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Abstract



This is the nal report on the GRASP project,
carried out under SERC grants GR/F34671 and
GR/F98444, at Glasgow University1 2 .
The project supported two Principal Investigators (Simon Peyton Jones and Phil Wadler), and
three Research Assistants (Kevin Hammond,
Cordelia Hall and Will Partain). Four research
students have worked in close association with
the project.



1 Summary
The purpose of GRASP was to help get the technology of functional programming out of the lab
and into the hands of practitioners, by producing robust and usable compilers and pro lers for
these languages, on both sequential and parallel
systems.
The main achievements of the project are as follows:




We have played a key role in the development of a common international non-strict
functional language, Haskell (Hudak et al.
[1992]). This standardisation e ort has led
directly to a considerable focussing of the
international research community in these
languages. More details about Haskell are
given in Section 3.
We have developed and distributed a worldclass compiler for Haskell (Peyton Jones et
al. [1993]). Section 4 elaborates.



We have developed and made available a
parallel implementation of Haskell, running
on our GRIP multiprocessor (Section 5).
(GRIP was designed and built in the Alveyfunded GRIP project, during 1985{88.) In
spite of the fact that GRIP's hardware technology is now somewhat dated, GRIP is
still the fastest parallel implementation of a
non-strict functional language in the world,
in absolute (let alone relative) terms3 .
We have made several scienti c advances
in the area of language design and implementation, whose signi cance and usefulness transcends our particular implementations. For example: rst-class unboxed values; the use of monads to accommodate input/output, state-ful computation, in-place update for arrays, and mixedlanguage working, all within a purely functional language; monads as a technique for
structuring large programs; two separate
approaches to deforestation, the removal of
intermediate data structures; a new analysis to detect when updates can be avoided;
a new space and time pro ling technique for
lazy languages; and a notation and operational semantics for graph reduction. These
are discussed further in Section 6.
We believe that detailed, quantitative measurements of the actual behaviour of \real"
functional programs is now sorely needed.
While this was not the main goal of GRASP
| it is the subject of the newly-begun
AQUA project | we made some progress
in this direction (Section 7).
We have throughout worked in active col-

1 The original GRASP proposal included a component

at Essex University, funded under a separateSERC grant
3 Zapp, another SERC-funded project, is the only real
number, which is the subject of a separate Final Report.
2 This report covers two SERC grants, so it is a bit competitor, but it is restricted to divide-and-conquer
longer than usual.
parallelism only (McBurney & Sleep [1987]).
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laboration with other research workers.
In particular, we have enjoyed a productive partnership with the FLARE project,
whose goal was to write realistic applications programs in Haskell, for both sequential and parallel platforms. FLARE is coordinated by Colin Runciman at York, with
partners at British Telecom (Martlesham
Heath), the University of Kent, and the
University of Swansea.
There is also a committed group of four
PhD students at Glasgow, who have bene ted directly from the practical and intellectual support GRASP has given, and
who have in turn bene ted the project (Section 4.3).
The most durable and transferable outcome
of a research project is often its publications. The best technology in the world
is no use to others unless its principles
are published in articulate and intelligible
form.
We have been quite successful in this regard, publishing a book, 35 papers, and 17
technical reports over the life of the project
(Section 8). All are available electronically
by FTP, as is the source code of our compiler and associated tools.



\To develop the compilers, run-time systems and pro ling tools required to support
the wide use of declarative programming,
on both sequential machines and the GRIP
multiprocessor."

Achieved.





We are well satis ed with GRASP. The project
has been extremely productive, in terms of robust software, scienti c advances, and published
papers. It has maintained and enhanced the
UK's leadership in the functional programming
area, and taken signi cant steps towards making functional programming tools available to,
and usable by, ordinary programmers.



2 Plans versus reality
This section compares the original proposal with
what actually happened. (Quotations are from
the proposal.)



2.1 Goals
The purpose of the GRASP infrastructure
project was \to enhance the functional and
logic language implementations built by GRIP
and BRAVE into robust, high-performance systems".
The goals were stated as follows:



\To achieve high absolute performance,
rather than simply demonstrating relative
speedup as processors are added. Speci cally, our target is that a fully-populated
GRIP machine should run ten times as
fast as a comparable sequential machine.
By `comparable' we mean a Sun 3 running code compiled by a good functionallanguage compiler."
Exceeded. GRIP exhibits absolute
speedups of up to 17 with 20 processors,
relative to the same program compiled for a
purely-sequential environment with equivalent processors.
\To make these tools freely available to others outside the project who are interested
in experimenting with parallel declarative
programming."
Mostly achieved. Both our compilers
and GRIP have been available to others
throughout the project, and we make regular releases of the Glasgow Haskell Compiler. The caveat is that, until recently,
GRIP's has been much less reliable than we
had hoped (Section 2.4).
\To feed back the experience of actual use
into the re nement process of the tools and
systems, so that their nal versions re ect
the requirements of users."
Done. This is a hard goal to measure, but
we have certainly based many of our strategic decisions on feedback from our users.
\To carry out research into the performance
and resource-management issues which are
of critical importance in any parallel system, in the speci c context of parallel graph
reduction."
Achieved. Section 5.3 gives details.
\To realise the potential of the existing DTI
and SERC investment in GRIP hardware
and software."

You should judge!
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2.2 Speci c project deliverables

We invested very considerable e ort in addressing this problem. In the end (late 1992), we decided to cut our losses and instead re-target the
new Glasgow Haskell Compiler (Section 4.2) to
GRIP. (We had repeatedly postponed doing so
in the hope that \one more x" would complete
the old system.) While the re-targeting was a
substantial task, it has been extremely successful, and GRIP is now highly reliable. With the
bene t of hindsight we should have done this
somewhat earlier, though the new compiler was
not in a t state to re-target until the second
half of 1992.

The original proposal gave the following list of
deliverables:


\A compiler for Haskell, capable of generating high-quality native machine code for
a Sun workstation."

Delivered.

\A programming environment for Haskell
supporting a more interactive, exploratory
and incremental style of program development than a batch-oriented compiler."
Not done. See Section 2.3.
3 The Haskell language
 \A compiler for Haskell to the GRIP par- This section and those which follow give some
allel hardware, producing a substantial ab- more details of the work we have done. We begin
solute performance improvement over the with the Haskell language itself.
sequential implementation."
Haskell is a new, common, international, nonDelivered.
strict functional programming language. Its ma \A suite of performance-monitoring tools, jor goal was to reduce the harmful diversity of
which gives the systems programmer and non-strict functional languages which arose in
applications programmer feedback about the late 80's.
the execution of the program on the GRIP We (Wadler, Hammond and Peyton Jones)
hardware."`
played an important role in its design. The
language went through three major iterations,
Delivered.
with a Report produced at each stage. Wadler
was the Editor for Version 1.0 and Peyton Jones
2.3 Changes of plan
for Version 1.2 (Hudak edited Version 1.1).
We made one major change of plan, by decid- Haskell's major innovation is its systematic new
ing not to build an interactive Haskell system to approach to overloading, based directly on a
complement our compiler. Whilst we see such a proposal by Wadler.
system as extremely desirable, it became appar- Haskell has had a very valuable focussing efent that it was a very large task, and carrying it fect on the international research community. It
out would spread our e ort too thinly. Further- has rapidly become to the non-strict community
more, early in the project, an excellent interac- what Standard ML is to the strict community.
tive implementation of a language very similar It is also a key stepping stone on the path to
to Haskell (Gofer) became available. This sys- serious practical applications of non-strict lantem satis es many of the needs for which we guages:
people have become con dent enough
had intended our proposed interactive Haskell in its stability
and its implementations to write
system.
substantial applications in Haskell, which was
simply not the case before. In supporting this
2.4 Disappointments
e ort, we believe that GRASP has rendered an
important
service.
We have had one major disappointment. From
an early stage we o ered our FLARE partners
access to GRIP. The Haskell implementation on 4 The Glasgow Haskell compiler
GRIP was based on our prototype Haskell compiler (see Section 4.1), and was never reliable. It A major component of the GRASP project was
seemed that whenever we tried a new functional to produce a robust, state-of-the-art compiler
program, the system would fail in a new way! for Haskell. This goal is more easily stated than
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achieved. Even leaving aside its new type system, Haskell is a rather large language, incorporating: a rich syntax; a wide variety of builtin data types including arbitrary-precision integers, rationals, and arrays; a module system;
and an input/output system.

produce, and are still neck and neck.
The ghc e ort has been much more important
for us than simply producing a compiler as a
product. It has served as the spur which has led
us to develop a number of new ideas, discussed
later in Section 6. It has also provided an infrastructure for the work of others, a matter to
which we now turn.

4.1 The prototype compiler
We needed a Haskell compiler at an early stage
in the project, and we constructed one by making substantial extensions to an existing compiler, the Chalmers LML compiler (Hammond
& Blott [1990]). This work resulted in the rst
implementation of Haskell in the world.

4.3 The compiler as motherboard

As we began the design of ghc we evolved a
secondary aim: that it should be built in a
suciently modular fashion that others could
use it as a \motherboard" into which to \plug"
their new whizzy program analyser, optimiser,
or whatever. Much research lies untested because too much e ort is needed to build the
sca olding of a suitable front end and back end.
Instead, a tiny front end and back end are usually built for a toy language, but the results are
unconvincing because there are no credible programs written in the toy language, and the results might in any case be swamped by other optimisations which a serious compiler would perform.
In contrast, using our compiler as a framework
allows a new technique to be evaluated in the
context of a fully-optimising compilation path,
and using a large suite of serious test programs
(Section 7.2).
We have been quite successful in ful lling this
aim. We know of the following de nite \users"
of the the compiler as motherboard:

4.2 The Glasgow Haskell Compiler, ghc
We always knew that the prototype compiler
would be unsatisfactory in a number of ways
| it is a modi cation of an already heavilymodi ed compiler | so we undertook to build
a completely new compiler for Haskell, written
in Haskell. This is the Glasgow Haskell Compiler, ghc.
A substantial proportion of the total GRASP
e ort went into ghc. Haskell is a large language,
so the compiler has to be large too: ghc is the
world's largest Haskell program with upward of
30,000 lines of source code. An overview of ghc
is given in Peyton Jones et al. [1993].
One early decision we took was to generate C
as our target code (Peyton Jones [1992a]). This
has paid o handsomely. We stand to achieve
wide portability, and by using the Gnu C compiler, gcc, we can still generate excellent machine code. The main problem is that compilation time is longer than we would like, because
we generate a lot of C and a lot of time is therefore spent in gcc. We are considering writing
some \quick-and-dirty" native code generators,
simply to speed up compilation.
We made \private" releases of ghc to our friends
and partners during 1992, and the rst public release (ghc 0.10) was in December 1992.
Shortly after we began ghc, Lennart Augustsson at Chalmers University also started work
on a Haskell compiler (based on his earlier LML
compiler) called hbc (Augustsson [1993]). The
friendly rivalry between hbc and ghc has been
highly productive: both compilers have made
enormous strides in the quality of the code they
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Jim Mattson, a PhD student at the University of South California at San Diego
(UCSD), ported our entire parallel implementation (the prototype version) to a
BBN Butter y machine, and used it as a
basis for his PhD work on speculative computation (Mattson [1993]). Whilst this was
a use of the prototype compiler, not ghc,
it is an example of the same process in action. (Subsequent to this work, Jim has
joined the AQUA project at Glasgow.)
Jon Hill, a PhD student at Queen Mary and
West eld College, is using ghc as the basis
for a data-parallel extension of Haskell, targeted for the DAP (Hill [1993]).
Simon Marlow, a PhD student at Glasgow,







has implemented a new update analyser,
which gures out when thunks can safely
be evaluated without update (Launchbury
et al. [1993]; Marlow [1993]).
Andy Gill, another PhD student at Glasgow, has implemented a new technique for
removing intermediate lists in non-strict
functional programs (Gill & Jones [1993];
Gill, Launchbury & Peyton Jones [1993]).
Andre Santos, a PhD student at Glasgow, is
using the compiler as a basis for his work on
automatic program transformation (Santos
& Peyton Jones [1993]; Santos [1993]).
Patrick Sansom, a PhD student at Glasgow,
has used the compiler as a basis for his generational garbage collector, and made detailed performance measurements of its behaviour on large programs (Sansom [1991];
Sansom & Peyton Jones [1993b]).
Patrick Sansom has also implemented a
new time and space pro ling technique,
based on so-called cost centres, and used it
to pro le and tune large programs (Sansom
& Peyton Jones [1993a]).
All the above are \solid"; that is, we have
had modi ed, working source code back
from them. At a \softer" level, we have
had (at least) the following expressions of
strong interest:
{ two groups have expressed de nite interest in using ghc as a base for a
hardware description language (both
USA);
{ another intends to develop a real-time
generational garbage collector (Australia);
{ another is implementing \constructor
classes", an extension of the Haskell
type system (Australia);
{ another intends to integrate his sophisticated strictness analyser into
ghc (Manchester);
{ and about ten groups are working on
porting the compiler to other platforms.

document, which can either be fed into a compiler, or typeset to make a human-readable text,
with some pre-processing being necessary in either case (Knuth [1984]). Based on this idea,
we have developed a simple literate programming system for Haskell. In most respects it is
simpler than Knuth's system, but we have extended the idea in one way: the program can be
read in a third way, as a simple hypertext using
the Gnu info system.
The entire compiler is written using this system.

5 The GRIP multiprocessor

It has long been claimed that functional languages are particularly suitable for parallel evaluation. The absence of side e ects means that
distinct sub-expressions of the program can be
evaluated concurrently; no new language constructs (threads, semaphores, critical regions
and the like) are needed; no new semantic com
plexities are introduced; and the program remains deterministic, in stark contrast to the
unpredictable behaviour of parallel programs in
other languages.
Despite this promise, and many prototypes,

there are very few \real" parallel implementations available. By \real" we mean implementations which give an absolute speedup over
the same (functional) program compiled by a
state-of-the-art compiler for a sequential processor made from comparable technology. Indeed, the only two such implementations known
to us are the h; G i machine (Augustsson &
Johnsson [1989]), and our own machine, GRIP.
Furthermore, the former is now e ectively defunct. (Zapp, another SERC-funded project, is
another parallel implementation delivering good
performance, but it is restricted to divide-andconquer parallelism only (McBurney & Sleep
[1987]). Other work is in progress, of which the
most promising is that of the Nijmegen group.)
Why are \real" implementations so few? It is, in
our view, mainly because building such a system
is a major undertaking. Functional languages
shift much of the burden of resource management from the programmer to the system. This
shift
is even more pronounced in the case of par4.4 Literate programming
allel systems, where the system is responsible for
Knuth introduced the idea of \literate program- the scheduling and location of threads, for the
ming", in which a program is written as a single placement of data, and for all communication
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and synchronisation. As a direct result of all that GRIP's hardware designer left at the end of
this, the language implementation on the paral- the GRIP project. The only person who underlel system becomes quite complex.
stands the hardware in detail is Simon Peyton
Jones, who has too many other things to do!
We have continued to use the GRIP Lightweight
5.1 The hardware system
Operating System (GLOS) developed in the
The basis for our work in GRASP was the GRIP GRIP project, and much associated system softmultiprocessor itself, built under Alvey support ware.
in the GRIP project. Despite its old technology
(GRIP uses M68020 processors), GRIP's abso- 5.2 Haskell on GRIP
lute performance still outstrips that of a (single)
Sparc 10, for suitably-parallel programs at least. We have built an implementation of compiled
graph reduction to run on GRIP. The
From an architectural point of view, the most parallel
design
is
described in Peyton Jones, Clack &
interesting part of GRIP is the use of in- Salkild [1989].
telligent memories (IMUs). The idea is to
raise the abstraction provided by memory from The most signi cant aspect of the design is the
the usual vector-of-words, supporting two op- memory hierarchy. The Intelligent Memories
erations (read and write), to a garbage col- (IMUs) support a global heap, which is cached in
lected heap supporting many operations (allo- the local heap on each PE. There are no pointcate, fetch and lock, update, garbage collect, ers into these local heaps from outside a PE,
and so on). To this end, the IMUs consist of so they can be garbage-collected independently;
5 Mbytes of RAM, very closely coupled to a mi- this means that locally-generated \litter" is recroprogrammed data engine. GRIP's hardware covered very cheaply. Only when the entire
architecture, and that of the IMUs in particular, global heap lls up is global garbage collection
is described in Peyton Jones et al. [1987].
initiated, which requires the cooperation of all
PEs and all the IMUs. The IMUs do much
The ability to add new microcoded memory op- the
of
the
global garbage collection autonomously,
erations has proved extremely valuable. For ex- in microcode.
ample, we recently added microcode which allows the IMUs to circulate among themselves a A runtime system, replicated on each PE, manmeasure of the overall system load. Since this is ages the scheduling of parallel threads, storage
done entirely in microcode with no PE interven- management, and the movement of data betion, it happens extremely fast, which in turn tween global and local memory. The rst verdirectly boosts performance of parallel Haskell sion of the runtime system was written rather
programs.
too rapidly, at the very end of the GRIP project.
It
never worked satisfactorily, despite the investThere is one design decision which turns out to ment
of substantial e ort. Late in 1992, we
have been badly mis-judged: there is too little cut nally
losses and rewrote the runtime
memory on each PE (1 Mbyte). When GRIP system in C,ourintegrating
with the new Glaswas designed this seemed quite a lot, but it is gow Haskell compiler. Theitresulting
system now
now the factor which painfully limits how big a works very reliably.
Haskell program can be run on GRIP. There is
no problem with the GRIP architecture itself,
but in cold reality there is no prospect of being 5.3 Experience and results
able to increase the memory on each processor.
Despite these diculties, we have succeeded
What a classic error!
in running a variety of experiments on GRIP,
The hardware itself has been reassuringly reli- leading to a succession of papers (Akerholt et
able. Some individual boards have developed al. [1991]; Akerholt et al. [1993]; Hammond
faults, but they can easily be taken out of ser- & Peyton Jones [1992]). Any parallel funcvice. Once this is done, the remaining sys- tional language implementation uses a whole
tem works faultlessly. We have been hampered raft of strategies and heuristics to manage the
in xing the faulty boards (in theory we have resources of the system. These papers o er preenough hardware for 32 processors) by the fact liminary exploration of the e ect of some of
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these strategies in the context of a real system.
An important thread in this work has been
measurements of a parallel database system
based on ideas explored in Trinder's thesis
(Trinder [1989]). The key idea is to represent the database by a tree, which allows intertransaction as well as intra-transaction parallelism to be exploited. The results of this work
have been suciently encouraging that they
have led to a recently-funded SERC project |
PARADE | to build a more substantial and realistic functional database system on ICL's EDS
hardware platform.
Recent experiments on GRIP with optimised list
constructors called `hydras' have yielded a factor
of 4 speedup on a substantial program. These
constructors allow several list cells to be represented as one, reducing GRIP communication
overhead (Hall [1993]). Thus it seems likely that
the years of theoretical work on strictness analysis over data structures will pay o in practice.

is that it o ers an unusually close interplay between these two aspects (Peyton Jones [1992b]).
Theory often has immediate practical application, and practice often leads directly to new
demands on theory. We have seen many examples of this interplay, and our work in GRASP
has driven us to make a number of scienti c advances, which have a much wider applicability
than our project alone. Much of this work has
been done in collaboration with our PhD students: Andre Santos, Andy Gill, Patrick Sansom, and Simon Marlow.

6.1 The STG language

We have developed a new notation and operational semantics for graph reduction, called
the Shared Term-Graph language, or STG
language4 (Peyton Jones [1992a]). The interesting thing about the STG language is that it
is a purely functional language with both a conventional denotational semantics, and an operational semantics, expressed as a state-transition
system,
akin to that conventionally used for ab5.4 The future
stact machines. It therefore forms an ideal stepWe are by no means nished with GRIP. We will ping stone in the compilation path.
continue to make GRIP available to our partners, and extend the range of parallel applica- 6.2 Unboxed data types
tions which it runs. We intend to make further detailed measurements of the e ect of var- In order to expose to the compiler's transforious resource-management strategies. We may mation system the boxing and unboxing of data
explore more substantial extensions, such as values required by arithmetic operations, we deadding speculative evaluation (Mattson [1993]). veloped a notation and theory for unboxed data
(Peyton Jones & Launchbury [1991]). This
The major tactical decision is when to start in- types
notation
signi cantly extends the expressiveness
vesting heavily in some other, more widely avail- of both the
language and the compiler's
able, parallel platform. But that is beyond the intermediatesource
language,
exposing to the compiler
scope of this report.
a number of optimisations which previously lay
buried in dark corners of the code generator.

6 Scienti c advances

6.3 Hydras

Computer Science is both a scienti c and an engineering discipline. As a scienti c discipline, it
seeks to establish generic principles and theories
that can be used to explain or underpin a variety of particular applications. As an engineering
discipline, it constructs substantial artefacts of
software and hardware, sees where they fail and
where they work, and develops new theory to
underpin areas that are inadequately supported.
(Milner [1991] eloquently argues for this dual
approach in Computer Science.)
One of the delights of functional programming

We have extended the unboxing approach to include an optimised representation of lists (Hall
[1993]). Each constructor contains several list
heads and a single tail, `unboxing' the other
tails and coalescing them into one structure.
These have been shown to cut execution time
4 The \STG" originally came from the abstract machine used to implementthe STG language, the Spineless
Tagless G-machine. In fact the language is quite independent of the implementation technology, so a separate
name is appropriate even if, for historical reasons, they
share a single acronym!
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6.6 Deforestation

in half on a substantial program. We have also
developed a general framework for optimising
abstract data types automatically. This new
analysis and transformation was inspired by the
original design of the typechecker, which translates into the second order polymorphic lambda
calculus.

Functional programs are often constructed by
combining smaller programs, using an intermediate list to communicate between the pieces.
Unfortunately, these intermediate lists have a
run-time cost, both in space and time.
We have invented and implemented a new
deforestation technique for removing many of
these intermediate lists in non-strict functional
programs (Gill, Launchbury & Peyton Jones
[1993]). It is particularly e ective in removing
the intermediate lists which otherwise are generated by Haskell's array comprehensions.
We have also extended Wadler's earlier work
on deforestation (Wadler [1990]) to deal with
higher-order functions, though the implementation is not yet complete (Marlow & Wadler
[1993]).

6.4 Monads for state and input/output

Based directly on work by Moggi and Wadler
(Moggi [1989]; Wadler [1992a]; Wadler [1992b]),
we have demonstrated and implemented a new
model for input/ouput in purely functional languages, based on monads. Not only has this approach made I/O-performing programs easier to
write, but has also led us to semantically clean
ways of incoprorating mutable arrays, state-ful
computations and mixed-language working into
Haskell (King & Launchbury [1993]; Launch- 6.7 Update avoidance
bury [1993]; Peyton Jones & Wadler [1993]).
This is a very exciting new area.
Lazy evaluation creates many thunks, or asyet-unevaluated heap objects, which are subsequently updated with their nal value. However, our measurements indicate that over 70%
6.5 Pro ling
of thunks are only used once, and hence need
not be updated (a considerable cost saving). We
Everyone knows that it is often possible to make have
developed a new analysis, update avoidsubstantial improvements in the performance of ance analysis,
which identi es a substantial fraca program by changing only a small proportion tion of these single-use
thunks, and implemented
of its code. The trick, of course, is to know it in ghc. It works rather
allowing the comjust which part of the code to pay attention to. piler to omit 10-60% of well,
all
updates
exact
This question can be particularly dicult to an- gure varies widely from program to(the
program)
swer in a lazy functional program, because the (Marlow [1993]).
demand-driven evaluation mechanism leads to
a rather non-intutive execution order. In response to this need, we ave developed a new 7 Measurements
space and time pro ling technique, based on socalled \cost centres", which allows accurate pro- There is a simple idea which has changed the
ling of the space and time consumed by di er- world of computer architecture: to obtain high
ent parts of the program, despite the ne inter- performance, one must make quantitative mealeaving imposed by lazy evaluation (Sansom & surements of the behaviour of \real" programs,
Peyton Jones [1993a]).
and make sure that the most common operaare performed at blinding speed | even
Runciman and Wakeling at York have also been tions
if
less
operations go a bit slower as a
working on pro ling systems for Haskell, and result. common
This
common-sense
is the breakhave produced an excellent space-pro ling tool through which launched theinsight
RISC
revolution
in
which gives similar information to ours (Runci- computer architecture.
man & Wakeling [1993]) | indeed, we use their
text-to-graph mangler as part of our system. We believe that it is essential to make these
The unique feature of our work is that it allows kinds of detailed, quantitative measurements
time consumption to be pro led as well; theirs of the behaviour of functional programs. The
cannot easily be extended to do this.
AQUA project, which has just begun and is
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funded by SERC, is precisely aimed at this goal. getting a particular task done. The range of
In GRASP we carried out some initial work in applications is wide, including, for example, a
this direction, which is outlined here.
theorem prover, a particle-in-cell simulation, a
solid geometry application and a strictness analyser. Their size ranges from a few hundred lines
7.1 Generational garbage collection
of Haskell to several thousand.
The 1980's have seen the successful development
of generational garbage collection techniques
(Lieberman & Hewitt [1983]; Moon [1984]; Un- 8 Dissemination of results
gar [1984]), which is now well established in
the symbolic processing community. Curiously, A list of project publications is attached to this
though, there have been few attempts to exam- report, covering the years 1990-1993. There are
ine the suitability of generational garbage col- a total of one book, 35 published papers, and
lection for implementations of non-strict func- 17 technical reports, written by members of our
tional languages, such as Haskell. This may team or PhD students working on GRASP techbe due to the observation that common imple- nology.
mentation techniques for non-strict functional We have been represented at the following conlanguages perform many write operations to ferences and workshops, usually presenting one
already-existing objects. This is precisely the or more papers:
operation that generational garbage collectors
make expensive.
 Principles of Programming Languages
We have implemented a generational garbage
(POPL); annual.
collection system, and made extensive measurements of its performance when running substan-  Functional Programming and Computer
tial Haskell programs. Contrary to popular beArchitecture (FPCA); bi-annual (1991 and
lief, we found that lazy functional language im1993).
plementations are rather good subjects for generational garbage collection. Objects so young  The JFIT conference; 1993.
when they are updated that almost all updates
occur in the new generation, thus avoiding most
of the worrisome overhead. Fuller details can be  Parallel Architectures and Langauges Europe (PARLE); bi-annual (1991 and 1993).
found in Sansom & Peyton Jones [1993b].

7.2 The nofib benchmark suite
The lack of a standard language has long hindered the development of a serious benchmark
suite for lazy functional languages. There are a
number of obvious reasons why such a suite is
desirable:



The \Nijmegen" workshop on parallel implementations of functional languages; annual.



The Glasgow Functional Programming
Group Workshop. This annual event is focussed mainly on work going on at Glasgow, but about 25% of the participants are
invited visitors from other universities and
from industry. The proceedings are refereed, and are published by Springer Verlag.

It encourages implementors to improve aspects of their compiler that give bene ts to
\real" applications, rather than merely improving the performance of \toy" programs.
The compiler itself, and its associated tools,
 It give a concrete basis for comparing dif- is now quite widely disseminated, being freely
ferent implementations.
available by FTP. It is hard to know exactly
how widely, because people can grab it by FTP
As part of our work we have developed the without telling us. We certainly know of tens
nofib benchmark suite (Partain [1993]), a col- of sites which are using it. The compiler will
lection of application programs written by peo- shortly also be distributed on the Free Software
ple other than ourselves, mostly with a view to Foundation's \experimental tape".
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9 Training

L Augustsson & T Johnsson [Sept 1989], \Parallel graph reduction with the < ; G >machine," in Proc IFIP Conference
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