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Abstract -- This describes a message-passing
system for lazy evaluation of an FP-like language
on a system of processors. A graph-reduction
machine, it supports parallelism, non-determinism,
and the cancelling of computations begun but no
longer needed. Principal results are the message-
passing apparatus, which provides a parallel re-
mote procedure call semantics and the analysis of
the cancellation of tasks.

The Language: FPL

Cancelling unneeded computations is a natural
extension of lazy or demand-driven evaluation;
e.g., a boolean function may cancel the call for
one of its arguments if the other suffices. Lazy
evaluation also permits a language to tolerate
diverging computations--a function may return a
value if the diverging argument is not needed, and
then cancel the unfinished computation.

FPL differs from Backus's FP [1] in permit-
ting sequences to be well-defined even when they
hold undefined elements., These are function ap-
plications that have not returned values, either
because they have not yet been evaluated, or be-
cause they are endless computations, Objects in
FPL are numeric and symbolic atoms, sequences of
objects, and the determinate error object, TOP.
This object must be distinguished from BOTTOM,
which denotes a function application that does not
[yet] have a value; this cannot be detected, but
plays a role in the semantic specification. 1In
particular, a sequence has a definite length even
if all of its elements are BOTTOM, and a selector
may return any of them that is not BOTTOM. FPL
functions force their arguments to the least de-
gree that permits them to return a definite value.
‘Computations are assumed to go in parallel when-
ever possible, so that an undefined element that
is not needed will never prevent completion. The
binary boolean functions are short-circuiting; if
the first argument to be returned suffices, they
return a value without waiting for the other (this
is the principal source of cancellations).

The following definition of OR in terms of
primitive type functions translates quite directly
into an operational specification:

OR:x = if not pair(x) then TOP
else for {i,j} = {1,2}
if bool(x.i) then if x.i then T
else if bool(x.j) then x.j else TOP
else if bool(x.j) then if x.j then T
else TOP
else TOP
OR thus issues parallel demands for the two com-
ponents of its argument, and a single true value
completes the computation whether the other is
boolean, non-boolean, or unknown., This definition
is equivalent to one using McCarthy's "amb"
function, but is operationally clearer.
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Message-Passing in a Reduction Machine

A program in a graph reduction machine is a
rooted digraph with function nodes and "apply"
nodes that initially hold references to function
and argument, and eventually hold the value of the
function application (there may also be primitive
value nodes). The program executes by using func-
tion definitions as rewrite rules to transform the
graph until it is a single node holding the value
of the computation. 1In the FPL machine, the apply
node is an actor-like structure, called a cell,
that exchanges messages with other cells and en-
capsulates all local state-changes that occur
during function execution., It plays the role of a
process in a conventional machine, and may be
represented as a triple <program stack, workspace,
<WAITERS, WORKERS, RESULTS>>, where the last ele-
ment is a triple of message lists, WAITERS is a
list of demanding cells, WORKERS, a list of cells
to which demands have been sent, and RESULTS, a
list of values received in response to demands.

The demand-driven evaluator begins evaluating
a cell when it receives a demand, or schedules it
for evaluation if no processor is available, If
the argument is already evaluated the computation
can complete; if not, the cell in turn issues
demands and waits rcr the resuits. Once evalu-
ated, a cell can respond immediately to subsequent
demands, A cell that is not actively executing is
in a state characterized by the contents of its
WORKERS list; state transitions occur when a cell
becomes a currently executing one. There are
three states: idle, working, and suspended.

There are also three kinds of messages:
'eval', 'result', and 'cancel', Initially and
finally, a cell is in the idle state. If it
receives an 'eval', it either responds without
leaving the idle state, or stores the 'eval' in
WAITERS, issues 'eval's to other cells, storing
copies of these in WORKERS, and waits, It is in
the working state, having distributed parts of the
computation to other cells, When all the 'result'
messages arrive, the cell reverts to idle.

"~ A cell that acquires enough results to deter-
mine its value may issue a 'cancel' to all remain-
ing cells listed in WORKERS. It then forgets them
and becomes idle. Receiving a 'cancel' is more
complicated. Since a cell can only receive a
message when it is not actively executing, either
the 'cancel' arrives t.oo late, or the target cell
has in turn sent 'evai's to others. In the latter
case, the 'cancel' may have to be propagated.
There are two cases. If the cancelling cell is
not the only one listed in WAITERS, then the
recipient merely deletes the corresponding demand
from WAITERS. If WAITERS thereby becomes empty,
then 'cancel's are sent in turn to all cells
listed in WORKERS, and copies of these messages
are stored in WORKERS in place of the 'eval's,

The cell is suspended; this state is necessary



because the cell getting the 'cancel' is the root
of a subgraph that may be known to others that
have not yet issued demands. If these are sent
later, the subgraph must resume work by converting
the stored 'cancel's in WORKERS to 'eval's and
sending them out again.

Implementation

The present implementation, written in an
intermediate stack language and run on a PDP-11,
divides the work between an evaluate routine that
initiates demands and executes functions, and a
message-handler. The latter routes messages and
serves as a filter, placing messages in the appro-
priate lists of a cell and returning control to
the evaluator when results are available. The
intermediate language provides the data structure,
a sequence-like object, that represents cells and
all other objects. A reference-counting garbage
collector manages storage. Messages have referen-
ces to sender and receiver, and the copies stored
in the message lists keep cells in existence as
long as they are known to any part of the graph.

The design and implementation are robust.
Since cells are multi-tasked and most of the work
is done by starting up other cells, any cell that
can finish its work will do so; an endless loop
can only be an endless generation of new cells,
which cancellation should prevent if they are
unnecessary. The message-passing apparatus can
readily be extended to multiple processors, and
can tolerate lost messages. Lost 'cancel's will
not generally hurt beyond slowing progress, and a
lost 'eval' or 'result' can be handled by sending
another 'eval' after a timeout. While messages
have been assumed to arrive in the order sent,
this is not necessary; a 'cancel' that arrives
before the corresponding 'eval' can just be held
pending arrival of the 'eval'.

This implementation is slow, partly because
of the use of an intermediate language, and partly
because messages must be sent for every small
computation. Our plans include work with heuris-
tics for packaging more work within a cell, so
that the machine has eager as well as lazy compo-
nents, and fewer messages are exchanged.

Analysis of Cancellation

A computation that is cancelled may be a
well-behaved one that would terminate, or a diver-
gent one. Because FPL is BOTTOM-tolerant, these
ill-behaved functions cannot prevent the entire
computation from finishing, but they can consume
space and time if allowed to spawn new cells.
There are thus two distinct issues: whether can-
cellation will save significantly when stopping a
well-behaved function, and whether a runaway func-
tion can always be stopped eventually. In addi-
tion, we must be sure that cancellation never
prevents a needed value from being produced.

Our message-passing, in which 'cancel's are
passed from one cell to the next, insures that
no cell will be suspended in the presence of
outstanding demands, and that the offspring of a
suspended cell will always be informed that they
are suspended. Cancellation is therefore correct,
and any unneeded and well-behaved computation will
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get cancelled. Since a computation does most of
its work by creating new cells to evaluate func-
tions as they are demanded, and these are the last
to receive the chained cancel messages, they may
have finished before getting the cancellation.
This method of cancelling is thus very slow.

In fact, if cells are assigned to processors
when they get 'eval's, and messages are processed
in the order sent, a 'cancel' will always arrive
after its target has started evaluating and sent
'eval's to its offspring. If there is always a
new generation, the 'cancel's will never quite
catech up, and if two offspring are spawned at each
step, unwanted but active cells grow indefinitely.

An obvious answer is to give priority to
'cancel' messages. This is easy, but if there are
many processors, then 'ecancel's may still not
arrive in time to stop the next generation. A
runaway computation will eventually glut the sys-
tem with new cells, though, so that each processor
will have a list of cells waiting to act on their
'eval' messages. Now the priority of the 'cancel'
will let the processor handle it before the target
cell starts work, and cancellation succeeds. We
can be sure, therefore that divergent computations
will get stopped.

While this propagation of 'cancel's through
the graph assures correctness, it delays their
reaching the leaves of the graph, which is where
the activity takes place. An alternative would be
to broadcast 'cancel's from a cell to all proces-
sors, saying "Don't let any of my progeny start,"
thereby stopping them all at once. There are two
problems here. First, every cell must be identi-
fied as a descendant of its ancestor, which may
cancel. This ancestor is not unique, however,
Second, a cell may hold a second 'eval' and so the
subgraph with it as root should not stop. While
this root cell knows of the second demand, the
remainder of the subgraph does not, so they must
be restarted or not stopped in the first place.

A solution is to note that only some cells
may cancel; let the cells representing them be "C-
cells", and the others, "S-cells" (strict). Each
C—cell names itself as ancestor when sending
'eval's. When one broadcasts a 'cancel'’, if it is
not the first to demand a particular cell's value,
there is no effect on that cell. If it is the
first of two, then some cell knows of both de-
mands, and so it reissues the demand in the name
of the second demanding cell, thereby restarting
the rest of the subgraph. Once again we have a
chaining of messages, but now it is sparser.

There is another method. Since only the
leaves of the graph must be directly reached by
the broadcast 'cancel', let the cancellation ig-
nore the other nodes. If these interior nodes are
not needed by the higher ones, then once the
cancellation of the leaves takes effect, the inte-
rior becomes garbage to be collected, since it is
known neither to ancestors nor descendants. If a
subgraph is still known by demanders, then it will
be found by the garbage collector. Once found, it
may be restarted.

Qur proposal is thus to use the garbage col-
lector to carry some messages. Let us use the
highest C-cell in a subgraph as the ancestor of
all below it. If it cancels, the garbage collec-
tor reclaims all lower cells not needed by another
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cell. If another demand is found, the collector
finds the name of the demanding cell and con-
tinues, now renaming the ancestor as this new
cell. If a cell in the middle of the graph
cancels, it does so in the name of the higher
ancestor. This stops more than should be stopped,
but the collector will restart what is needed.

In fact, this apparent disadvantage may be a
virtue. A large subgraph gets stopped because of
a 'cancel'; this is because some cell in the graph
has a result. Since result messages may continue
to be propagated upward, the suspension of all the
leaves of the subgraph allow the result to be
received and used faster. By giving priority to
the return of the result as far up the graph as
possible, more cancellations may then be possible.
This method, then combines the breadth-first graph
expansion of parallel lazy evaluation, with prun-
ing of the graph whenever 'cancel's are issued.

Comparison with Related Work

Baker and Hewitt [2] propose a collector that
periodically stops all processes (our cells) and
does collection, restarting proceses in its wake.
This is similar to our method, except that our
'cancel's stop only a portion of the entire graph.
Because they do not have 'cancel's, they use a
scheduling algorithm to allot less processor time
farther down the graph. Friedman and Wise [5]
propose "sergeant" processes helping a main
"colonel" process, so that when a node becomes
useless the sergeants can be reassigned, but they
do not show how to find these processes readily,
nor have they implemented the method. Grit and
Page [6i use a reference-counting collector like
ours, running in parallel with the function eval-
uations. Unlike our graph, theirs does not handle
common subexpressions unless they can be recog-
nized at compile time. They point out that their
method cannot guarantee to stop runaway tasks.

There appear to be no other discussions of
the problem of cancelling tasks. As Treleaven, et
al note [8], there are few reduction machines
using lazy evaluation, and those that do, such as
[31, [4]1, [7], do not deal with cancellation.

Future Research

It is difficult to know what portion of a
graph will be stopped by this cancelling method.
Since the highest C-cells are initially the ances-
tors of the rest of the graph, much depends on how
close to the start these are, and how many there
are in parallel. As the graph expands and con-
tracts, ancestry changes. For that matter, there
seems to be little information available about the
efficacy of demand-driven evaluation. Our can-
celling procedure is a kind of heuristic; we need
to test it further to determine whether it, or
perhaps our original method of sending explicit
cancel messages down a chain, is worthwhile. It
may turn out that the effort to guarantee that
runaways be stopped is not worthwhile. On the
other hand, an efficient method of doing that
would also be efficient in terminating any well-
behaved computation that is no longer needed.

Our present plans include a new implementa-
tion with several cancellation options available,
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so that we may explore this issue. Since extreme
laziness is expensive with small functions, we are
also working on ways to have only larger computa-
tional units exchange messages, thereby simpli-
fying interactions among processors. We are ex-
ploring heuristic measures of complexity that can
help to decide when to assign a task to a new
processor. In preparation for the multiprocessor
implementation, we are also examining methods for
distributed garbage collection, discussed in [91].
We are looking at ways of using compile-time pro-
gram transformation to reduce the number of run
time messages needed. A virtue of our message-
passing model, in fact, is that reduction by pro-
gram transformation and by run-time execution may
be uniformly described by message-passing.
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