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Figure 11.12. A DAG for the block {V +--- A*B, T +--- A+ C", C' +--- B*D, X +--- V+ C', Z +--­

T-C', C +--- V+C'}.

11.4.9. DAG Evaluation

Let us assume binary operations only in the following discussion, for the
sake of simplicity. (This restriction is not hard to remove.) Also let us assume
that a multiregister machine as defined in section 11.3 is to be used for
evaluation of a DAG. This machine, it will be recalled, has LOAD and
STaR operations between a memory location and a register, and binary
operations between two registers or between a register and memory, the
result going to a register.

We would like an algorithm that, given any DAG, will generate optimal
code. Unfortunately, such an optimization is a large combinatorial prob­
lem-the computational complexity of any optimal algorithm increases
exponentially with the number of nodes (Abo [1977]). Even simpler target
machines, e.g., machines with one register or with an unlimited number of
registers, have no optimal algorithm of less than exponential complexity.

However, there are several heuristic algorithms for single and multiregister
machines; these algorithms are reviewed in Abo [1977]. Let us examine one
of them in some detail, suggested by Waite [1974b], called the top-down
greedy (TDG) algorithm.

The TDG algorithm builds a list L of internal nodes. This list, when used
in reverse, will yield a reasonably good node evaluation sequence for a
multiregister machine of the class described in section 11.3, containing NR
registers.
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procedure TDGP(N, K: integer);
{N is a DAG node, K is the number of

available registers}
if (K ::; 1) and (N is an internal node

~l of vvhose parents
are on the list L) then

begin
Add (N) to list L;
TDGP(LEFTCHILD(N),K-1)
TDGP(RIGHTCHILD(N),K);

end;

{Novv the main program}

vvhile (not all internal nodes are
on the list L) do

(select art internal node N, all of
vvhose p~rents are on L, and
perform TDGP(N, NR));

The TDG algorithm begins by selecting some root node of the DAG (no
parents). Then TDGP vvill place it on the list L. TDGP vvill then pursue the
left branches of its current node, adding them to the list until some node is
found vvith a parent not on the list, or until no more registers are available. It
then pursues the right branches in the same vvay.

The selection ofa node could be influenced by some additional tests. Given
a set of possible nodes (i.e., none are on the list and all have no ancestors),
choose a node n vvhose left descendant n' is such that n is the only ancestor of
n' not on the list. If there is more than one such n, look at the left descendants
of n', etc. This strategy vvill yield a sequence of DAG nodes that tend to be
linked together; the number of temporary memory references vvill thereby be
minimized to the extent possible under such a simple approach.

Example

Consider a machine vvith NR=2 (tvvo registers) and the DAG of figure
11.13, vvith input variables A, B, C, D and output variables X and Y.

TDG yields the list

7, 5, 6, 3, 4, 1, 2

We then use this list in reverse, along vvith a reasonable register allocation
scheme{one is described later), to obtain the code sequence given belovv. The
follovving table indicates the node or variable currently in one of the tvvo
registers {R1, R2}.
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Figure 11.13. An example DAG (see text).

contents of
RI R2

RI ~ A A
R2 ~ RI+C n2

RI ~ RI*B n1

TI ~ RI {temporary}
RI ~ RI*R2 n4

X ~ RI
RI ~ B B
RI ~ RI*D n3

R2 ~ R2-R3 n6

T6 ~ R2 {temporary}
R.2 ~ TI n1

RI ~ R2+RI ns
RI ~ RI+T6 n7
y ~ RI

Exercises

1. Construct a DAG for the block
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X := A*(B +C);
Y := (B+C)jA;
X:= X-A;
B := XjY;
Y := A+B+C;

X and Yare the output variables; A, B, and C are input variables.

2. Show that a TDG list for the DAG of figure 11.12 is:

5,2,4, 1,3

Develop a code sequence for the list of exercise 2, for NR = 2. Can you
find a shorter sequence for some other list?

4. Let the reverse of a TDG list be np n2, ••• , nr , and let the nodes be
evaluated in that order. Show that when any node N is to be evaluated,
all of its children (if any) have been previously evaluated.

11.4.10. Register Assignment and Code Generation

Suppos~ that we are given an ordering of the internal nodes such as that
provided by the reverse of the list generated by TDG. We may then assign
registers and emit code by a heuristic algorithm similar to the following.

1. We maintain a list of assignments of registers to nodes. A register R is
assigned to a node N if, at that point in the code sequence, node N's value is
carried by register R. Initially, no register is assigned to any node. A register
is said to be available if it is not assigned to a node. We also assign a level
number to each node in the DAG; initially, this will be the number of parents
of the node. As operations are coded, the level numbers will be reduced to o.

2. Then the following procedure EMITNODE is executed for each node
N on the node list generated by TDG or some other algorithm:

procedure EMITNODE(N);
{N is a DAG node, all of whose

children have been evaluated}
begin

if (LEFTCHILD(N) value is held in register R) then
begin

if LEVEL(LEFTCHILD(N» = 1 then
begin {a level of I means that after this use, the

left child's register will be available}
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EMITOP(OP(N),R,VALUE(RIGHTCHILD(N)),R);
{the right child mayor may not be in a register;

either instruction form may be emitted}
ASSIGN(R,N) {assign R to node N}

end
else

begin {left child will be needed after this operation}
var b': integer; {declare a temporary}
R' := ALLOCATE; {get a register; it could be R}
EMITOP(OP(N),R,RIGHTCHILD(N),R');
ASSIGN(R',N)

end
end

else
begin {left child is not in a register}

var R: integer;
R := ALLOCATE; {allocate a register}
EMITLOAD(VALUE(LEFTCHILD(N)), R);

{load leftchild in register R}
ASSIGN(R,LEFTCHILD(N));
EMITN0 DE(N); {try again; left child is now in

a register}
return {cleanup was done on previous call}

end;
{begin some cleanup for node N}
if (N carries an output variable X) then

EMITSTOR(X, REGISTER(N)); {emit a store
to X from the register assigned to N}

DECRLEVEL(N) {adjust levels and release registers}
end;
procedure DECRLEVEL(N: integer);
begin

{this decrements the level numbers of the
children of node N. If the level of N or any of
its children is then 0, the corresponding registers
are released}

var NLC, NRC: integer; {temporary node numbers}

NLC: =LEFTCHILD(N);
NRC: =RIGHTCHILD(N);
LEVEL(NLC): =LEVEL(NLC) - 1;
LEVEL(NRC): = LEVEL(NRC) -1;
if LEVEL(NLC)=°then RELEASE(NLC);

{if a register or temporary is not assigned to node N,



586 Compiler Construction: Theory and Practice

RELEASE(N) does nothing; otherwise it makes
the register or temporary assigned to N available}

if LEVEL(NRC) =0 then RELEASE(NRC);
if LEVEL(N)=0 then RELEASE(N)

end;

procedure ALLOCATE: integer;
begin {allocates a register, returning its number}

if (any register R is available) then return(R)
else

begin
var T: integer;
T: =ALLOCATETEMP; {allocate temporary mem­

ory cell}
if (any register R is assigned to a node N such

that N is not a left descendant of any of
its ancestors) then

EMITSTOR(R, T) {save R in cell T}
else

begin {no reasonable basis for choice}
Choose any register R assigned to a node N;
EMITSTOR(R, T) {save R in cell T}

end;
ASSIGN(T,N); {temporary T assigned to node N}
return(R)

end
end

These procedures exploit several possibilities that can arise. If a register is
needed and one is available, then it is used. Ifa register is needed and none are
available, then we look for one assigned to a node that is only a right
descendant of its ancestors; such a node can later be accessed directly through
its temporary memory cell and need not be allocated a register. Barring these
possibilities, there is probably no good basis for a register choice.

The register allocator is responsible for saving the present contents of an
assigned register; that value will be needed later, since the register cannot be
assigned to a node at the end of an EMITNODE call if the level of the nod~

has fallen to zero.

Exercises

1. Generate a code sequence for the DAGs of Figs. 11.12 and 11.13 using
TDG and EMITNODE.

2. Show that EMITNODE emits correct code for a DAG, given a node
list. with the evaluation order property that a node is selected for
evaluation only if each of its children has been evaluated.
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3. Discuss extensions to TDG and EMITNODE for n-ary operators, e.g.,
a function call, a MAX operator, etc. Can an n-ary operator be
transformed into a sequence of binary operators?

4. Devise data structures for a block, a DAG, and whatever else is needed
to implement a code generation system. Write Pascal procedures that
emit code for a given block, expressed as a sequence of binary
assignment operations.

5. Arbitrary choices are possible in both ALLOCATE and TDG. Where?
Suppose, as an optimizing strategy, that these choices are made through
a backtracking, nondeterministic machine. We can then generate all
possible equivalent code sequences and choose the shortest one. Show
that such a system must halt in finite time. Is this computationally
feasible? How would the number of operations vary with the size of the
DAG? (A measure of the size of a DAG might be the number of nodes).

11.5. Data Flow Analysis

In considering optimization of blocks, we need information regarding the
definition and use ofdata items that cannot be found by an examination of the
block alone. For example, we cannot distinguish output and temporary data
items; we need to know whether any reference to some data item wi11lie in a
control path leading from the block, uninterrupted by another definition. In
short, we cannot determine the domain of the block variables by information
in the block alone.

If we had a complete data flow analysis of a program, we could provide, in
addition to block optimization, some useful tests and other optimizations as
follows:

1. A sneak path, along which a reference to some data item is not preceded
by a definition, can be detected. The programmer should be made aware
of such paths, although the logic of the program may be such that the
path can never be completely followed to the reference point.

2. Redundant or useless code can be detected. A· redundant assignment
statement is one that is followed eventually by an identical one. A
useless assignment is one for which no subsequent reference exists.

3. Redundant or useless variables can often be detected. A redundant
variable is one for which another variable always carries the same value.
A useless variable is one for which only definitions and no references
exist. A redundant variable can only be detected under certain
circumstances; in general, it is not possible to determine from a static
analysis of a program whether two variables carry identical values.
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4. Register allocations might be carried from one block into others, or
through a block, if it appears that some code savings might result.

5. Loop invariant variables can often be identified.

Data flow analysis is based upon a control flow graph. Given a program, its
flow graph G consists of a connected, directed graph (not necessarily acyclic)
having a single entry node 110. Graph G consists of a set of nodes N = {np n2,

... , nm }, representing blocks of instructions, and a set of edges E, connecting
pairs of nodes, that represent the branching paths between blocks.

Each block has one entry and one exit point and consists of the largest
sequence of program steps that can be so formed. A block might also consist
ofthe instructions of a set of blocks connected together in such a manner as to
contain only one entry and one exit point; we call such a block an extended
block.

The detailed nature of a branch decision is ignored in data flow analysis, as
are the details of the calculations within a block. The only information of
interest is (1) the possible branches, (2) the definitions of data items, and (3)
the uses of data items. It is entirely possible that the branching decisions in a
program are such that some paths can never be followed during execution;
however, for our purposes, we must assume that any directed path can be
followed during execution.

11.5.1. Definitions

A definition of a data item R is some statement that assigns a value to R,
replacing a previous assignment. A use of R is some statement that requires
the current value of R in a computation.

A locally available definition of a data item R in a block Bi is the last
definition of R appearing in that block. We denote the set of available
definitions for block Bi by DBi .

Any definition of an item R is said to kill all definitions of R that can reach
the block containing the definition. Any definition of a data item R that can
reach a block are preserved by the block if R is not defined in the block. The
set of all definitions in the program that are preserved in block Bi will be
denoted PBi .

A definition d in a block B1 is said to reach block B2 if both of these
conditions hold:

1. Definition d is locally available from Bp

2. Definition d is preserved on some directed path P from B1 to B2(but not
necessarily on all paths.) Path.P may be null.

The notion ofreaching is essentially that the value ofa data item X assigned
in block B1 can somehow get through to B2, without an intervening
redefinition of X. The set of definitions that reach a block Bi will be denoted
~.
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A definition in a block B is said to be available at block B' if it is locally
available in :a and can reach B'. We denote the set of available definitions at a
block Bi by Ai'

A locally exposed use of a data item X in a block B is a use of X in B that is
not preceded in the block by a definition of X. A variable with a locally
exposed use in block B is an input variable of B.

A use of a data item X is upwards exposed in block B if it either is locally
exposed in B, or if there exists a path through B and to some other block B'
u~at does not contain a definition of X, and such that X is locally exposed in
B'. Here the notion is that some use of X in block B' can be the terminus of
some path running through a number of blocks, including a block B; that use
is then upwards exposed at B. The set of upwards exposed uses of a block Bi
will be expressed as a set Vi. Note that this set contains uses that appear in
block B and elsewhere in the program.
~ definition d is active or live at block Bi if d reaches Bi (i.e., d € Ri) and

there is an upwards exposed use at Biofthe data item defined by d. The set of
live definitions at block Biwill be denoted Li. Clearly,

Li=RinVi

The set intersection of Ri and Vi corresponds to the two requirements that
there be an upwards exposed use and that definition d reach block Bi.

Examples.

Consider the following block:

K:=3; {l}
J:=3*K; {2}
N:=J-2; {3}
J:=3*N; {4}
N:=J+6; {5}

The locally available definitions out of this block are those for J, K, and N,
lines 1,4, and 5. The definitions in lines 2 and 3 are killed by the subsequent
lines 4 and 5.

There are no locally exposed uses for this block; these uses would be input
variables, and there are none. If the first statement were

K:=J+N;

instead, then these uses of J and N would be locally exposed.
Now consider the following block:

K:= 17; { I}
J:=M+3; {2}
K:=J-M; {3}
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A definition of M preceding this block IS preserved by the block; there are
no definitions of M in it. If the program contains definitions for variables {A,
B, J, K, M}, then this block also preserves any definitions for A and B, but not
for Jand K.

Consider figure 11.14. A definition d (the assignment statement K: =17)
appears in block B}. There are no subsequent definitions of data item K iIi
blocks B} or B2 • We then say that definition d reaches block B3; whether it is
killed in block B3 is 'immateriaL There 'may also be other paths from B} to B3

along which definition d is killed; we only need one along which the definition
is preserved for d to reach B3• Block B} may also bethe same as block B3; we
then have a loop through which a definition in block B} can reach its own
block.

The definition d in block B} in figure 11.14 is locally available in B} and is
available in blocks B2 and B3•

Consider figure 1L15. A use u of K appears in block B3, through the
statement M: =K +3. If no definition of K appears prior to u in block B3 or
anywhere in blocks B} and B2, then use u is upwards exposed in all three of
these blocks.

Next, consider figure 11.16. We have a definition d of data item K in block
Bl' with no subsequent definition in Bl' B2, B3, or B4 • A use of K appears in
B4 • We then say that dis live in blocks B2, B3, and B4 • d has clearly reached
each of these blocks, and an upwards exposed use of K exists in each of them.
Again, the existence ofother paths or of definitions in other blocks not shown
in the figure is immateriaL

Finally, consider figure 11.17. We have several blocks, containing three
definitions and two uses of a variable X. All the control flow paths are shown.
We denote a definition of a data item X in a block i by Xi' Sets R j and L j for a
block j will consist ofdefinitions. Set V j for block j will consist of the one data
item X or be empty.

For example, consider block 3. Only the definition X2 can reach this block;
the definitions in blocks 6 and 7 cannot. Hence R3 consists of X2 • Set U 3

contains X, since a use of X appears in block 3 not preceded by a definition.
Finally, definition X2 is live in block 3; none of the other definitions are.

A complete table of reaches, upward exposed uses, and live definitions for
the graph of figure 11.17 is given below.

Block i I Live Defs. L i

1 0
2 0
3 X2
4 ~
5 X2
6 0
7 0
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·..
d: K: = 17

} No K definition
L.-_~_"""

/
L--_.,.-_~INo K definition

Definition d reaches block B3

Figure 11.14. Reach of a definition d to block 83 ,

B1

No K definition

No K definition

B3

D·. }No K definition
. M _ K 3 use of Ku. - +

Figure 11.15. Use u of K in 83 is upwards exposed in all three blocks 811 821 83 ,
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d: K: = 3 Definition of K

""'-----,~----'INo K definition

INo K definition

""'------.~----'

M: = K Use of K

Figure 11.16. Definition of K in block 81 is live in blocks 82 / 83 / 84 ,

Exercises

1. Consider the graph of figure 11.18, consisting of 7 blocks. There are
definitions of a data item X in blocks 5 and 7, and uses in blocks 2 and 4.
Determine the sets Ri , Vi' and L i for each block i, 1 ::; i ::; 7.

2. A Basic program carries a line number on each statement. If such a
program contains a computed GOTO statement of the form GO N,
where N· has been previously evaluated and must evaluate to a line
number during program execution, is it possible to construct a data flow
graph for the program? What form would it have?Similarly, consider a
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Fortran program with a computed GOTO, but such that only some of
the statements carry line numbers.

3. Construct a flow graph for the statements of the following program and
construct the sets R, U, and L:

for G= 1 until NOOFGRAPHS -1 do
begin

if G>l then
begin

for 1=FIRSTEDGE(G) until LASTEDGE(G) do
begin

1

2

x = ••• Definition

3 4

... = X Use

6 5

X = ... Definition .. -= X Use

7

X = ••• Definition

Figure 11.17. A complete flow graph with some definitions and uses of variable X.
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Figure 11.18. An example graph-see exercise 1.

PB(I) := P(CORRESEDGE(I));
DB(I) := REACH(CORRESHEAD(FROM(I)))

and PB(I)
or D(CORRESEDGE(I));

end;
for I:=FIRSTNODE(G) until LASTNODE(G) do
begin

UB(I): = USED(CORRESHEAD(I));
REACH(I): = REACH(CORRESHEAD(I));

end
end

end;
HEAD: =0;

(Note: There are no function calls in this program; all the subscripted
references are vector references).

11.5.2. The Basic Data Flow Analysis Method

It should be apparent that the determination ofthe various sets defined here
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can be made by first determining the local sets PB and DB for each block, then
exploring all the paths that lead into or out of each of the blocks and the
implications ofPB and DB on these paths. Unfortunately, path exploration in
a directed graph is often a computationally hard problem-the number of
operations tends to increase exponentially with the number of nodes in the
graph. It turns out that data flow analysis is not computationally hard,
provided that a graph reduction technique called interval ordering is used.
Interval ordering reduces the computational difficulty of flow analysis to one
requiring O(n log n) operations, where n is the number of nodes.

Let us first examine the basic method. It should be apparent that the set of
definitions that reach a block Bi is the union of the definitions available from
the nodes that are the immediate predecessors (the parents) of Bi . That is,

~=UAp

where the Ap are the available definitions of the blocks Bpthat are the parents
of block Bi.

Now the set of available definitions ~ for block Bi consists of all those
locally available definitions DBi, together with all those definitions in the
program that reach Bi (namely Ri) and that are preserved in Bi. That is,

These two set equations are sufficient to determine the sets~ and~ for all
the blocks Bi through a simple algorithm called the basic reach algorithm:

Basic Reach Algorithm

The inputs are the PBi and DBi for each block Bi in the control flow graph.
The outputs are ~ and ~for each block Bi .

1. Initialize all of the ~ and ~ to the null set.

2. Perform step 3 while there is no change in any ~ or Ai'

3. Apply the following two formulas in succession to the nodes of the
graph:

where the Ap are the available definitions of the blocks Bpthat are the
parents of block Bi.

Kildall [1973] has shown that the information in Ai and ~ does stabilize.
However, the rate with which the sets stabilize depends critically on the order
in which the nodes of the graph are examined; the process can be very time
consuming for a poor choice of node ordering.
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Note that, to be useful, we must consider a program at least as large as a
typical procedure, and build definition and preservation sets for. all its
definitions and uses. We cannot arbitrarily restrict our interest to some subset
of the program. It is therefore important to develop an efficient method of
determining these sets.

11.5.3. Intervals

Given a node h, an interval 1(h) is the maximal, single entry subgraph in
which h is the only entry node and in which all closed paths contain h. The
unique interval node h is called the interval head or simply the header node.
An interval will consist of an ordered list of nodes; the ordering will be
determined by the next algorithm, and will be important in an improved
reach algorithm.

Interval Algorithm

1. Let H be a set of header nodes. Initially, let it contain node no' the
unique entry node of the flow graph.

2. For every node h € H, fix the interval list I(h) as follows:

(a) Put h in I(h) as the first element.

(b) Add to l(h) any node all of whose immediate predecessors are already
in I(h).

(c) Repeat step 2(b) until no more nodes can be added to I(h).

3. Add to H all nodes in G that are not already in H and that are not in I(h),
but that have immediate predecessors in I(h). Clearly, a node is added to
H the first time any, but not all, of its parents become members of an
interval.

4. Select the next unprocessed node in H and repeat steps 2, 3. Ifno more
unprocessed nodes exist in H, the procedure terminates.

The end result is a list of intervals l(h1), l(h2), ••• , that represents a
partition of the nodes of the flow graph.

Example.

Figure 11.19 illustrates the partitioning of a graph into intervals. Interval
1(1) consists of only one node 1, since its successor, node 2, has more than
node 1 as a parent; there is a path from node 7 to 2 as well as from node 1, and
node 7 is not in I(1). Interval 1(2) is begun with node 2, and again consists
only of that node. (Node 3 can be reached from node 6.) Interval 1(3) is begun
with node 3, then nodes 4 and 5 can be added, then 6. Node 7 cannot be added,
since a path from node 2, not in 1(3), exists. Finally, interval 1(7) consists of
nodes 7 and 8.
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Intervals

I (1) = 1
I (2) = 2
I (~) - ~ A C; 6\' ~ -~, ,,-, I
1(4) = 7,8

Figure 11.19. Partitioning a graph into intervals.

11.5.4. Higher order intervals

The intervals just determined from the original flow graph Gl can be
expressed as another graph G2. We construct G2 from the intervals of Gl by
merging the nodes within each iJ1terva1, and discarding all edges connecting
two nodes in the same interval. We thus obtai~ a second-order interval graph.
This, too, can be reduced by interval partitio~ing to obtain a third-order, a
fourth-order, etc. interval graph.

Eventually, a graph Gi is obtaiJ.1ed by interval analysis of a graph GH that
contains the same number of noq,es as Gi. If Gicontains one node, we say
that Gi is reducible; otherwise Gi is irreducible.

An example of an irreducible graph is given in figure 11.20. Here, 1(1)
consists of 1 alone, 1(2) consists of 2 alone, etc.

It is interesting that programs that consist only of structured control
statements (if-then-e1se, while-do, for, sequential statements) are reducible.
Irreducible graphs stem from programs with GOTO statements.

An irreducible graph can be spl# by replicating one or more nodes. For
example, ifnodes 3 and 4 are duplicated in figure 11.20, we obtain a reducible
graph, figure 11.21. Splitting is lI).fre1y an analysis technique; we are not
suggesting that the program code must be duplicated. It also turns out that
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Figure 11.20. An irreducible graph.

even if a control flow graph is irreducible, the analysis that yields sets R and A
nevertheless terminates and correctly computes the sets. It will just take more
time than a reducible graph with a comparable number of nodes.

The details ofthe reach algorithm based on intervals may be found in Allen
and Cocke's paper (Allen [1976]). The general reach algorithm is in two
phases. In the first phase, two items of information are collected by working
through the interval graphs in the order Gl, G2, ... (the order in which they
were constructed) as follows:

1. The definitions defined in the interval and locally available from it.
They will become a DB set for the node representing the interval in the
next higher order graph.

2. The definitions preserved by the interval; they will become the PB sets
for the next higher order graph.

In the second phase, the graphs are worked through in the opposite order of
construction; the set of definitions reaching each node is thereby generated.

The essential property of an interval that reduces the length of the analysis
is that control that reaches any node within the interval must have passed
through the interval header. We say that the header dominates the nodes ofthe
interval for this reason. Furthermore, an interval I' that is the successor of an
interval I is such that control must pass from some node in I into the header of
I'. By considering the interval sets in their generation order, the number of
path combinations to be considered are minimized.

It is interesting that Knuth, in his empirical examination of a number of
Fortran programs (Knuth [1971]), found that over 90 percent of their control
flow graphs were reducible, which implies that a control flow analysis based
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on intervals will generally be quite efficient. An analysis of programs written
in a more structured language, such as Algol or Pascal would undoubtedly
yield an even higher percentage of reducible control flow graphs. An Algol or
Pascal program without GOTO statements would be reducible.

11.5.5. Use and Live Information

Given the upwards exposed use Vi and the definitions Ri that reach a block
Bi in a program, the live set can readily be determined. However, this set
contains only the data items that are live upon entry into a block. It is usually
more desirable to know those items that are live on each of the exit edges from
a block. For example, register allocation requires live information on exit
from a block, rather than on entrance. Rather than retain both entrance and
exit information, it is better to retain live information for edges and 'construct
the entry live data item sets as needed; the latter is the union of the former
over the entering edges.

We then need the set of definitions Ae available on each edge. Then for a
given edge e, incident into node i,

Le = Ae n Vi

The algorithm for generating the Vi sets for the graph nodes by the use of
the interval sets again requires two phases, the first in interval generation
order and the second in opposite order. The first phase can be a part of the
reach algorithm. The second phase, however, works backwards through the
nodes in each interval.

The upwards exposed uses from each interval is found in the first phase as
follows:

Figure 11.21. Splitting states 3 and 4 in the graph of figure 11.20.
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1. Prior to processing each interval h, a set Uh is created and initialized to
the upwards exposed uses in that interval.

2. For each node i in the interval (i = 2,3, ... ), Uh is updated with the
locally exposed uses UBi in i that can be preserved along some path
from h to i, which is done by forming the set

where the union is over the sets Pp; Pp is the set of data items preserved
on input edge p to node i. Its computation is part of the basic reach
algorithm.

The complete algorithms and a procedure in PL/1 may be found in Allen
[1976].

11.5.6. The Interval-Based Reach Algorithm

Inputs

1. The ordered set of graphs (Gl, G2, ... , Gn) determined by interval
analysis.

2. The intervals in each graph with their nodes given in interval process
order.

3. The definitions defined and preserved on each edge in the first order
graph. These are expressed in the DB and PB sets.

Outputs

1. A set R of the definitions that reach each node.

2. A set A of the definitions available on each edge.

Phase I
1. For each gtaphGg in the order Gl, G2, ... , Gn-l, perform steps 2 and 3

that follow:

2. If the eurtent graph is not Gl then initialize the PB and DB sets for the
edges of the graph. PH arid DB are initialized by first identifying the edge in
~-l to which each edge in Gg corresponds (these will be interval exit edges).
Then, usirlg the information generated during step 3 for Gg-l, for each edge i
in~ ~ith corresponding exit edge x from interval with head h in Gg-l, set:

(a) PBi := Px, and
(b) DBi := (Rh n Px) U Dx
3. For each exit edge of each interval in Gg, determine P, the definitions

preserVed on some path through the interval to the exit, and D, the definitions
in the interval that may be available on the exit. These definitions are found
by finding P and D for each edge in the interval as follows:
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(a) For each exit edge i of the header node:

Pi := PBi

Di := DBi

(b) For each exit edge i of each node j (j = 2, 3, ...) in interval order:

Pi := (U Pp ) n PBi

Di := ({U Dp ) n PBi) U DBi

where the union over Pp and Dp is for all p input edges to node j.
While processing an interval, determine the set of definitions Rh that can

reach the interval head h, from inside the interval by

Rh := U D1

for all interval edges I which enter h. If there are none set Rh to 0.
Between phases I and II, the R vector for the single node in the n'th order

derived graph is initiated: R I = 0 or whatever set of definitions is known to
reach the program from outside.

Phase II
1. For each graph Gg in the order Gn-I, ... , G2, GI, perform the following

steps 2 and 3.

2. For each node i in Gg+I form Rh : = Rh URi' where h is the head of the
interval in Gg which i represents in Gg+I.

3. For each interval process the nodes in interval order determining the
definitions reaching each node and available on each node exit edge as
follows:

(a) For each exit edge i of the header node h

Ai := (Rh n PBi) U DBi

(b) For each node j (j =2,3, ...) in interval order first form

Rj : = U Ap , for all input edges p to j

then for each· exit edge i of j form

Ai := (Rj n PBi) U DBi

Exercise

Consider the graph GI and its higher order interval graphs shown in
figure 11.22. There are two variables, X and Y, and three definitions Xl'
X 4, and Y3•
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Figure 11.22. A graph and its higher-order intervals.

(a) Show that figure 11.23 expresses DB and PB for the graphs.

(b) Show that figure 11.24 expresses the reach and availability sets Rand
A after the second phase of the reach algorithm.

Edge DB PB
G1 1-2 X1 X4 Y3

2-3 0 X1 X4Y3
2-4 0 X1 X4 Y3
3-e1 Y3 X1 X4
4-2 X4 X1 Y3
4-e2 X4 X1 Y3

G2 1-5 X1 X4 Y3
5-e1 X4 Y3 X1 X4
5-e2 X4 Y3

G3 6-e1 X1 X4 Y3 0

6-e2 X1 X4 Y3

Figure 11.23. DB and PB for the graph of figu re 11.22.
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Node Reach Edge Available

G3 6 {} 6-e1 X1 X4 Y3
6-e2 X4

G2 1 {} 1-5 X1
5 X1 5-e1 X1 X4 Y3

5-e2 X4

G1 1 {} 1-2 X1
2 X1 X4 2-3 X1. X4
3 X1 X1 2-4 X1 X4
4 X1 X4 3-e1 X1 X4 Y3

4-2 X1 X4

4-e2 X1 X4

Figure 11.24. REACH and AVAILABILITY sets for the graph of figure 11.22.

11.5.7. Applications of Data Flow Information

We are now in a position to outline a number ofuseful optimizations based
on the information developed in a data flow analysis.

Useless definitions. A definition d is useless if the· value assigned to the data
variable X in d is never subsequently required by any reference. The
definition d may be removed with no effect on the program. Let d reside in a
block Bi • Now d will be useless if:

1. Definition d is live on the Bi block exit, i.e., d is in L i .

2. No upwards exposed use of d exists on exist from Bi .

Let V' be the union of the sets Le for each edge e leaving block Bi . If dis
not in V', then d is useless. Set V'is a useful set of definitions.

Uninitialized Variable Use. If a use u is upwards exposed in the "start"
block Bo' then a path from the program origin to u exists that does not contain
a definition ofthe use data variable. Clearly, a test for potentially uninitialized
variables in a program is that V o = 0. We say "potentially", because data
flow analysis does not consider the logic of program branching, and it may
happen that the path to the uninitialized variable use cannot be followed
during program execution.

Basic Block Input and Output Variables. An input variable X of a block B
is such that a use u of X appears in B, and u is upwards exposed in B. As we
have seen earlier, we do not need a data flow analysis to identify input
variables of a basic block.

An output variable X ofa basic block B must appear in B (use or definition)
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and is live on exit from B. The live set of course derives from data flow
analysis.

Loop Code Movement. Suppose that a loop is identified, as indicated in
figure 11.25. Bland B2 are some collections of code with single entries and
exits; these are not necessarily basic blocks. B3 is a basic block containing a
statement S of interest. T is a test for loop exit, and contains only uses.
Statement S has the form

x ~ () YI Y2 ••• Yr

where () is an r-ary operation, the X receives the result, and the Yi are the
operands.

It is sometimes possible to move S from B3 into block B1 without affecting
the program. If this can be done, we will have one execution of S in the
optimized program for every n executions in the original program, where n is
the number of loop iterations. Let us develop necessary and sufficient
conditions for such a code movement.

S can be moved to the bottom of B1 only ifno reachable definitions of any
of the Yi or X exist in B2, other than in S. Since block B2 is not necessarily
basic, we need the results of a data flow analysis.

s = X -- (j yl' Y2' ... Yr

Figure 11.25. Code movement of a statement 5 from block B2 to block B1 0
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Clearly, all of the uses Ui (1 ::; i ::; r) corresponding to the operands Yi in S
must be in the upwards exposed use set U20fblock B2. They must also be live
at the block B2 exit. These conditions guarantee that no loop path can change
any of the Y variables.

The definition ofX instatement S must be live at block entry B2 (therefore
also at exit of B2) and at block entry B3. This requirement clearly precludes
any other definitions of X in B2 (except in S and unreachable definitions);
such a definition would either kill the S definition at block B2 exit or at block
B3 entry.

11.6. BibliographicNotes

Nakata [1967] and Meyers [1965] developed the optimal algorithm for the
generation of code from· an expression tree; their algorithm yields the
minimum number of registers for commutative operators only. Sethi and
Ullman (Sethi [1970]) restated their algorithm, and showed that it is optimal
for noncommUtative and nonassociative operators as well as commutative
and associative-commutative operators.

The notion ofcollecting complicated nodes to the left of simple nodes for a
machine with noncommutative instructions that operate between a register
and memory can be traced to an early paper by Floyd [1961].

The discussion of blocks, block statements, and renaming is principally
drawn from Aho [1972b]. A presentation similar to ours may be found in Aho
and Ullman (Aho [1972]), chapter 11.

The data flow analysis material may be found in Allen and Cocke's paper
(Allen [1976]).

Beatty [1974] describes an algorithm that assigns registers in a highly
optimal fashion, and he considers both the local domain of a block and its
globalenvironment.,.

Bruno and Sethi (Bruno [1976]) and Aho, Johnson, and Ullman (Aho
[1977b]) show that the problem of code optimization for a general class of
single and multiregister machines, given a DAG with common subexpression
subsumption, is NP-complete, i.e., has a computational complexity that is
exponential in the size of the DAG. The significance of this result is that
optimal solutions can be demonstrated only for rather small DAGs.

Cocke and Kennedy (Cocke [1977]) has given a simple algorithm that
performs reduction of operator strength by moving certain statements out of
a FOR loop. A general discussion of loop strength reduction, identification of
induction variables, etc. is given in Aho and Ullman (Aho [1972a]), chapter
11.





CHAPTER 12

ERROR RECOVERY

12.1. Introduction

Since the source for a compiler or interpreter is generally prepared by a
person, it is likely to contain errors. The compiler must therefore have a
reasonable mechanism for dealing with errors. A set of objectives of a
satisfactory error recovery system are

1. Report the error, indicating its location.

2. Diagnose the error, as an aid to its correction.

3. Recover from the error such that subsequent errors are detected and
spurious error reports are not generated.

We shall see that these objectives can be approached, but not completely
met. Objective (1) can always be met, provided that the error has not been
masked by the recovery from a preceding error. Objectives (2) and (3) are
rather difficult to meet. Effective diagnosis of syntax errors is difficult, and
most error recovery systems tend to generate spurious error reports after
recovery from some error.

The correction of an error, such that the corrected program will execute the
programmer's intended algorithm correctly, is not feasiple with the com­
monly used programming languages. It would only be feasible if the
program's algorithm were to be expressed in two different, but equivalent
ways. With only one statement of the algorithm, and that statement
erroneous, a compiler can only patch over the error sufficiently well that it can
continue to parse the remaining portion of the program.

The compiler cannot in general determine the error made oy the
programmer; it sees only an error symptom, some condition reached during
the parsing process such that the parse cannot continue. An error mayor may
not immediately produce an error symptom; however, every error symptom
is the result of some error. For example, the following Fortran statement
contains one too many left parentheses:

A = B * (C - (D*F)

t

607
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The error symptom is a missing right parenthesis, detected at the end of the
line, as indicated by the arrow t. However, the error could be earlier in the
line; perhaps the programmer intended to write

A = B * (C - D*F)

and entered an extra left parenthesis by mistake. The compiler cannot correct
the error in general, it can only report an errOr symptom, and the symptom is
often several tokens past the error. We shall often use the term error to refer to
an error symptom.

Error Diagnosis

A reasonable error diagnosis would be an indication of the location of the
error, and a brief message indicating the kind of error encountered. Some
errors cannot be detected until the end of a block or progrmv; it is especially
important that these be clear, and that as much informatidh as possible be
provided by the compiler.

The error messages generated during a compilation may be collected and
reported at the end of the compilation, or may be interspersed with the source
listing. An interspersed listing may be the only possible choice if storage
capacity is limited. Otherwise, the choice is a matter of user preference.

If interspersed messages are used, each one should contain a reference to
the previous one, and a message at the end of the program should refer to the
last message. Otherwise, an isolated error message is easily overlooked or
hard to find in a large listing.

An error summary at the end of a listing is important in order for a
programmer to quickly determine whether his program is free of errors, and
if it is not, to be able to locate each of the errors.

kinds of Error

There are three major classes of error, depending on whether they are
detected in the leXical analyzer (possibly induding a macro generator), the
parser, or the semantic checking sections of the compiler. We shall call these
scanner, syntax and semantic errors, respectively. A fourth class might be
established for a developmental compiler: compiler errors or bugs, presum­
ably never seen by an ultimate user, but useful during development to warn of
compiler states that should not have occurred.

A scanner error results from some problem in identifying a token, or
reaching an end of fil~ in the middle of a token, or failure to open or read the
source file. A diagnostic message can say nothing about the error's meaning,
but must be confined to the specific source problem found. Recovery from a
scanner error is relatively simple: if the file end is found within a token,



12 Error Recovery 609

terminate the program. If an invalid character is found, reject it and start over
with the next token. Tokens that require some parsing, such as floating-point
number tokens, will require attention to syntax errors whose nature should be
clear from the state reached during the scan. (The scanner is a finite-state
automaton.)

An unclosed comment or quoted string cannot usually be detected by the
scanner; its effect must be detected by the parser.

For example, consider the following program fragment:

MOVE 'SAM'S FRIEND' TO BUFFER;
MOVE 'FREDDY AND MARY' TO BUFFER;

The quote mark just following SAM in the first line causes the two lines to be
divided into tokens as follows:

token: MOVE
string: SAM
tokens: S FRIEND
string: TO BUFFER; MOVE
tokens: FREDDY AND MARY
string: TO BUFFER;

(etc.)

The remaining program is inverted-quoted strings will be regarded as
program material and. the program material will be regarded as quoted
strings. The scanner will in general be unaware of this until an end of file or
end of record is detected inside a quoted string. However, the parser will be
reporting a large number of syntax errors.

A macro error usually cannot be detected until the compiler attempts to
parse it. Then a simple macro error is often magnified into a voluminous error
report.

A syntax error is detected by the parser in a READ operation. Some token
x, called the error token, is incompatible with the state of the parser at the
point at which x is to be scanned. In an LR(l) parser, x is detected in a read
state P such that no transition from P on token x exists. In an LL(1) parser, x
is detected through a mismatch between x and a terminal stack top token, or
through failure to accept x on a nonterminal stack top in the transition table.

Error recovery in line-oriented source can be very easy. Line-oriented
source is subdivided into lines, such that the parser may (for the most part)
start over from a known state on each line. Thus when a syntax error is
detected in some line, recovery is simply a matter of skipping the rest of the
line and starting over on the following line. Whether the source is
line-oriented or not depends on the language. Fortran, Basic and APL are
examples of line-oriented source. Algol, Pascal, and PLjI are not.
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Line-oriented recovery doesn't always work properly. For example, in
Fortran, a line can contain several declarations. If some of these are skipped
because of a syntax error earlier in the line, a number of semantic errors will
likely ~e reported later in the program. Also, if a syntax error occurs in the
first statement of a subroutine, special attention must be paid to getting the
compiler into a state that will accept the subroutine statements.

Error recovery in free-form source, for example Algol or Pascal, is more
difficult. There are no distinctive line boundaries to aid recovery. However,
certain tokens such as semicolon or END could be used in a recovery. PL/I in
particular has the rule that every statement is terminated by a semicolon, and
the semicolon has no other purpose. Hence PL/I error recovery can be
achieved by skipping source through the next semicolon.

A better strategy for free-form languages is to attempt to patch the region
of the error, by dropping and/or inserting tokens such that the sentence is
brought into the language. We shall discuss such approaches in section 12.3.

A semantic error is any error symptom in a section of source that is free of
syntax errors. A semantic error is detected through some special test called
out in an APPLY action. Since the parse has been successful, the nature of the
error is usually very clear, and a specific diagnostic message can be easily
formulated. Section 12.2 contains more details.

Semantic errors arise out of a failure to describe a programming language
through its grammar alone. (However, some languages, notably APL and
Algol 68, are fully defined through their grammars.) For example, the
attributes of a declaration may have to satisfy some relation that would be
difficult or impossible to define in a context-free grammar, or the sizes of
certain literals may be restricted in some fashion.

Effect of an Error on the Compiler

Suppose that an error is detected in a source program. What changes in the
compiler should take place? The answer to this question depends on the kinds
of errors that are to be subsequently detected, and on the nature of the code
generation process.

A block-structured, free-form program containing an error cannot usually
be repaired by the compiler to the complete satisfaction of the programmer.
Any repair made by the compiler is for the purpose ofcontinuing to check for
errors, not to create a "correct" program. Hence, once an error is detected,
there is no point in carrying out any compiler operations beyond those needed
for further error detection.

One question in error recovery design is whether semantic checking should
continue after a syntax error. One important semantic check is for undeclared
and misused identifiers. Should these be suppressed upon the first error or
not? There are two schools of thought. If semantic checking is discontinued,
then semantic errors past a syntax error are unreported. Ifsemantic checking
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is continued, it often happens that the recovery from a syntax error will cause
the appearance of spurious semantic errors. Syntax error recovery in a
declaration is especially likely to cause spurious semantic error messages.

It is certainly much easier to design the compiler such that all code
generation and semantics checking stop upon the first syntax error. The
compiler will also run faster in its "syntax-checking" mode, being relieved of
an appreciable number of synthesis operations. Whether this will be
appreciated by a user is not clear.

Most commercial compilers provide a limited amount of semantic
checking, at least the checking that normally would be made in the pass in
which an error was found. Users ofcompilers seem to accept the possibility of
spurious error messages, particularly when the compiler reports the sort of
changes it made in the user program during error recovery. Serious errors
found in one pass of a multipass compiler are usually sufficient reason to end
the compilation on that pass. However, all the syntax errors are found on the
first pass. Since semantic errors are usually easy to repair, it is possible to
continue with all the passes, given no syntax errors in the first pass.

Some compilers are designed to make incremental adjustments to a code
file through partial compilation. For example, one procedure out of a set of
procedures may be selected for a recompilation. This approach to compila­
tion reduces compilation time during program development and facilitates
writing procedures in different languages that are intended for the same
program. Ifthis is the case, the compiler is given a code file that it may update,
but should not destroy. It is then important that, upon an error, the code file
be closed without destroying its validity. Otherwise, a complete compilation
to reconstruct the damaged code file would be required after each syntax error
recovery.

A more difficult requirement for a compiler can be expressed as follows:
Accept a code file and update it with the code for every procedure that can be
correctly compiled, but do not update it for procedures that contain errors.
Although this appears to be an impossible requirement, in fact it can be
achieved. Essentially, a decision is made at the end of a procedure whether to
update the code file or not. An error found in the procedure, or in a covering
procedure, is sufficient to not update the file. It is still possible to damage the
code file on certain kinds of syntax error, but our experience indicates that,
given a reasonable error recovery strategy, the file is rarely damaged. Clearly,
ifany procedure code has been written to the code file prior to detection of an
error, there must be some means of marking it invalid, or removing it.

12.2. Semantic Errors

A semantic error is any error detected in an APPLY operation on source
that is free of scanner or syntax errors. Semantic tests are usually necessary,
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owing to the inadequacy of a context-free grammar to fully define the
language. Some examples of semantic tests required in Algol are:

• Consistency ofan identifier's attributes with its appearance in the source.
A statement label should not be used as an expression variable, a simple
vabiableshould not appear with an index, a non-typed procedure should
not appear as a function, etc.

• Matched appearances of identifiers. In a procedure declaration, the
formal parameters are first listed, then declared. Each declaration must
correspond to one of the names in the list and vice versa.

• Limitations imposed by an implementation on the sizes of arrays, or the
number of variables. These depend on the magnitude of various
constants.

• Overflow in numeric arithmetic performed by the compiler.

Semantic errors are very easy to diagnose accurately, since the nature ofthe
problem is apparent from the apply action. Recovery requires some attention
to the possible side-effects. In general, some simple action should be chosen
that removes the semantic problem with no undesirable side-effects.

An undefined identifier should be reported and then defined by entering it
in the symbol table. Although its attributes are not always clear from its
context, there is usually sufficient information that some broad default
attributes can be chosen. If necessary, that symbol table entry can simply be
marked "entered through error." Then any subsequent misuse of the
identifier will not be reported.

Identifier misuse occurs through the appearance of some declared iden­
tifier in a context that requires a different kind of declaration. For example, a
statement label in Algol 60 cannot be used as a data item; it does not stand for
a numeric value. When a misuse is detected, it is usually because of a multiple
use of the same identifier. It is best, we feel, to add the attribute "error" to the
identifier and to suppress further complaints centered on it.

A literal value found to be out of range can easily be adjusted to a default
compatible with its context.

The possibility of overflow during compilation must be considered in any
arithmetic operation involving source data. In order to frame a suitable
diagnostic message and to recover gracefully, each such operation in the
compiler must be identified and suitably protected. Overflow can occur
through the conversion ofnumber representations to internal values, through
constant folding, or through memory allocation that exceeds the bounds
of the internal integer representations. These occurrences clearly call for
different kinds of diagnostic messages and recovery strategies.
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12.3. Syntax Errors

A syntax error is detected by the parser upon encountering some token that
is incompatible with its current state and stack. We shall discuss error
recovery for an LR parser in some detail, although an error recovery strategy
can be deve10ped for any of the deterministic parsers discussed in chapters 4,
5, and 6.

Most error recovery systems assume that one of three kinds of error exist:
insertion, deletion, or substitution. An insertion error results from the
presence of a token in the source string that, if removed, would result in a
valid sentence. An insertion error is defined by the following valid and invalid
derivations:

'I..,(S~+ xty) but (S ~+ xy)

Here t represents the incorrectly inserted token. A deletion error results from
the inadvertent deletion of a token that is needed for syntactic validity:

'I..,(S ~+ xy) but tS~+ xty)

Here t is needed to transform xy into a sentence. A substitution error is such
that a change of one token into another will yield avalid sentence:

'I..,(S ~+ xty) but (S ~+ xuy)

Here a change of token t to u yields a sentence xuy.
Iran error is one of these three kinds, we say that the error is simple. If, in

addition, each pair of errors is separated by a fairly large number of tokens,
we say that the errors are sparse. Most errors found in practice are simple and
sparse.

Even if errors are sparse and simple, a parser cannot always determine
which of the three kinds oferror produced the error symptom. A substitution
or insertion error usually results in an error symptom at the error token;
however, the error symptom may also appear later. For example, a BEGIN
inserted between two statements would be interpreted as a new block opening
(assuming that a semicolon may be either a separator or a terminator of
statements). The error symptom of the inserted BEGIN will not appear lintil
much later in the program, when the absent END manifests itself. A deleted
token can at best result in an error symptom on the token following the
deletion; again, it is possible that severai additional tokens are scanned before
the error symptom is seen.

We see that an attempt to uncover the "real" error is usually impossible. At
best, given full knowledge of the remaining input list, an error recovery
strategy can indicate the least number of repairs to the source text that suffice
to bring the source into syntax.
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12.3.1. General Methods

Suppose that a program is known to have at most one error somewhere, of
one of the three kinds above. Then the error can be identified in 0(n2 )

operations, where n is the number of tokens in the program. We simply try
each of the three error types in every possible token position, and parse the
resulting string. Given one out of n sentence tokens, there is one insertion
error, m replacement errors, and m deletion errors possible, where the
language contains m terminal tokens. An LR parse requires Kn operations,
for some fixed K, hence a single error repair (but not necessarily "the" error
repair) can be identified in K(l +m2)n2 operations.

If an unknown, but bounded, number of errors is known to exist, then the
previous strategy can be repeated with combinations of 2, 3, 4, ... , k errors,
where k is the upper bound on the number oferrors present. A minimal repair
set can then be identified in K«l +m2)n2)k operations, or roughly 0(n2k)

operations.
A strategy for unknown k might then be as follows. Let k= 1, and explore

single errors. If a single error repair is found that yields a sentence, then halt.
Otherwise, set k:=k+ 1, and search for k error repairs that yield a sentence.
Continue to increment k and search for a k-error repair on each failure. A
valid sentence must be found before k = n; however, if it must continue that
far, we have performed 0(n2n) operations.

We clearly need a more efficient means of repairing errors. The bound
0(n2n) is much too large for any program of practical size.

Aho and Peterson (Aho [1972c]) describe an algorithm that will parse any
input string to completion in a time proportional to the cube of the input
length, provided the string contains only insertion, replacement, or deletion
errors. Essentially, they show how error productions can be added to a
grammar G to yield a grammar G'that accepts any string in G's alphabet. A
sentence is then parsed through Earley's algorithm (Earley [1970]); this
algorithm will parse sentences in any context-free grammar in 0(n3)

operations. The parse may then be interpreted such that a minimum number
of error productions are used in the parse.

Aho and Peterson have therefore shown that minimal error recovery can be
achieved in 0(n3) operations. For large n, this is still much too large for
practical purposes. Their approach also requires a separate error parser, the
Earley parser. The Earley parser may also be used for the error-free parse, but
it is less efficient than an LR(1) parser in time and space.

12.3.2. Diagnosis of a Syntax Error

How meaningful can a syntax error diagnosis be to a programmer?
Consider an LR(1) parser at an error symptom. The stack contains
information about the previous history of the program, and the top-of-stack
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state is a read state that expects a certain set of terminal tokens next; the error
token is not among them.

The easiest diagnostic message to generate is a list of those tokens that are
next expected; if the error token were one of them, then the error would not
have occurred. For example, the message

ERROR IN LINE 19.000, COLUMN 13
A := WAS FOUND, BUT POSSIBILI­

TIES ARE: + - * / t . . .

is a reasonable syntax error message. The list of possibilities is easily
generated from the outsymbols of the read state in which the error was
detected.

The top-of-stack read state is of course associated with some configuration
of items as a result of the LR(I) parser construction (see chapter 6). It is
conceivable that the configurations could be studied with the objective of
generating an error message catalog tailored to the kinds of productions being
worked on. Unfortunately, this can be an extremely laborious task-a typical
grammer may yield over a thousand read states, each of which would have to
be manually studied by someone. Any change in the grammar would render
parts of the catalog useless, or at least require a reexamination of the messages
and configurations.

Another diagnostic strategy is to simply report what was done to correct
the error. The programmer is then often impressed by what the compiler is
attempting to do for him and may well overlook the fact that the compiler is
unable to provide a meaningful correction to the error symptom. If several
tokens must be dropped or some tokens must be inserted, such a report would
be useful to most users.

12.3.3. Patching a Syntax Error

At the point of an error symptom in a bottom-up LR parser, we have a
stack ofstates... , S2' Sl' So, with So on top, and a remaining input string xa1a2
... , where x is called the error token. The error token x and the top-of-stack
state So are such that So is a READ or LOOKAHEAD state, and x is
incompatible with that state. State So can only be a READ state if the
LOOKAHEAD tables are incomplete; see chapter 6 for details.

The error recovery system should arrive at a new state stack and input
string such that parsing may continue. The new state stack need not be related
to the old one at all; however, the new input string should be derived from the
old one by only changing the first n tokens, with n reasonably small. We call
such a modification to the state stack and input string a patch. A patch
therefore consists of some combination of the following operations:
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1. peletion of one or more left-most tokens of the input string.

2. Insertion of one or more tokens as prefixes of the input string.

3. Removal of states in the stack.

4. Pushing one or more states onto the stack.

Now the state stack can only be modified into some stack that represents a
viable prefix in the language; failure to ensure this condition will result in a
catastrophic failure later in the parse. The easiest way ofensuring it is to only
pop states from the stack or to add a state to the stack top that is compatible
with the existing stack top. A new state Q to be pushed on the stack must be
such that a transition from the top-of-stack state P to Q exists in the complete
LR finite-state control. .

The state stack represents a condensed history of all of the source material
that has previously been parsed. It carries such information as the nesting in a
parenthesized structure, whether one or more procedures have been entered,
whether a declaration or an executable statement is being developed, etc. We
contend that such information is useful in error recovery. For example, if the
stack indicates that four BEGIN's have b~en seen so far, the chances are good
that the four matching END's will appear past an error symptom.

Scanner Feedback

As much as possible of the remaining input string should be retained in
order to provide some measure of syntax checking of the rest of the program.
That is the whole point of error recovery. If the recovery strategy is to reject
the rest of the string and to replace it with a string compatible with the state
stack, then we really don't need error recovery.

Now an LR(1) parser will require the scanning of at most one token past a
handle. A reasonable strategy that we shall develop in the next section is to
make use of this next token and the stack contents to devise a patch. As an
improvement, we may read several tokens past the error token, in an attempt
to arrive at a more effective patch. However, the use of more than one token
can introduce some difficulties if the scanner is dependent in any way upon
the result of any parser apply actions.

For example, the scanner may be expected to classify identifiers by some
criterion in order to return one of two or more token codes associated with
identifiers. The scanner might have several states that guide its lexical
decisions, the states being partially set by apply operations. Ifsuch is the case,
we say thatfeedback exists between the apply operations and the scanner. It is
very desirable that no feedback from the apply actions to the scanner exist.

If feedback exists, then the scanning of tokens past the error token is not
reliable. There will be·ho apply operations resulting from such a scan to guide
the scanning, and the token codes supplied by the scanner are lij{ely to be
incorrect.
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Feedback should be avoided in the design of a compiler, regardless of the
error recovery strategy or of the apparent need for it in the language. If
necessary, the scanner may be based on some automaton whose state
transitions are determined by the tokens scanned, in order to identify certain
special tokens without feedback.

Given a feedback-free scanner, it is relatively easy to scan several tokens in
the input string past the error token. These tokens may then be used either to
construct a patch that is compatible with these tokens or to discard more
L.11put tokens until a patch can be devised.

Terminal or State Insertion

Consider a choice between inserting a terminal token T or pushing a state
P. State P corresponds to some terminal or nonterminal token T'. If T' is
terminal, then pushing P is clearly equivalent to inserting T'. Suppose that T'
is nonterminal, and that pushing state P causes the parser to accept the next
input token, and of course that P is compatible with the stack-top state. We
then effectively have a sentential form

wST'xy

where wS represents the stack, with S the stack-top symbol, T' is the inserted
nonterminal, x the error token, and y the remaining input list. Now the next
derivation step must be of the form

wST'xy =? wSt'xy

where a production T'~ t' exists. If It'l = 1, we again see that an insertion of
t' is equivalent to pushing P; by inserting t', the LR(1) parser will reduce t' to
T', since t'must be the handle ofwSt'xy.

We conclude from this discussion that if a nonterminal T' can derive a
single terminal or nonterminal symbol, then any state whose insymbol is T'
need never be pushed on the stack during error recovery; it is sufficient to
insert one of the derived terminals. We need only consider pushing those
states P whose insymbol T' is such that T' derives either the empty string or
strings of length greater than 1.

A similar result holds for the insertion of terminal strings of length 1, with
1> 1. However, the number of possible string insertions grows exponentially
with the string length, and we feel that it is infeasible to consider the insertion
of more than one terminal token.

Now most terminal token data structures are empty, while many of the
nonterminal data structures are nonempty. Further, a simple default data
structure can always be selected for those terminals with a structure, while the
nonterminal data structures are often more complicated, perhaps requiring
links to the symbol table or to other structures. It is clearly desirable to reduce
the number of inserted nonterminals to a minimum. An inspection of the
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grammar is sufficient to find those nonterminals for which no terminal
insertion is an equivalent substitute. It is then feasible to add special error
productions for each of these nonterminals, of the form T ~ x, where Ixl = 1
and x can be any terminal. The appearance of such a production can only
occur during error recovery, but can be exploited by the apply actions to
create a suitable data structure for T.

Given a grammar such that for every nonterminal T, a production of the
form T ~ x exists, with Ixl = 1, then nonterminal insertion as an error
recovery strategy is unnecessary. Only terminal insertion, state dropping, or
input token deletion is needed.

12.3.4. Semantics Operations in Error Recovery

Recall that an abstract-syntax tree (AST) is built as a linked list in a
semantics stack, and that the semantics stack is associated with the parser's
state stack (see chapter 7.) Now assume that some semantics operations are to
be continued through a syntax error recovery. It is obviously vital that the
integrity of the semantics stack structures be preserved through any error
recovery patch.

If states can be removed in a patch, then no forward links in the state stack
data structures should exist. That is, there should never be a pointer from
some structure in the stack to a structure closer to the stack top. All pointers,
if any, must be directed from the stack top inward.

If a state is pushed on the stack through a patch, then a data structure
compatible with that state should be pushed as well. The structure will
correspond in general to some terminal or nonterminal symbol in .the
grammar associated with the pushed state. If several kinds of structure are
possible, the least complicated should be chosen. If necessary, special "null"
structures might be devised in order to avoid difficulties in creating a suitable
data structure.

We see that every new pushed state should be associated with some data
structure valid for that state, and that pointers in a data structure should never
point to structures associated with states higher in the stack. If these rules are
rigidly adhered to, then the synthesis operations may be continued through an
error patch to whatever level seems desirable for effective semantic error
reporting.

12.3.5. A Bounded-Range Error Recovery Strategy

We first develop an error recovery system that does not require a lookahead
of more than one token in the input string. It is therefore suitable for a
compiler with feedback to the scanner.
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1. Upon encountering a syntax error, the stack will consist of the states

where So is the stack top state. Let X be the error token (next in the input list)
and let So be a READ state. Then X is not among the tokens in the transitions
from So. Set a flag ERFLAG that indicates that error recovery is in progress.
Make a copy of the stack for the sake of stack restoration. Set variable j: =0; j
will mark the current stack top. In the following steps, the operation "restore
the stack" will result in the stack

This is the original stack, less the top j states.

2. Terminal insertion. For every terminal T that is accepted by state Sj'
insert T before X in the input string and attempt to parse the input string
through token X (but not past X). If a T exists such that the parse is
successful, we have found a patch. Otherwise, restore the stack (after each
trial) and continue.

3. Nonterminal insertion. Let Sf be some state that is compatible with Sj.
(There exists a transition from Sj to Sf on a nonterminal in the complete LR
FSA.) Push Sf and attempt to parse X with the resulting stack. If an Sf exists
such that the parse is successful, we have found a patch. Otherwise, restore
the stack and continue.

4. Dropping a state. If j = n, go to step 5. Otherwise, set j: = j - 1. Attempt
to parse through X with the new stack. If successful, we have a patch.
Otherwise, restore the stack and go to step 2.

5. Bottom of stack. Here j=n. Set j=o. Restore the stack. Read the next
token, call it X, then go to step 2.

Upon finding a patch in the above algorithm, the stack should be restored
and ERFLAG reset. We know that the stack will represent a viable prefix,
and that a parse through the current next token X must succeed. Whether the
parse will succeed through subsequent tokens is unknown.

The nature of the patch depends on the order in which insertion tokens are
produced in steps 2 and 3. It may happen that several alternative patches are
possible with a given j and X; the algorithm simply accepts the first one that it
finds.

The nonterminal insertion operation 3 may be eliminated through the use
of error productions, as explained in section 12.3.3. Elimination of this step
eliminates considerable difficulty with the creation of a suitable semantics
stack structure associated with the nonterminal or, more accurately, places
their creation in the apply operations where they belong.
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Discussion

We have found that the recovery with this simple strategy is not
particularly effective. There are several problems as follows:

• There is a tendency to remove more states from the stack than is really
necessary. Spurious error reports are often the result of removing too
many states from the stack.

• Often an inserted token is an unfortunate choice. For example, we found
that a relatively common syntax error caused the token CASE to be
inserted under this algorithm. The CASE statement is highly structured,
and the insertion of CASE is rarely needed, hence many subsequent
spurious errors were generated.

• The information in the input list past the error token X is not used. This
information could be used to more effectively select j or an insertion
token or to force more input scanning.

12.3.6. Variations on the Bounded-Range Strategy

Several variations on the bounded-range strategy can be devised to correct
some ofthe deficiencies given above. Ofthese, we have studied error recovery
based on the first two rather extensively. A discussion of the strategy's
effectiveness is given in section 12.3.9.

1. The tokens that may be inserted may be limited to a subset of the
grammar's alphabet. In addition, a limit may be placed on the degree to which
the stack can be reduced by dropping states. We find the following
guideliness to be effective.

(a) Select a set of tokens that should not be inserted. We feel that these
should be terminal tokens and that each one would, if it were to be inserted,
demand some subsequent structured form that is unlikely to be present in the
source. Candidates for the "don't insert" list are such keywords as PROCE­
DURE, IF, CASE, WHILE, VAR, to draw from Pascal as an example
language.

(b) Select a set of states S' such that if S' =Sj, then j will not be
decremented. State S' can best be chosen by selecting a set of tokens T' such
that the states S' are accessed by the members of T'. We feel that the members
of T' should be those terminals and nonterminals that represent the heads of
major structures in the language. Such tokens as PROCEDURE, CASE,
BEGIN, etc. are reasonable candidates for this list.

Once these two lists have been chosen, the error recovery strategy given
above is modified by permitting an insertion only of tokens not in the list (a)
and not reducing the stack below a state in the set S', list (b).
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These lists provide a means of tuning the recovery algorithm for a
particular language and its grammar. Effectively, they convey information to
the recovery algorithm regarding the kinds of errors that are expected in
practice. It is our opinion that certain kinds of error are difficult to correct
satisfactorily by whatever means. These usually stem from failure to note
critical keywords that introduce major program structures. If one of these
keywords is misspelled or absent, it is hard to imagine an error recovery
strategy that can infer that problem without a major analysis of the remaining
input list, especially if some other defective patch is compatible with the
information at hand (stack and following few tokens).

Given such a difficulty with critical keywords, it is reasonaql~ to conclude
that, if present, they are important recovery indicators, not to be discarded
lightly, and if absent, they should not be inserted.

2. As an improvement on variation (1), report a syntax or semantic error
only ifno error has been reporteg on the last m tokens, where m i§ some small
number. That is, if an en;pr is seen on a token ao in the string ~Oal ...ak'''' then
we report an error found at token. ak only if k>m. Note tha~ only error
reports are affected, not the recovery. This variation results in an improve­
ment, however, since the chances are good that an error found in the wake ofa
previous error is spurious and caused by poor recovery rather than a genuine
error. Since each error resets the token count, several sequential error reports
may be suppressed.

Of course, tb,js improvement inciffases the risk that a real error will go
unreported. .

3. If the compiler is feedback-free, accept a patch with the above error
recovery strategy only if the next m tokens in the input list are accepted,
where m» 1. By attempting to scan more·than one token in the input list, the
chances of finding a valid recovery are increased. Essentially, there are more
clues if more tokens are considered; the possible patches are more con­
strained. Of course, if no patch can be found, input tokens must be dropped.
Eventually, either the source is completely scanned or a patch is found.

This variation may be combined with (1) and (2) above, as an improve­
ment.

12.3.7. Forward Move

Given that the objective of error recovery is to continue parsing with a
minimum of subsequent spurious error reports and with' a maximum of
checking of the subsequent input text, it would appear that the input text past
the error point is of considerable importance to an effective error recovery
strategy.

We owe the notion of a forward move to Graham and Rhodes (Graham
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[1975]), who studied error recovery in an operator precedence parser. A
forward move is essentially an attempt to reduce, through parsing actions, a
portion of the text following the error token before selecting a recovery
strategy. Those reductions are made that would have to be made in any parse.
A forward move reduces the number of trials needed for a feasible error
recovery solution and increases the forward context information needed for
an effective recovery.

With operator or simple precedence, a forward move is relatively simple.
The error token and the remaining input list is assumed to be some string to
be parsed, with the usual "start" token included as a prefix. Reductions are
then made as usual, halting when another error is found. Recall that an error is
detected through either a token pair that is not in the precedence table, or
through a handle that fails to match any production right member. The
forward move may also continue to the end of the input list.

Penelloi [1978] has developed a forward move algorithm suitable for use
with an LR(1) parser. In his scheme, an LR parse is begun just past the error
token (it could also just as well begin with the error token), with a special
parser called an error parser. Each state of the error parser represents a set of
states ofthe LR(1) parser. The initial state consists ofall those read states that
can accept the first input token of the remaining input list. The error parse
continues through read, lookahead, and apply actions, just as in an LR(1)
parser, except that every action must agree (in a sense to be described more
precisely next) and any apply action must be such that there are sufficient
states on the stack to support the action.

Let Q' represent a set of states in the error parser and T some token to be
next read. Then a transition in the error parser on (Q',T) is permitted only if
each ofthe states q' in Q' either (1) have no move on T or (2) those that show a
move agree in action. That is, if any of the Q' states call for a READ action,
then every state must either call for READ or for ERROR. (An ERROR
simply means that some state will be dropped from the state set on the move.)
Ifany ofthe Q' states call for a APPLY, then every state must either call for a
APPLY on the same production or for ERROR. If any of the Q' states are
ACCEPT, the forward move halts. Finally, if an APPLY move is indicated,
and there are insufficient states in the forward move stack to support the apply
action, the forward move halts.

A special stack is used for the forward move, initially containing only th~

state set accepting the first token. Given a READ action, a set of states
representing the successor states of the members of Q' on token T is pushed
on this stack. Given an APPLYaction such that sufficient states exist on the
stack to support the action, those states are popped and replaced by the
indicated apply set.

The action of the forward move is essentially to perform a number of
reductions of the input following the error token. It condenses the informa­
tion in the input list and can be used to devise a patch. It is possible that the
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forward move may continue to the end of the program and perform a large
number of reductions. It may also halt within one or two tokens, either due to
another syntax error, or for some other reason.

Consider a right-most derivation

S~*vAy~vwxy

where A~ wx is a production. vw is some viable prefix of the sentential form
vwxy. We say that z is a viable fragment of the viable prefix if z is a suffix of
vw. Further, we say that U is a derived viable fragment of the sentence suffix
zy if (1) U derives z, and (2) during a parse of any sentence ending in zy, at
some point the parser must reduce z to the viable fragment U.

Penello shows that his forward move yields a viable fragment U that
represents the largest possible subsequent input string. Let that string be z.
Then U ~+ Z is a derivation that must be made eventually by any parse.

12.3.8. Correction Strategies with a Forward Move

Pennello proposes a heuristic for error correction, given an existing state
stack and a forward move. It is a variation on the bounded-range error
correction strategy given in section 12.3.5. However, he can make effective
use of the forward move information by looking for a correction that
incorporates the states beyond the error point. This amounts to requiring that
any repaired configuration be parsable far beyond the error token. An
experimental evaluation of his scheme is given in 12.3.9.

Mickunas and Modry (Mickunas [1978]) propose reversing the parse
represented by the state stack in some cases in order to achieve an effective
patch. This involves much more than just dropping states-it must be
possible to reconstruct the parse steps in reverse and obtain some previous
stack. A parse reversal can only be achieved by maintaining a· complete
history of the parse, or by keeping on hand the tokenized input string, along
with input string positions in the stack. This information must be kept for any
parse, and represents a cost of compiling error-free as well as erroneous
source text. Parse reversal also carries significant semantic implications-the
semantic actions should also be reversed if the intention is to continue
semantic actions through an error recovery.

However, if a parse reversal is possible, their approach apparently yields a
good repair of a number of otherwise difficult syntax errors.

Their algorithm consists of two phases-a condensation phase and a
correction phase. The condensation phase is essentially a forward move. A set
of states S that can shift on the error token is determined, and a parse is made
of the remaining input string, using one of the states in S as a start state. A
forward move terminates in one oftwo ways: (1) an attempt is made to reduce
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over the error point, or (2) another error occurs. In case 2, the parse
configuration is called a holding candidate, and is held for possible use when
other strategies fail. In case I, the configuration is called a correction
candidate.

At least one correction candidate will always be found- it may be the error
configuration itself. If several are found, they are independently examined.

The correction phase is a systematic recovery strategy that incorporates the
following unit operations:

• Insertion of a terminal token.

• Retreating the parse. By this, they mean reversing the parse represented
by the state stack to some former configuration

• Dropping a state representing a terminal token from the stack. If no
terminal token is on the stack top, then a parse must be reversed until one
is. When a state is dropped, the set of possible insertion tokens changes.

• Assigning a cost to each insertion and each stack deletion, and ac­
cumulating a total cost for some strategy path.

• Abandoning a strategy path when its cost exceeds a preset limit and
launching an alternative path.

· If all else fails, a holding candidate is selected, and the entire condensa­
tion-correction strategy is recursively invoked on it. Recall that a holding
candidate is generated when a second parsing error is encountered during
a forward move.

There are usually many different paths to follow, depending on the results
of the condensation phase and on the number of insertions that are found to
be compatible with some stack and the condensation states. A path is followed
until either a successful repair is found, or the net cost exceeds a preset
threshold. All the paths are followed, and a repair with least cost (if any) is
selected.

The correction phase will never drop the error token. If it succeeds in
finding a path involving one or more of the operations listed above it reports
success, and an effective recovery patch is found. If it fails, then tpe error
token must be dropped and new condensation and correction phases must be
launched.

This error recovery scheme was implemented on a small grammar
containing about 40 productions and 356 states. Some examples of recovery
follow.

Example 1.

The program segment

. . . READ A B[20] WRITE A; GOTO . . .
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should carry a semicolon just before the WRITE. The error configuration is

READ <input-list> <identifier> [ <expr> ]
? WRITE A; GOTO . . .

where "?" marks the error. The condensation phase produces one correction
candidate:

READ <input-list> <identifier> <expr>
? < statement> ; GOTO

associated with two possible reductions:

<statement> ::=G= <identifier> : <statement>
and

<statement-list> :: = <statement-list> <statement>

In the first case, no single insertion repair is possible, so the parse must be
reversed. Token "]" is dropped, <expr> is then expanded to "20", the "20"
is dropped, the "[" is dropped, and this path terminates due to excessive cost.
(Each insertion or deletion costs 2 units. A path is terminated when the net
cost exceeds 5 units.)

This leads to the second case. Here the insertion ";" provides a repair at a
cost of2.

Example 2.

The program segment

... X := Y : A := B ; GOTO ...

is repaired if the colon after Y is replaced with a semicolon or": =". The error
configuration is

< statement-list> < leftpart> < identifier>
? A : = B ; GOTO . . .

In order to see why this configuration is reached, a < leftpart> production
IS

<leftpart> ::= <identifier> : =

The characters ":" and "=" are considered separable for parsing purposes,
hence a missing "=" component of the expected ": =" has produced the
given error configuration.
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The condensation phase produces two correction candidates:

< statement-list> < leftpart> < identifier>
? <assignment> ; GOTO ...

and
< statement-list> < leftpart> < identifier>

? <statement> ; GOTO ...

The first of these stems from an attempted reduction

<assignment> ::= <leftpart> <assignment>

and the second from two possible attempted reductions:

<statement> :: = IF <boolean-expr> THEN
<statement> ELSE <statement>

and
<statement> ::= <identifier> : <statement>

In the first of these, only the <statement> following the ELSE can
possibly be associated with the < statement> following the "?" in the
correction candidate. Recall that a forward move disregards the state stack
preceding the error point, hence has no basis for disregarding the obviously
complicated attempted reduction.

We therefore have three cases, one from the first correction candidate and
two from the second.

In the first case, the correction phase finds an insertion repairing the error
at a cost of 2 units.

In the second case, the correction phase quickly exceeds the threshold cost
with stack deletions. It effectively attempts to find an IF-THEN-ELSE
statement in the stack and its reversed parsing. Since no such statement exists,
this path can only drop states from the stack until the cost threshold is
exceeded.

In the third case, the correction phase backs over ":", backs over
<identifier>, expands <leftpart> to "<identifier> :="thendeletes "="
(at a cost of 2), to yield the repaired configuration

<statement-list> <identifier> : <identifier>
<statement> ; GOTO ...

Example 3

The program segment

... BEGIN X := Y ; Y Z WRITEXY;.
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requires either dropping the BEGIN or inserting "END ;" before the
terminating period. The reduction of this segment eventually yields the error
configuration

<statement-list> BEGIN <statement-list>
< statement> ; ? .

The condensation phase has only the period to work on; however this token
appears as part of the production

<program> :: = <declaration-list> <statement-list> .
It therefore selects this reduction, and yields a correction candidate identical
to the error configuration. The correction phase then fails to find a token
insertion (the grammar requires insertion of "END ;", not just "END".) It
therefore backs up over ";", <statement>, <statement-list>, and deletes
BEGIN, at a cost of2. (Backups and reverse parses carry no cost.) This yields
a repaired configuration

... <statement-list> <statement-list> <statement> .

The repaired configuration is not right-most canonical; the < statement­
list> productions are:

< statement-list>

Discussion

< statement-list>
< statement-list> < statement>

Mickunas' scheme appears to yield a very effective recovery in a number of
difficult error situations. However, it requires not only a forward move, but a
reversal of the parse in the stack. In addition, the repaired configuration will
not necessarily represent a right-most canonical sentential form. (See
example 3 above.) It is also not clear at what point a path should be
terminated. If the termination cost is set too high, then the number of cases to
examine expands voluminously; if set too low, the scheme will drop tokens
unnecessarily.

As we have seen, a forward move requires a pure syntax-one in which the
recognition of every token can be achieved by the scanner alone with
additional semantic information such as might be contained in a symbol table.
A parse reversal has more serious semantic implications. It may be simplest to
just abandon all semantic actions on the first syntax error, since the needed
repairs to the semantics stack are so difficult. Hewever, it then becomes
necessary to abandon all hope of checking for semantic errors after the
recovery is complete.
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12.3.9. Empirical Study of Error Recovery

A realistic view of the error recovery problem is that an optimal solution
with a reasonable time bound is unlikely to be discovered in the near future.
Error recovery is now, and may continue to be, achieved by heuristic
methods, with less than optimal effectiveness.

Given this situation, the relative merit of two error recovery algorithms is
impossible to assess on theoretical grounds alone, assuming that reasonable
means are used to reduce the computational complexity of the methods.

Nevertheless, we would like a reasonably objective means of evaluating an
error recovery strategy, for the sake of selecting an error recovery strategy.
We propose an empirical measure of error recovery, based on the systematic
analysis of a "random" sample of programs, each containing one error.

There are of course a large number of random variables to consider. The
language and its grammar have an important influence on error recovery. The
kinds of errors that programmers typically make is also of interest. An
occasional poor error recovery is excusable if the strategy performs well on
the more frequent errors. For example, the use of a semicolon as a statement
terminator (i.e., just before an END or an ELSE) is a common error in Algol
60. A mispelling of PROCEDURE is less common, if for no other reason
than the infrequent appearance of the keyword PROCEDURE compared to
the semicolon. If a strategy recovers well from semicolon errors, but badly
from a misspelled PROCEDURE, then it is likely to be acceptable for all
practical purposes.

Finally, the error recovery method itself may require some tuning, for
example, in a weight function, or in the selection of "don't insert" tokens, etc.

We propose evaluating error recovery through an experiment with a large
number of programs. The programs need not be identical, but must contain
exactly one error each, preferably near the beginning of the source. If the
error recovery strategy reports exactly one error and recovers within one
token, ready to detect more errors, then it has performed satisfactorily. We
find instead that in many cases, two or more errors are reported because of a
nonoptimal error recovery, or that a large number of tokens are rejected. We
may then interpret the relative number ofsingle error reports and the number
of rejected tokens as a measure of effectiveness of the error recovery strategy.

We leave unresolved the issues of language, grammar, typical programs,
and typical program errors. Research is clearly needed in these areas. What
features of a language or grammar cause error recovery to be particularly
difficult? Given a language, what errors are most likely to be made by
programmers? We have no answers to these questions.

An Error Recovery Experiment

We now describe an experiment in error recovery in some detail, using the
bounded-range strategy described in section 12.3.5, with variations 1 and 2.
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In variation 2, a syntax error is reported only if no syntax error was found
within the last m tokens. Results are obtained with m=O (i.e., every error
reported) and m = 3 (report made only if no report in the last 3 tokens) and
compared.

A single program of 37 lines, called the basis program, was used for the
experiment. Seventy-five copies were made, and a single error was introduced
into each copy.

The error-free basis program is given below. It is written in a language
similar to Algol 60. This program contains some outer block declarations, a
procedure, some control structures, a procedure call, and several assignment
statements with expressions.

INTEGER I,J,K;
REAL CONSTANT ARRAY RCA:=(l5,17,29,30);
REAL ARRAY R(75);
PROCEDURE SAM(X,Y);

INTEGER X;
REAL ARRAY Y;

BEGIN
INTEGER L: = 16,M;
REAL ARRAY RA(18);
L:=25*M-RA/(I+ J);
X: = INTEGER(Y(3»;
IF X<25E6 THEN
BEGIN

L:=25;
X:=55

END
ELSE

BEGIN
L:= 15;
X:=50

END;
END;
CASE 1+ 15 OF
BEGIN
2: 1:=25;
5..9: J:=55;
ELSE: IF 1=5 THEN J:=65;
END;
WHILE J>O DO 1:=1+ 1;
SAM(J,R(3»;
I:=J:=25;
SAM(I,R);
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K:=55;
K:=K+(I- 1);

The errors introduced into the 75 copies are classified as follows. This
classification is based on the modification made to the original source to yield
the defective source. In most cases, the error symptom could be interpreted in
more than one way, however:

• 10 misspelled keywords (BEIGN for BEGIN, IFF for IF, etc.).

• 1 interchange oftwo keywords.

• 32 token insertions.

• 18 token deletions

• 10 token substitutions

• 2 misspelled user identifiers

• 2 misplaced statements, i.e., a declaration appearing within executable
statements.

Here are two examples oferror recoveries, one "good" and another "bad."
These examples also illustrate a particular reporting scheme.

Example 1: A "Good" Recovery

10.000
11.000
12.000

o 1
o 1
6 1

INTEGER L:= 16,M;
REAL ARRAY RA(18);
L:=25*(M-RAj(I+ 1);

ERROR IN LINE 12.000
A ; WAS FOUND, BUT POSSIBILITIES ARE: )

STACK: <START> <DECL-LIST> ; <PROCEDURE-HEAD>
<PROC-FP-HEAD> <BEGIN> <LOCAL-DECLARATIONS>
<RREF> := <TERM> <MULOP> ( <EXPR>

TOKEN ) INSERTED
13.000 22 1 X: = INTEGER(Y(3»;
14.000, 30 1 IF X<25E6 THEN
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Background: From left to right in the first line is the edit line number
(10.000), location of the instruction (0), a BEGIN-END level count (1), and
the source line (INTEGER L:= 16,M;).

Line 12.000 contains the syntax error-a missing right parenthesis. The
error report given is easily generated from the LR(1) tables and the state
stack. The error token is the semicolon found at the end ofline 12. A number
of reductions and lookahead transitions have occurred, such that only a right
parenthesis is acceptable to the top-of-stack state, corresponding to the
nonterminal < EXPR> .

The stack is listed, for the sake of compiler development. It would be
meaningless to the average user and should be suppressed in released versions
of the compiler.

The recovery selected is exactly optimal-insertion of a right parenthesis.
Note that a terminal insertion with no stack reduction is attempted first; a
parse through the insertion and the following token (;) was successful, and a
viable solution has therefore been found.

Example 2: A "Poor" Recovery

14k200
15.000
16.000

30 1
35 1
35 1

IF X<25E6 THEN
BEING

L:=25;

ERROR IN LINE 16.000 OF MODULE SPLTEXT
BEING IS NOT DECLARED.

ERROR IN LINE 16.000 OF MODULE SPLTEXT
A <IDENTIFIER> WAS FOUND, BUT POSSIBILI­
TIES ARE: :=

SEE PAGE 0001, LINE 16.000 FOR PREVIOUS ERROR

STACK: <START> <DECL-LIST> ; <PROCEDURE-HEAD>
<PROC-FP-HEAD> <BEGIN> <LOCAL-DECLARATIONS>
<STLST> ; <IF-HEAD> <RREF>

TOKEN := INSERTED
17.000 41 1 X:=55
18.000 0 1 END
19.000 0 0 ELSE

ERROR IN LINE 19.000 OF MODULE SPLTEXT
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A ELSE WAS FOUND, BUT POSSIBILITIES ARE: ;

SEE PAGE 0001, LINE 16.000 FOR PREVIOUS ERROR

STACK: <START> <DECL-LIST> ; <PROC-LIST>
TOKEN ELSE DROPPED

20.000 0 0 BEGIN
TOKEN; INSERTED

21.000 0 1 L:= 15;

ERROR IN LINE 21.000 OF MODULE SPLTEXT
L IS NOT DECLARED.

SEE PAGE 0001, LINE 19.000 FOR PREVIOUS ERROR

22.000 2 1 X: = 50

ERROR IN LINE 22.000 OF MODULE SPLTEXT
X IS NOT DECLARED.
SEE PAGE 0001, LINE 21.000 FOR PREVIOUS ERROR

23.000 4 1 END;
24.000 4 0 END;

ERROR IN LINE 24.000 OF MODULE SPLTEXT
A END WAS FOUND, BUT POSSIBILITIES ARE: <IDENTI­
FIER>

<PROC/SUBR-IDENTIFIER> ...

SEE PAGE 0001, LINE 22.000 FOR PREVIOUS ERROR

STACK: <START> <DECL-LIST> ; <PROC-
LIST> <XSTARTX>

<STLST> ;
TOKEN END DROPPED
TOKEN <PROC/SUBR-IDENTIFIER> INSERTED

25.000 5 0 CASE 1+ 15 OF
26.000 10 0 BEGIN
(Note: Parsing is successful from here on)

Here, a misspelled BEGIN triggered three syntax error reports and three
semantic error reports. The first report is a semantic report that BEING is
undeclared (line 15.000). Since BEING is not recognized as a reserved word,
the compiler assumed that it was an identifier.

This semantics report should have followed line 15 immediately. How-
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ever, no apply action was taken on BEING until a lookahead ofone token was
made. This lookahead required the next source record, and the source records
were printed as read. Thus line 16 was read, some reductions were made, and
eventually the semantic error associated with BEING was detected.

This kind ofmisdirected error message can be avoided by carrying a source
token position indicator in the semantics stack. Then an error associated with
some token can be accurately connected to a source line and token.

This semantics report is followed immediately by a syntax error report.
The stack indicates that an assignment statement, with BEING the left
member, was selected as a feasible recovery solution. This solution is valid
for the following line 16, "L: = 25"; multiple assignments of the form

A:=B:=C:=25

are legal in this language. So far, so good.
However, a BEGIN is missing in this program, and its absence is noted in

line 19, when an ELSE is found unconnected with the IF-THEN started in
line 14. Note that this connection could have been detected by a forward
move. The ELSE is dropped, and a semicolon is inserted to repair problems
related to the dropped ELSE.

Something else has happened-the absent BEGIN has effectively caused
the end of the procedure SAM in line 18. Then the local variables of SAM
become undeclared, resulting in two semantic errors (lines 21, 22).

Finally, the extra END in line 24 must be accounted for; the only viable
solution is to drop it, leaving a semicolon out of place. A dummy procedure
call (a legal statement) is inserted before the semicolon, and the remaining
program is thereby accepted without error symptoms.

Summary of Error Recovery Experiment

The performance of our error recovery strategy in the 75 programs is
summarized by the bar charts of figure 12.1. Each chart shows the fraction P
(ordinate) of programs that exhibited n error reports (abscissa), with n = 1, 2,
3,4, 5, and greater than 5. Charts (a) and (b) illustrate an error recovery in
which every error is reported, and charts (c) and (d) illustrate error recovery
with variation 2 (error report suppressed ifwithin 3 tokens of a previous error
symptom). Charts (a) and (c) are for syntax errors only, and charts (b) and (d)
are syntax and semantic errors. Every semantic error was reported, whether
near a previous one or not. If nearby semantic errors were suppressed, we
would expect some improvement in graph (d).

Graph (c) shows that the bounded-range strategy is quite effective, if only
syntax errors are considered. Over 80% of the recoveries were optimal (one
error symptom reported), and none of the recoveries reported more than 5
symptoms. If the semantic errors are also considered, the recovery is only
60% effective (graph (d)), and about 6% of the recoveries generated more than
5 symptoms.
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(a) Syntax only (b) Syntax and semantics
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Figure 12.1. Summary of error recovery experiment. P= percentage of programs with
n reports, n=number of error reports.

Very few input tokens are dropped in the average recovery, as indicated by
the distribution in figure 12.2. No tokens were rejected in about 57% of the
cases, and one token was dropped in 27% of the cases. In no case were more
than five tokens dropped. Thus 84% of the recoveries were effected by
dropping one or no tokens.

These results may be somewhat misleading, since the program chosen was
rather small. The recovery is sometimes very bad in a large program. For
example, an error in a long list of repeated constants or expressions
sometimes causes a cyclic recovery failure in which a large number of
spurious errors are reported or a large number of tokens are dropped.

Results of Pennello's Forward-Move Recovery Strategy

Pennello [1978] reports a similar experiment, on 70 Pascal programs. Each
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Figure 12.2. Distribution of tokens rejected during error recovery.
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(a) Penello's criterion (b) Reported syntax errors

Figure 12.3. Error recovery based on Pennello's forward move algorithm-70 Pascal
programs studied.

of these programs is different, but contains one syntax error. They were
student programs, with student errors. His results are summarized in figure
12.3. Graph (a) represents Pennello's classification of recovery-"excellent,"
"good," "poor," and "unrepaired." The "excellent" and "good" categories



636 Compiler Construction: Theory and Practice

are in fact optimal recoveries-in every case the recovery generated just one
error report. The "poor" category generated two reports for a single error.
The "unrepaired" category are those in which no repair was selected, but the
remainder of the program was parsed through the forward move machine
rather than the parser. These rob the system of upper-level parsing, and
destroy the detection of subsequent errors.

We conclude that Pennello's system is somewhere between 60 and 90
percent effective, depending on how one regards the "unrepaired" errors.
However, these results are for syntax errors only. He does not state how many
of the "good" error recoveries would generate spurious semantic error
messages.

12.3.10. Recovery in a Recursive Descent Compiler

A recursive descent compiler is closely related to an LL(1) compiler, as we
have seen in chapter 4. The stack in a recursive descent compiler is hidden in
most implementations; it is the stack used to support recursive procedure
calls and local variable allocations. When the stack is so hidden, through the
medium of a language implementation, it is impossible to explore stack
cutbacks on a trial basis. However, trial parses on the existing stack can be
explored through special procedure calls.

Another constraint on error recovery exploration is the distributed nature
of the parser. There are no centralized tables that can be consulted in an
efficient attempt to find a patch; the parsing system is scattered through many
procedures related only by their calls.

Usually, only token deletions and a one-time procedure return is utilized
for error recovery. The compiler scans to some characteristic statement end
token (i.e., semicolon or END), then forces enough procedure returns to place
the system in a state that can accept the string following the statement end.
This state is usually some procedure that can accept statements or declara­
tions.

Although crude, this strategy is effective for languages with well-delimited
statements such as Fortran, PLjI, or Basic.

Exercises

1. A CASE statement in a certain language requires that every statement
in its field ofstatements carry at least one numeric label. The labels must
non conflict. Design an effective semantic error recovery system that
will not only report every possible error, but will never cause spurious
errors. A sample of such a CASE statement is the following:
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CASE <expr> OF
15..25: 28: <stmt>
13: 29: 3: <stmt>
7..8: <stmt>

ENDCASE

The pair of periods ".." indicates an inclusive range of labels. Thus
"15" 17:" is equivalent to "15:16:17:". Although the labels may be in
any order, it should be possible to detect missing labels and conflicts
immediately.

2. Carry out an error recovery experiment similar to that given in section
12.3.9 on a commercial Algol, PLjI, or Pascal compiler. What do you
conclude?

3. Rewrite the bounded..,.range recovery algorithm, using variation 3 and
no nonterminal insertions. Design suitable data structures for the
algorithm, showing that only the usual LR tables are needed, and write
the algorithm in a high-level language.

4. Spelling correction is sometimes proposed as an error recovery
alternative. Under what circumstances might spelling correction be a
useful strategy? What language properties facilitate spelling correction?
See Morgan [1970] for a popular spelling corrector.

12.4. Bibliographical Notes

The simplest recovery technique that is essentially language independent is
the so-called "panic" solution. When an error is detected, input tokens are
discarded until a special terminating symbol, such as ";" or "END" is seen.
Then the state stack is erased until a state compatible with this end token is
seen. Leinius [1970] reports a slightly more sophisticated version for an LR
parser; his is the first error recovery technique reported for an LR parser.
James [1972] describes an implementation of Leinius's method, with some
recovery statistics.

In a top-down compiler, the predictive nature of the compiler can be used
to insert one or more tokens. Irons [1963] describes such a system.

Levy [1975] and LaFrance [1971] proposed a nondeterministic recovery
system that carries out a set of parses, one for each of a set of possibilities.
Unfortunately, if this algorithm is carried out for more than a few steps, the
resulting computation becomes unreasonably large; as we have seen, such a
strategy has exponential complexity.
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A minimal error correcting algorithm is given by Aho and Peterson (Aho
[1972c]), described earlier.

McGruther [1972] describes a syntax error recovery and correction system
that requires the grammar to be both LR and RL. (An RL grammar is such
that sentences can be parsed in reverse by an LR parser.) On detecting an
error, an RL parser is applied to the remaining string in reverse. The system
provides a strong base from which an error analysis may proceed. The
essential problem here is to locate particular key tokens past the error point
from which a reverse parse may begin; it is impractical to parse from the end
of a program back to the error point (that process can halt on another error
deeper in the program). The selection of key symbols is discussed at some
length; their selection appears to be language dependent.

Graham and Rhodes (Graham [1975]) describe a recovery method for
precedence parsers that consists of a forward move followed by a correction
step. The forward move performs a sequence of reductions on the input list
following the error token; they call this the condensation phase. Penello [1978]
describes a similar condensation step for an LR parser. Both authors give
strategies for the correction step.

Feyock and Lazarus [1976] describe a bottom-up system similar to the
bounded-range strategy described above. They propose only insertion,
deletion, replacement or interchange of terminal symbols as correction
strings. Possible strings are filtered in a number of ways, including semantics
checks, to yield a set ofviable solutions. If the set is nonempty, 6ne is selected
through some language-dependent heuristic tests. Their results are impres­
sive; they claim that thrashing is rarely seen.

Mickunas and Modry (Mickunas [1978]) describe an LR(l) recovery
system with a forward move and error region patching. Their approach is
described in section 12.3.8.
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Waite [1974e], W. M., "Code Generation," in Lecture Notes in Computer Science, G.
Goos and J. Hartmanis, Springer-Verlag, New York, 302-332.



654 Compiler Construction: Theory and Practice

A model of code generation, based on Wilcox [1971]. Contains a transducer,
simulator. Handles common subexpression optimization.

Warshall [1962], S., "A Theorem on Boolean Matrices," JACM 9, (1) 11-12. A fast
algorithm for computing the transitive closure of a relation, along with a proof.
(Also proven in a different way in Aho [1972]).
Prefix- and p()stfix-translatable objects. Generator data structures, value de­
scriptors, register descriptors, instruction generation, primitive operations,
interpretative coding languages. Target of code generation is some assembly
language.

Whitney [1969a], G., "An Extended BNF for Specifying the Syntax of Declar&­
tions," AFIPS Spring Joint Computer Conference, 801-812.
Formal symbol table functions and grammar extensions, suitable for top-down
compiler system for block-structured grammar. Example language (MAL).

Whitney [1969b], G., "The Generation and Recognition Properties of Table
Languages," Information Processing 68, North-Holland, 388-394.
A formal paper on his table language generators, a table automaton, and five
closure properties.

Wirth [1966], N., H. Weber, "EULER: A GeneraFzation ofALGOL, and its Formal
Definition," Part 1, CACM 9, (1) 13-25; Part 2, CACM 9, (2) 1966, 89-99.
(Part 1) Elementary notation for algorithms, phrase structure grammar, simple
precedence, precedence matrix, higher-order precedence. (Part 2) Euler lan­
guage: precedence matrix and functions,. language definition, productions,
interpretation of operators, examples.

Wirth [1971a], N., "The Programming Language PASCAL," Acta Informatica 1,
35-63. - .
First published definition of Pascal, semiformal.

Wirth [1971b], N. "The design of a PASCAL compiler," Software-Practice and
Experience 1, 309-333.
A description pf the design of a PASCAL compiler for the CDC 6000 series,
including symbol table structure details, organization of the project, various
statistical results on instruction usage, nesting levels, etc. Most of the article is
applicable to a Pascal implementation on any machine.

Wirth [1976a], N., "Programming Languages: What to Demand and How to Assess
Them," Symposium on Software Engineering, Belfast. What language should do
for the user; a strong case for Pascal.

Wirth [1976b], N., "Professor C!everbyte's Visit to Heaven," private communica-.
tion.
A tongue-in-cheek tale of a heaven in which every possible feature of every
possible language is implemented in a colossal computer, with such a large
operating system that it breaks down 50 times per second (but recovers through
elaborate mechanisms).

Wirth [1976c], N., Algorithms + Data Structures = Programs, Prentice-Hall,
Englewoog Cliffs, N.}.
PASCAL textbook. Applications to data structures, files, sorting, recursive
algorithms, dynamic information structures, language structures and compilers.
Latter chapter contains a complete top-down definition of grammar and
construction of a compiler for a small language (PLIO), including transforma­
tion of syntax graphs into program structures, checking for validity, error
recovery, scanning, code generation for an Algol-class stack mas;hine.



INDEX

Aoe machine, 377
APPLY-GOTO table, in LR(l) parser, 230
AST (abstract syntax tree), 9

construction of, 304
AST evaluation, 316

with associative-commutative
operawrs, 571

with commutative operators, 570
optimal, 562

AVA, AOe procedure, 422
Absolute loader, IBM 360, 534
Acceptance

byPDA,138
string, in FSA, 64

Access methods
comparison of, 372
see qJso String table

Action function, of (LR(I) parser, 255
Activation record, in AOe machine, 397
Activ~ definition, 589
Acyclic graph, 28
Address constants, IBM 360, 534
Addressing, IBM 360, 538
Addressing modes, 473
Algol renaming rule, 389
Alignment, data, IBM 360, 528
Alphabet, 15
A1t~ration, 22

of regular expressions, 100
Ambiguity, 43

of LL(k) grammar, 149
Apply, in LR(I) parser, 61
Apply rule, in extended PDA, 195
Apply stflte, in LR(I) parser, 225
Arithmetic and logical operations,

CDC 6000, 517
Arithmetic expressions, CDC 6000, 521
Arithm~tic, IBM 360, 532
Arrays, 343

in AOe machine, 418
dynamic, redimeJ;lsioning, 429
linear mapping of, 345
matrix pointer access, 425
and matrix pointers, 346
multi-dimensional, 343
static, 344

Ass~rrible code, 1
Assembler, ·1
Asserpbly language, 1
Assignment statement, translated to

AOe code, 382
Association, static, 320

655

Associativity
and commutativity, use of in

optimization, 579
failure of, 555

Attribute, 321
table, 11, 322

Automaton, 25
deterministic finite-state, 67
finite-state, 26, 63
linear-bounded, 26
non-deterministic, finite-state, 10
parsing, 46
push-down, 137
stack, 137

Backtracking, 50
application to parsing, 51
applied to NDFSA, 73
limitations of, 53
time bound, 56

&~re~re~IBM%~~~~~~4

Base table, IBM 360, 538
Basic block input/output variables, 603
Basic reach algorithm, 595
Block, 323, 575

covering of, 323
as DAG, 576
equivalent, 575
in FSA, 64
nested,323
normal,575
PDA,139
of statements, 573
and storage allocation, AOe

machine, 388
Block entry and exit, in AOe

machine, 4Q3
Block level, 401
Bounded-range error recovery, 618

variations on, 620
Branch instructions, HP-3000, 492
Branches

CDC 6000, 518
IBM 360, 533

Branches and constants, HP-3000, 503

eBN (call by name), 438
implementation of, 454
label parameters, implementation

of, 448
procequre parameters, implementation

of,446
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CBR (call by reference), 442
CBV (call by value), 439

implementation of, 443
CDC: see Control Data
CFG: see Grammar, context-free
CST (code segment table), 484
Canonical derivation: see

Derivation, canonical
Closure, of regular expressions, 100
Code

intermediate, 10
object, 9

Code generation, generalized, 543
Code generator, 9
Code improvement, 562, 572
Code segment table, HP-3000, 484
Comment scanner, 125
Comments, scanning of, 131
Commutativity, failure of, 554
Comparison instructions, IBM 360, 532
Compilation

partial, CDC 6000, 523
process, 7

Compiler, 2
cost of, 6
multi-pass, 324
recursive-descent, 143
single-pass, 324

Concatenation, 17
of regular expressions, 100

Condition code
HP 3000, 482, 492
IBM 360,528

Conditional statement, translated to AOC
code, 384

Configuration
of extended of PDA, 194
of FSA, 68
ofPDA,140

Conflict, in precedence relations, 199
Constants, 4
Control Data 6000, 511
Control flow graph, 588
Control structures, 4
Core items, in LR(O) parser

construction, 240
Counted string, recognition of, 127
Cross compiler, 2
Cycle, empty move, of FSA, 76

DAG (directed acyclic graph)
evaluation of, 581
reduction of, 580
value of, 577

DFSA: see Automaton, deterministic
finite-state

Data flow
analysis, 587, 594

applications of, 603
graph,597

Data formats, of HP-3000, 475
Data item, 588
Data object

access, in Pascal, 434
primitive, 334
static representations of, 322, 333

Data structure, in Pascal, 431
Declaration, 9, 320, 322
Decoration, of tree node, 31
Defined variable, 574
Delimiters, 127
Derivation

canonical, 41
left-most, 41
left-recursive, 53
right-most, 41

Derivation step: see Step, derivation
Determinism, of FSA, 70
Dimensions

dynamic array, 343
static array, 343

Display, in AOC machine, 378, 411
Distributivity, failure of, 555
Dope vector, for array, 418

Empty cycles, in FSA, 132
Empty move removal, in FSA, 132
Empty string, 17
Equation, regular expression, 111
Equivalence

of FSA, 68, 88
LR(l) parser states, 266

Error
correction of, 607
diagnosis of, 607
effect on compiler, 610

Error recovery, 11, 607
empirical study, 628
experiment in, 628
recursive descent, 635

Error report, 607
Error symptom, 607
Error token, 609
Execution, of AOC program, 379
Expression AST, optimization of, 556
Expressions, translated to AOC code, 379
Extended grammar, as FSA, 190
External symbol dictionary, IBM 360, 536

FIRST, for extended grammar, 183
FIRST relation, 213
FIRST set, 150
FOLLOW, for extended grammar, 183
FOLLOW set, 150
FSA (finite-state automaton)

applications of, 122



program representation of, 120
from a regular grammar, 98
sparse array representation of, 117

Feasible state-pair, of pairs table: see
Pairs table

Feedback, scanner, 616
File, intermediate, 10
Finite-state control, of PDA, 137
Fixup list, 324
Flattening, 557
Fortran, parameter-passing rules, 442
Forward move, 621

correction strategies with, 623
Free variables, 397,441
Function, state transition, 67

Go, operation in AOe machines, 409
Goto function, of LR(l) parser, 255
Grammar, 15, 18

arithmetic expression GO, 22
augmented, 269
augmented, for LR(k) parser, 272
classes of, 20
context-free, 20, 22
context-sensitive, 20
extended, 176
left-linear, 24
LL(k),148
LR(k),224
phase-structure, 20
regular, 24
right-linear, 20, 24
simple precedence, 206
uniquely invertible, 206
unrestricted, 20

Grammar transformation, LL(l), 160
Graph, syntax, 36

HP-3000, 475
Halt rule, in extended PDA, 195
Handle, 194, 195, 199
Hash access, bounded table, 370
Hash code, 368
Hash function, 368, 371
Header

OWN variable correction, HP-3000, 501
primary DB, HP-3000, 497
procedure call, HP-3OO0, 499
secondary DB initialization,

HP-3000, 498
Heap, in AOe machine, 377
Hewlett-Packard 3000, 475
Host language, 2

IBM Systemj360, 527
IL (intermediate language), 465, 466, 470
Identifier, 321

recognition of, 126

Index 657

Identifier stack, 361
Immediate instructions, HP-3000, 490
Inaccessible entries, of LR(l) parser, 261
Inadequate state

in LR(O) parser, 242
resolution of, 246

Incomplete specification, FSA, 64
Inconsistent state: see Inadequate state
Index register, IBM 360, 529
Indirection and indexing, HP-3OO0, 479
Input string, of PDA, 137
Input-output, AOe machine, 388
Instruction format, eDe 6000, 515
Instructions

HP-3000, 487
IBM 360, 529

Intermediate language, 465, 466, 470
Interpreter, 1
Interrupt, program, IBM 360, 528
Interval, 596

higher order, 597
Interval-based reach algorithm, 600
Interval head, 596
Interval ordering, 595
Isomorphism, of FSA, 69
Item

LR(k),252
in LR(O) parser construction, 235, 236

k-distinguishability, of FSA, 88
k-equivalence, of FSA, 88
Keywords, 126
Killed definition, 588

LALR(I) tables, construction of, 268
LAST relation, 213
LL(k) grammars, 148
LR(k) table size, 273
LR(O) parser construction, 235

proofs, 243
Labels and GOTO's, in Aoe

machine, 413
Labels, Algol statement, 329
Language, 18

ambiguous, 46
assembly: see Assembly language
elements, 15
of extended PDA, 195
of FSA, 68
of a grammar G, 27
host: see Host language
object: see Object language
ofPDA,140
source: see Source language
strongly-typed,338

Left-recursion and LL(k) grammar, 149
Lexical analyzer, 8, 124
Linker, HP-3000, 494
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Linking, 465
CDC 6000, 523

Linking loader, IBM 360, 534
Literal conversion, 125
Literals, 122, 321
Live definition, 589
Live information, data flow, 599
Load instructions, IBM 360,531
Load module, IBM 360, 534
Loader tables, 465

structure, 473
Local variables, HP-3000, 501
Locally available definition, 588
Locally exposed use, 589
Lookahead, in LR(l) parser, 61
Lookahead state, in LR(l) parser, 225
Lookahead string, of LR(k) item, 252
Lookahead table, in LR(l) parser, 230
Loop code movement, 604

MAS, AOC procedure, 421
MMAS, AOC procedure, 427
MSP: see Precedence, mixed strategy
Machine

reduced,88
see also Automaton

Machine code, 1
Macro processor, 125
Matrix

relation as Boolean, 201
sum and product, 202
see also Array, multi-dimensional

Memory address instructions,
HP-3000, 490

Memory organization, HP-3000, 476
Memory reference instructions,

HP-3000,478
Memory space, allocation of,

HP-3000, 493
Merging, state, of FSA, 76
Metasymbols, in regular expressions, 101
Minimal fixed point, of regular expression

equation, 112
Move

empty, of FSA, 70
of extended PDA, 194
of FSA, 68
ofPDA,137

Multipass compilation, 12
Multiple declaration, 322

NDFSA
to DFSA reduction, 134
transformation to DFSA, 75
see also Automaton, nondeterministic

finite-state
NEW, Pascal function, 435
Natural order, 28
Nondeterministic FSA, 70

Nondeterministic, to deterministic, of
FSA,82

Nontermina1, 18
inaccessible, 40
LL(k),148
useless, 40

Number, as a token, recognition of, 126

OWN array, in Algol 60, 429
Object code, 7
Object language, 1
Object module

design of, IBM 360, 539
IBM 360,534

Object program, 1
Objects, dynamic Pascal, 435
One-pass compilation, 12
Operator

hierarchy of, 220
strength, 220

Optimization,9,551
machine-dependent, 553
machine-independent, 553
tree, 9

Optimizer, peep-hole, 10

PCAL, HP-3000, 482
PCR (procedure copy rule), 393, 438
PDA

configuration of, 140
and context-free languages, 143
extended, 194
extended, and CFG, 195
finite control of, 137
from a CFG, 143
language of, 140
matching move, 147
move, 137
replacement move, 147
see also Automaton, push-down

PDT (push-down transducer), 286
apply move of, 287
configuration of, 286
definition of, 286
halt conditions of, 287
matching move of, 287

PLjI
name scanner, 349
structure, 343, 347

PSW: (program status word), 528
PUSH table, in LR(1) parser, 232
Pairs table, 94

reduction method, 134
Parameter(s)

actual,438
formal,437
Fortran procedure, CDC 600, 520
of procedures, 437



Parser, 9, 25, 46
bottom-up, 193
canonical LR(l), 254
LL(k), 156
LL(l),60
LL(l), deterministic, 155
LR(k), 193, 252
LR(l), 60, 225
nondeterministic, 58
recursive descent, 161. See also Recursive

descent parser
shift-reduce, 195
simple precedence, 199

Parsing, 1, 15,25
bottom-up, left-to-right, 49
deterministic bottom-up, 198
left-corner, 47
nondeterministic bottom up, 193
top-down, 1eft-to-right, 47

Parsing methods, comparisons, 275
Partial compilation, HP-3000, 493
Partition

refinement of, 89
set, 89

Pascal
CDC 6000 implementation of, 524
structures, 352
user-defined type, 343

Passes, compilation, 12
Peep-hole optimization, 468
Phrase, simple, 19
Pointer stack, 361
Postfix, 469
Postorder, 28
Postponement of error checking, LR(l)

parser, 262
Precedence

equal, 220
higher, 220
mixed strategy, 219
operator, 219
weak,219
see also Parser, relation

Precedence pair, 205
Prefix, 469
Preorder, 28
Preserved definition, 588
Procedure(s)

AOC machine, 393
external, HP-3000, 484
typed, 437

Procedure calls and exits, HP-3000, 482
Procedure compilation and USL linkage,

HP-3000, 496
Procedure copy rule, 393, 438
Procedure label, HP-3000, 482
Procedure parameter mechanisms, 450
Production, 19

LL(k),148

Index 659

Production rule, 19
Program, object: see Object program
Program, source: see Source program
Program status word, IBM 360, 528
Push-down transducer, 286

Quad,466
Quoted string

recognition of, 127
scanning of, 131

READ table, in LR(l) parser, 230
Reached definition, 588
Read

in LR(l) parser, 61
Read head, of PDA, 137
Read state, in LR(l) parser, 225
Recursion and AOC machine, 393
Recursive descent, error recovery in, 635
Recursive descent parser, 161

construction, 167
from extended grammar, 178
failure of, 171
validation, 171, 174, 188

Reduction
of FSA, 88, 90
of LR(l) parser, 228, 260

Referenced variable, 574
Reference of identifier, 322
References, symbolic: see Symbolic

references
Refinement

proper, 89
see also Partition, refinement of

Reflexive transition closure, 68
Reflexive transitive completion, of

relation, 202
Register allocation, IBM 360, 541
Register assignment, 584
Register conventions, 473
Register save and restore, CDC 6000, 522
Register set operations, CDC 6000, 516
Registers,

and arithmetic, CDC 6000, 513
HP-3000, 476

Regular expressions, 100
context-free grammar for, 101
correspondence to FSA, 104
identities in, 103

Regular grammar
and FSA, 97
from an FSA, 99
regular expression of, 111

Rehash algorithm, 370
Relation, 201

equivalence, 88
precedence, 199, 206
reflexive, 88, 201
symmetric, 88, 201
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Relation (cont'd)
transitive, 88, 201
transitive completion of, 202

Relocation, 466
CDC 6000, 523
IBM 360,534
and linkage directory, IBM 360, 536

Replacement system, 19
Representations

of FSA, 114
of LR(I) parser, 230

Resegmentation, HP-3000, 494
Rule, production: see Production rule

SDTS (syntax-directed translation
scheme), 279

ambiguity, 285
generalized, 296
output afphabet of, 280
simple, 286
simple postfix, 290
source element of, 280
source grammar of, 280
target grammar of, 280
translation defined by, 281
translation element of, 280
translation form, 281
tree transformations, 282

SLALR resolution, 247
SLR resolution, 251
STT (segment transfer table), 482
Save area, IBM 360, 535
Scanner, 8

error, 608
feedback, 616
for PL/l names, 349

Scope
of identifiers, 323
stack,361

Screener: see Scanner
Segment transfer table, HP-30oo, 482
Selectors, in Pascal types, 352
Selector table, LL(k), 155, 158
Self-compiling compiler, 2
Self-resident compiler, 2
Semantic error, 608, 610,611
Semantic operations, error recovery, 618
Semantics, 15

of compiler, 279
Sentence, 15,27

ambiguous, 43
unambiguous, 43

Sentential form, 26
Set, empty, 17
Sets, relation on, 201
Shift-reduce parser, 195
Shift rule, in extended PDA, 195

Single production transitions, removal of,
LR(I) parser, 265

Skyline, 60
Source file, 7, 124
Source language, 1
Source program, 1
Source records, 8

and characters, 125
Sparse array tables, 114
Stack

in AOC machine, 377
ofPDA,137

Stack and heap allocation, AOC
machine, 386

Stack configuration, HP-3000, 482
Stack machine, 377
Stack marker

HP-3OO0,482
in AOC machine, 397

Stack-ops, HP-3000, 487
Start state, in LR(I) parser, 61
State(s),

accessible, of FSA, 85
halt, in FSA, 64
inaccessible, of FSA, 79
initial or start, in FSA, 67
start, in FSA, 63

Statements, 9
Static chain, in AOC machine, 407
Static scope, 323
Step, derivation, 19
Stratification, 160
String(s), 16

empty,17
length of, 17

String table, 361
binary access of, 364
hash access of, 368
linear access of, 363
management of, 11
tree access of, 366

String transducers, limitations of, 300
String translators

and arrays, 302
branches and procedures, 303
and data typing, 301

Strong LL(k), 155
Structure(s)

control,9
data, 342
extended, 177
Pascal static, 352
program, 9
run-time, 377

Subexpression, common, identification
of,578

Subroutine call, IBM 360, 533



Subtree, 28
Symbol,18

start, 20
Symbol table, 11, 322

multi-pass, multi-scope, 327
for Pascal, 356
single-pass, multi-scope, 325
single-scope, 324

Symbolic locations, 4
Symbolic references, 2
Syntactic equivalence: see Equivalence
Syntax-directed translation scheme:

see SDTS
Syntax error, 608, 609, 613

diagnosis of, 614
patching of, 615

Syntax graph: see Graph, syntax
Syntax tree: see Tree, syntax
Synthesis system

bottom-up, 309
organization of, 312

Synthesis: see Semantics

TDG (top-down greedy) algorithm, 581
TFIRST relation, 213
TPCR: see Procedure copy rule
TRANSPOSE relation, 214
TRR: see Algol renaming rule
Terminal, 18
Text table, IBM 360, 536
Textual address, in AOC machine, 401
Thunk,446
Token assembler, 125
Tokens, 8, 15
Transfer point, in AOC machine, 409
Transitions

empty, of FSA, 77
empty, of FSA, removal, 79
state, in FSA, 64

Transitive closure, 68
Translator, 1

issues, 11
Transportable programs, 5
Tree, 28

children, 28
complete derivation, 34
derivation, 32
directed edges, 28
frontier of, 33
height of, 28
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immediate ancestor, 28
immediate descendants, 28
internal node, 28
leaf,28
left-to-right natural order, 28
level,28
nodes, 28
parent node, 28
path,28
reduced,9
root node, 28
siblings, 28
start node, 28
syntax, 36
terminal node, 28

Tree dominoes, 34
Triple, 467
Type conversion, 339
Typed procedures

implementation of, 443
return values of, 445

Types, 337

USL: see Unsegmented library
Uniform instruction set, 547
Uninitialized variables, 603
Unsegmented library

file, structure of, 494
IIP-3000,487,494

Up-level call, 407
Upwards exposed use, 589
Use information, data flow, 599
Use of identifier, 322
Used variable, 574
Useless definitions, 603
User names, 126

VPER (value parameter evaluation
rule),439

Variable, 574
Vector: see Array
Viable prefix, 205

WP(working pointer), 413
Warshall's algorithm, 203
Wirth-Weber precedence relations, 212

direct use of, 215
With list, Pascal, 359
With statement, in Pascal, 355
Working pointer~ in AOC machine, 413






