) is executed.
Execution of the loop statement takes place in the same way except
that, if no guard is true, no action is performed and the loop is
terminated. Execution of the the loop statement is repeated until none of
the guards is true.

Rewrite the program in Example 5.1 using this version of Mini-
language D with guards.
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The Swamp of Complexity

A programming language is a notation and, as such, serves to record
and assist the development of human thought in a particular direction —
the formulation of processes to be carried out on a computer. For a
notation to be effective, it must have, among other properties, economy
and the ability to subordinate detail. In a programming language, by
economy we mean that a wide range of programs can be expressed
naturally using a relatively small vocabulary and simple grammatical
rules.

The ability to subordinate detail, often called abstraction, leads to
a reduction in programming complexity. The power of a language to
provide abstraction is the source of its usefulness to the programmer. It
allows the programmer to concentrate on the problem being solved
without having to worry about the very detailed stream of instructions
that must be given to the machine.

Although the mini-languages presented here are all small, they
nevertheless show complexities, for example, the dereferencing rules in
Mini-language Ref, and the intricacies of scope rules. Real program-
ming languages are many times more complex than any of the mini-
languages. It is this complexity that seriously restricts their effective-
ness as an adequate notation.
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16.1 THE FORMS OF COMPLEXITY

There are many forms that complexity takes in a language. All too
frequently, a language designer pays only token homage to simplicity,
without really making the underlying design simple. Although simplicity
may be attempted by building the language from the simplest elements,
there is no guarantee that these can be combined clearly to form a
coherent whole. In this section, we follow the general organization of
the book in examining the forms of complexity.

Complexity Due to Secale

Probably the greatest single symptom of complexity is the scale of
the language. Generally size comes through an attempt to meet the
demands of would-be users, who want to see special additions to make
their own applications easier. The two largest languages are at the
moment, and we hope that this will remain true, PL/I and Ada. In both
cases, much of their size has come about through the attempt to meet
many isolated special demands.

The design goal for PL/I was a language that would satisfy the
needs of scientific, commercial, and special purpose users. Following
the release of the initial version of the design, there started a dialogue
between the designers and the future users of the language. This
dialogue continued up to the production of the ANSI Standard for PL/I.
During this period, far more has been added than has been deleted. As a
result, using the language has been likened to “flying a plane with 7,000
buttons, switches, and handles to manipulate in the cockpit’ [Dijkstra
1972b].

Ada was designed to meet specifications produced by the Depart-
ment of Defense, see [Whitaker 1978], for a language to be used
throughout the Department and the military services. The specifications
were drawn up by taking requests for facilities from potential users of
the language. These requirements were used by its designers, who in
turn, had their own requirements to satisfy as well. Further adding to
the cacophony of advice were the many consultants and hundreds of
critics. The objective was, of course, to amalgamate all these require-
ments into a coherant whole. This process has been described as like
trying to commission a symphony for an orchestra by constructing it
from a few bars each contributed by a large number of individual
composers.

In both PL/I and Ada, the size and complexity of the languages go
to the limits of the user’s intellectual control. These languages, which
were designed by what amounts to very large committees, may be
compared to languages that were designed by individuals or small
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committees, for example, Algol 60, Algol 68, Pascal, and APL.
Although they may have other problems, they do not suffer to the same
degree from complexity due to absolute size.

A language may be small and yet suffer from complexity due to
scale. This can come about through the addition of features that are
beyond the scope of the language. Pascal was designed primarily as a
language to be used in teaching. Admittedly Pascal has achieved a
popularity beyond that for teaching, but as a pedagogic language, it is
extremely large. For example, we question the need for the proposed
complicated rules for file types [Addyman et al. 1980], record variants
(hardly an introductory topic), the rather elaborate scope rules, the goto
statement (of questionable value in a language with many one-in, one-
out structures), set types (of limited use as defined), and so forth.

Almost every programming language suffers in some way from
excessive complexity, either in size, compression of language forms, or
special cases. There are several consequences of such complexity:

@ Potential and beginning users feel threatened by the
magnitude of the language.

B Writing comprehensible tutorial documents becomes al-
most impossible. As a result, teaching the language becomes
very difficult.

8 Implementation is error prone and inefficient, with diag-
nostic messages that are difficult to interpret.

@ Language forms become overloaded so that subtle and
often treacherous distinctions must be made by the user.

m It becomes more difficult for the user to develop a simple
set of rules for using the language. Thus the number of errors
made increases.

Syntax

What is needed above all is that the high level syntax should be
simple. Consider, for example, the Pascal declaration section. Here
everything is static and there is reasonable consistency.

Each statement of the language should have a meaning that
matches its intuitive meaning for the user; that is, there should be no
nasty surprises. An example of this kind of surprise is to be found in
APL. Throughout our early mathematical education we became famil-
iary with the precedence of multiplication and division over addition
and subtraction. In APL, operator precedence runs strictly from right to
left. For example, the value of the APL expression (36 / 4 + 5) is 4,
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not 13, as we would expect from our mathematical experience. It might
well be that the APL rule is the best one and traditional mathematics is
wrong in its approach. That is beside the point — the APL expression
has a different meaning from the intuitive one of most of us.

In keeping with the idea of relying on the user’s intuitive feeling for
the meaning of the forms in the language, the use of English-like
constructs helps the English-speaking user. With reservations, we
support the direction taken by Cobol. Unfortunately, the form of Cobol
is flawed by a lack of clear structure. This makes Cobol programs
difficult to understand despite their resemblance to natural language.
Following the usage in English, Cobol uses the period to end complete
sentences. Unfortunately, the omission of a period is easy to overlook,
and this can change the meaning of a program without any warning. For
example in

IF TYPE-CODE IS EQUAL TO 'A'
PERFORM SCALE THROUGH EXIT-SCALE
ADD 1 TO TITLE-COUNT

ELSE
PERFORM TITLE-PRINT
MOVE 1 TO TITLE-COUNT

MOVE BLANK TO TYPE-CODE.

the indentation is misleading. The absence of a period at the end of the
next-to-last line includes the final line as part of the else clause.
BLANK is only moved to TYPE-CODE if TYPE-CODE is not 'A' .

Finally, the syntax should be uniform in its use of constructs. That
is, the form of a particular construct should be independent of the
context of its use. Consider the punctuation in the two Fortran
statements:

READ (5) A, B, C, D
GO TO K, (10, 20, 30, 40)

In one case there is a comma, in the other none. In one case, the list is
in parentheses, in the other, the single item.

Semantics
Probably the greatest contribution to semantic complexity comes

from side-effects. In various places in this book we have shown how
side-effects can lead to loss of clarity. A classic case is a function
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subprogram that can change the values of its arguments or of global
variables in addition to reurning a value to the invoker. This can lead to
programs that are almost impossible to understand. Indeed, their precise
meaning can depend upon some quirks of a particular implementation
rather than a designed feature of the language.

Functions, although the most commonly mentioned, are not the
only sources of side-effects in programming languages. In Example 4.2
we saw how the assignment

REF_INT_C := IN_T_B;
can affect the outcome of the assignment
INT_A := REF_REF_INT_E;

even though the two statements do not explicitly reference any common
variables. A similar situation arises with lists in Section 13.2. Side-
effects are the root of the problems with aliasing.

However, it is important to remember that side-effects are really
endemic to procedural languages since they depend on the side-effect of
changing the computer store in an assignment. This is the basic
principle of programs that is descended directly from the original von
Neumann design of a computer. Functional languages like Mini-
language Apply have no side-effects. Indeed, some contend, particularly
[Backus 1978], that the continued reliance on the von Neumann model
of computation has limited the proper development of funtional lan-
guages, which are conceptually much simplier.

Control Struetures

In Chapter 9, we examine the question of the kinds of control
statements that should be available in a programming language. Our
conclusion is that the matter reduced to a balance of complexity. On the
one hand, a possible reduction of programming effort may be obtained
by adding higher level control structures such as exit and cycle; on the
other an increased complexity of the language is caused by additional
statements.

We believe that the case for these higher level control structures
has yet to be proven. This is not, by any means, a universally held
belief. The disigners of the language Bliss felt that each specific control
environment required its own escape mechanism. Each escape scheme
causes control to leave a specific control environment. This seems to us
to be an excessive burden of complexity for a single semantic pattern.
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Types

One of the problems with the term type is that it tends to be over-
used. PL/I has subsumed the notion of type into the more general one of
attribute, which includes the ideas of scope and storage management.
Our concept of type is limited to the specification of the set of values
that may be taken by an object and the class of operations that
manipulate the objects.

In languages where the choice of type is limited to those fixed in
the language initially, the concept remains fairly simple except for the
question of conversion from one type to another. Where there are many
built-in types, the number of possible conversions is large. Most of these
occur between various forms of numeric representation.

A great deal of complexity is added to a language by the many
possible conversions, especially if they can occur implicitly, as in PL/I.
The addition of the attribute complex doubled the number of potential
conversions without adding and adequate return on this investment in
complication. By requiring that conversions be mentioned explicitly,
some of the complexity is reduced. However there remains an inescapa-
ble residue of complexity due to the variety of numeric representations
that are forced on the language designer by the realities of hardware.
This is really due to the mapping of the real world’s infinite domain of
numbers onto the computer’s finite one.

Composite data types bring complexities of their own. First, there
is the question of operations on composite values. Even such an
apparently simple operation as assignment can be anything but simple.
For arrays, questions of bounds arise, and for records, there are such
fundamental issues as how much alike must two records have to be in
order to be assignable. If the question of variant records is added, the
problem becomes even more difficult. Indeed, the inclusion of variant
records of the form described in Section 6.5 adds considerable complex-
ity to the language.

An interesting example of the question of balance between
complexity and utility is that of character strings. As discussed in
Chapter 6, there are two fundamentally different views of character
strings: either as an array of the primitive type character, or as a
primitive type in their own right. Making them a part of the already
existing array construct would seem at first to be a simplification.
However, the need to handle varying length character strings either
requires flexible array bounds, an added complication of both the
language and the implementation, or puts considerable extra detail into
programs, which degrades the utility of the language. On balance, the
provision of the character string as a primitive type certainly seems to
provide the simpler solution.
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Procedures and Parameters

Procedures provide a form of packaging. They simplify programs
by allowing details that are not germane at the level of the caller to be
replaced by a call statement. The argument-parameter correspondences
provides generality so that a single procedure can be used in a variety of
contexts.

In order that the full effects of this simplification can be realized,
the interface between the caller and the subroutine must be kept as
simple as possible. That is to say, the boundary around the procedure
should have only one passage for data, the argument-parameter trans-
mission. Any others, such as the use of globals, necessarily weaken the
integrity of the structure and reduce its effectiveness as an abstraction.

As discussed in Chapter 7, there are many ways in which the
argument-parameter transmission can be defined. Again, simplicity is
the criterion. Passing by reference is certainly the simplest; however
great care is required to avoid the complexities of aliasing.

While procedures act as statements, functions act as expressions.
If clarity is to be preserved, functions must not have side-effects as this
inevitably brings questions of order of evaluation and a host of rules that
hinder more than they help.

Mini-language Apply is a pure function language where there is no
possibility of side-effects. When this principle is used in procedural
languages, some questions arise. If a function can have no side-effects,
then it can cause no change of state, and therefore input-output
transmission cannot be permitted. It is not clear at this stage how this
question can be resolved. Lisp originally started as a pure applicative
language, but later versions included the use of global variables. It is not
obvious that this added complexity was exchanged for a corresponding
simplification in programming.

Scope

The original intent of scope rules was to allow localization of
names and to permit the reuse of names from in other contexts. Thus the
rules of scope define the set of names that may be used at a given point
in a program. From the relatively simple concept of block structure
many more complicated schemes have been developed, each ramifica-
tion being rationalized as rectifying some previous deficiency. Each
ramification has also added its quota of complexity. Ada provides an
example of how scope rules can become greatly complicated, as is
attested by the fact that the reference manual devotes an entire chapter
to the subject.
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The entire issue of scope itself needs to be questioned. Fortran has
seldom been criticized on scope grounds, yet the scope rules are simple.
Although COMMON variables complicate matters, the underlying idea
is simple — nesting is not allowed and everything is local. The Cobol
model is also simple, but just the opposite — everything is global.

Input and Qutput

Generally, the area of input and output has been one of the most
complex features of programming languages. While some of the com-
plexity is due to the nature of the problem being solved, much is due to
the way in which the approach has evolved. Solutions have tended to be
ad hoc without a proper high level treatment.

Exceptions and Parallelism

At this state in the development of programming languages,
progress in these areas has only occurred recently. Thus, while the
earlier attempts at the problem, fork, join, and semaphores for example,
had much complexity, there seems to be good progress in the direction
of simplification.

16.2 ESCAPING FROM THE SWAMP

A discussion of the languages PL/I, Ada, and Algol 68 is instructive.
One of the design goals of Algol 68 was minimization of the number of
independent primitive concepts. Power and breadth was obtained by
combining these concepts uniformly. A construct that can be used in
one context can be used in any other context where there is no semantic
ambiguity. Since the primitive concepts are independent, duplication of
function is avoided. Both PL/I and Ada lack this uniformity. Although
PL/I allows user defined functions as objects that can be assigned, the
built-in functions cannot be used in this way. Ada has task types, but no
objects or operations that belong to this type.

The mechanism for defining new types and operators allows a
language to be extended to suit a particular application. In Algol 68 this
mechanism has been used to keep the core of the language very small.
All the operators and some types like complex numbers are defined
through this mechanism in a standard prologue. Conceptually, an
implementation of Algol 68 could be realized with a relatively simple
compiler for the core language and processing the text of the standard
prologue before each source program. This would not be an efficient
method from the point of view of the user.
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Much of PL/I’s size is due to its attempt to cater, without the
benefit of extensibility, to a large community of users. Ada, on the other
hand, has been able to take advantage of the technology of extensibility.
However the basis for the extension is a very large language in its own
right; many times larger than the core of Algol 68. The core of Ada was
designed to economize on concepts and yet meets its many require-
ments. As a result, many of its elegant features, for example, the type
model, packages, and one-in, one-out control structures, are obscured.

While the design of Algol 68 is elegant in its basis, its external
appearance is not. The definition of the language is forbidding with
much new terminology for old concepts. The syntax seems often to have
been designed to save keystrokes rather than to promote readability, and
the same symbol often serves many purposes, depending on the context.

Nevertheless, the message seems clear. The way to escape the
dangers of complexity and yet provide a powerful programming lan-
guage must be based on:

® a minimum of independent concepts combined in a
uniform manner,

B a comprehensive definition mechanism to provide the
breadth.

B a small core language on which the extensions are based.

8 a syntax that is chosen for its readability.

The problems that must be solved by today’s languages are not
simple. It is important that the programmer’s task not be compounded

by an additional layer of complexity from the very tool that is being
used to solve the problem.

EXERCISES

Note:  All of the following exercises are difficult, and could be used for
term projects.

Exercise 16.1 Implementing a Mini-language

Language implementations are a popular exercise, and for good
reason. By the time you are done, you will have a much deeper
knowledge of the language and an appreciation of the difficulty of what
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first appears to be an easy task. The difficulty of the task is most
evident by the many implementations that are never finished.

Your task is to implement one of the mini-languages. Obviously,
some are more difficult than others. Mini-language Core is probably a
good representative language. Mini-language Typedef is quite difficult,
and Mini-language Parallel even more so.

There are many characteristics of a good implementation:

1. Completeness. The implementation should adhere exact-
ly to the definition.

2. Correctness. All difficult cases should be tested. Bound-
ary cases (for example, a program with no variables or with
arithmetic over large numbers) should also be tested.

3. Response to Errors. This area is always difficult. The
implementation should try to give good feedback to a user
who makes an error. If a program contains many errors, the
implementation should not get completely lost, but should try
to recover and go on.

4. Human Engineering. The listings provided for the user
should be clean and readable. Printing all kinds of diagnostic
information may be a poor idea.

5. Documentation. The implementation, test cases, sum-
mary of its behavior, and performance data should be
presented clearly and crisply.

A common complaint in many efforts of this sort is low quality work
resulting from an overly optimistic and ambitious effort. Another
complaint is a lack of concern for the user [see Ledgard et al. 1981]. So
don’t be afraid to limit the scope of the task. Put your emphasis on the
quality of the result.

Exercise 16.2 Error Assistance

The possibilities for errors in programs are endless. Often the
manual is of little help.

Your task here is to provide a document to be used with one of the
mini-languages, your choice. The document is intended to provide as
much help as possible to a programmer who has made an error. The
following points are important.
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1. Coverage. You should attempt to cover all possible errors
in both syntax and semantics. The errors will range from
simple spelling or punctuation mistakes, to input-output
errors, to various ways in which a program will give rise to
an infinite loop.

2. Examples. You should give examples of each kind cf
error. The examples should be short and to the point.

3. Organization. The organization of the document should
allow the programmer with a specific error to get help
without wading through each case.

A good place to start this exercise is with a written list of all
conceivable cases that could arise. For Mini-language Core, a good
document will probably require twenty or more pages.

As samples of such errors, a programmer might write

Al := Al + 1;
instead of
Al := A2 + 1;

or might input three values in the wrong order, or might forget to test for
a case that leads to division by 0.

Exercise 16.3 Designing a Mini-language

The teaching of widely-used programming languages is in part
difficult because of the larger scale and complexity of the language. One
technique to alleviate this problem is to teach only a small (but useful)
fragment of the language first. Such a fragment would need its own
documentation and its own examples. It would become a “mini-
language” in the same sense as those of previous chapters.

Your task is to choose a language you know well, and from it
prepare a mini-language subset that would be suitable for teaching. The
result of your effort will be a document describing the mini-language.
Your mini-language must be small. It should be useful enough that it
could be used for several weeks of teaching.
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Exercise 16.4 Literature Review

Almost any topic in this text is treated, directly or indirectly, by
articles in the literature. Subjects like semantics, control structures, or
parallelism are heavily treated, while topics like human engineering or
scale have been given less attention.

Choose a topic taken from the index of this text and attempt to
find at least ten works relevant to the subject. Prepare a report on the
topic. The report should discuss the relevance of the topic, debatable
concerns, unresolved issues, ramifications in existing languages, and
questions of scale and complexity. Your report should clearly state at
least one conclusion of your own.

Exercise 16.5 Language Critique

When a new book is published, it is common to see book reviews
commenting on its significance, its weakness, its bias, and so forth.

Your task here is to do the same for a programming language that
is unfamiliar to you. In particular, you are to prepare a twenty to thirty
page report treating the major issues in its design. You may wish to
discuss:

The justification for the language
The clarity of syntax

The documentation

Areas in need of more work
Constructs that are difficult to use
Human engineering of the effort
Features that could be deleted.

Nouvnsawd -

Ada and Algol 68 are two good general choices. If you wish to try
something different, pick a special-purpose language like Snobol or Apt.
If you are not familiar with some of the older classics, try Basic or
Fortran.

Exercise 16.6 Detailed Paper Review
Developing a critical perspective of papers in the literature is

certainly a strong asset. Each of the following papers is in some way
important to the study of programming languages.
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[Backus 1978] [(Hoare 1973]

[Beech 1970] [Knuth 1974]

[Bliss 1971] [Ledgard 1977]
[Gannon and Horning 1975] [Liskov and Zilles 1974]
[Haberman 1973} [Tannenbaum 1976]

Your task is to select one of these papers and to provide a detailed
technical review (10 or 15 pages). Your review should summarize the
work, point out its strengths and weaknesses, its clarity, and any other
aspect you wish.
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