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utfor stationernas signalbehandling (eng. Digital Signal Processing, DSP) ar mycket svar att skriva. Programmeraren maste tianka pa
klockcykler och hur minnesaccesser ska optimeras. Hon maste ocksa se till att tillfullo utnyttja de specialiserade DSP-processorer
som tar hand om dom tunga berakningarna. Saledes blir denna mjukvaruutveckling bade langsam och kostsam. Ericsson ar mycket
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fascinerande forskningsutmaning.
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Context-aware program generation: an application of functional
programming

The problem that we want to solve

Software development is often today a costly, tricky hand-craft, and all the more so in
cases where high performance is required. We would like to raise the level of abstraction
at which software developers work, freeing them from the tyranny of details that would
be better left to automated tools. But in high performance applications, the developer
must still, somehow, be given control of those details that are vital to the performance of
the resulting code. The need to increase productivity without sacrificing control over fine
details in the result is an apparent contradiction. We have observed it in many applications,
ranging from wire-aware hardware design, through graphics processor programming to the
development of digital signal processing (DSP) software for telecoms base-stations. This
project will develop search-based program generation methods that increase programmer
productivity and give high performance results.

State of the Art and Preliminary Results

In programming of both digital signal processors and graphics processors, the programmer
typically needs to be aware of the underlying architecture in order to achieve high perfor-
mance. Domain specific languages (DSLs) have proved suitable in cases where one wants
to give the user fine control, with the restriction to a specific domain being what makes
this feasible. Examples in hardware design include work at Chalmers on Lava, a DSL for
hardware netlist generation [2] and Wired, which enables wire-aware low level hardware
design [1].

DSLs for hardware design Lava is a system that supports the design and verification
of circuits [2]. It is an extensible domain specific language embedded in the standard
functional programming language Haskell. Lava descriptions encode standard ways to build
circuits (connection patterns) as higher order functions. The standard Haskell function map
corresponds to placing a component on each element of a list of inputs (a bus).

For example, an important pattern is parallel prefix or scan. Given inputs [xg, Z7 . . . T,_1],
the prefix problem is to compute each zgoz;0...0x; for 0 < j < n, for o an associative,
but not necessarily commutative, operator. In a construction attributed to Sklansky, one
can perform the prefix calculation by first, recursively, performing the prefix calculation on
each half of the input, and then combining (via the operator) the last output of the first
of these recursive calls with each of the outputs of the second, see Figure 1. To express the
construction in Lava, we make use of two connection patterns. two :: ([a] -> [b]) ->
[a] -> [b] applies its component to the top and bottom halves of the input list, concate-
nating the two sub-lists that result from these applications. Thus, two (sklansky plus)
applied to [1..10] gives [1,3,6,10,15,6,13,21,30,40]. Left-to-right serial composition
is written as infix ->-. The final step (implemented by the function sfan) is to combine the
last output of the first recursive call (15 in the example) with each element of the second.
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sklansky op [a] = [a]
sklansky op as = (two (sklansky op) ->- sfan) as

where
sfan as = als ++ a2s’
where
(als,a2s) = splitAt ((length as + 1) ‘div‘ 2) as
a2s’ = [op(last als,a) | a <- a2s]

*Main> simulate (sklansky plus) [1..10]
[1,3,6,10,15,21,28,36,45,55]

_—— |

i
i/
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|
|

Fig. 1. The Sklansky construction for 32 inputs, illustrated using a diagrammatic notation for prefix networks. It
recursively computes the parallel prefix for each half of the inputs; the dotted box shows the first of these recursive
calls. It then combines the last output of that call with each of the outputs of the other recursive call.

Lava is a staged language, in that Lava descriptions like this are run (in this case after
choice of operator and input size); symbolic simulation is thus used to generate an internal
representation of the circuit, which can then be written out in various ways, and passed
to synthesis and formal analysis tools. This pattern of program or circuit generation is
typical of embedded domain specific languages [11, 5]. Wired can be viewed as an extension
of Lava that describes not only logic function (as technology mapped netlists) but also cell
placement and some aspects of wiring.

Also based on a functional DSL, Intel’s own work on the IDV system (Integrating Design
and Verification, [15]) provides a good demonstration of the value of such an approach.
It has been shown to enable design exploration, while maintaining correctness via local
transforms and associated formal verification. In high performance processors, where design
methods are pushing the limits of the technology, providing a system that really supports
rather than hinders the designer has demanded a good understanding of which details
should be taken care of by automated tools, and which should be left under the control
of the designer. Wired was developed in collaboration with Intel, and we have a current
project to develop a new DSL and abstraction methods to enable early estimation of power
and performance from high level microprocessor models.

DSLs for GPU programming Graphics processing units (GPUs) have moved from being
specialised graphics engines to being suitable to tackle applications with high computa-
tional demands. For a recent survey of the hardware, programming methods and tools, and
successful applications, the reader is referred to [7]. Unlike for current multicore machines,
the question for GPUs is how to keep many small processors busy. We are investigating a
combinator-based approach to the kind of data-parallel programming that this demands,
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via a DSL called Obsidian that currently generates CUDA code (NVIDIA’s data-parallel
variant of C). In Obsidian, the Sklansky example is written

sklansky op O = Pure id
sklansky op n = two (sklansky op (n-1)) ->- Pure (fan op) ->- sync

fan op arr = conc (al, (mapArray (op c) a2))
where (al,a2) = halve arr
c = al ! (fromIntegral (len al - 1))

A small part of the generated CUDA code is

smi[tid] = ((unsigned int) ((((tid & Oxffffff0f) < 8) ?
((int) (sm2[tid])) :

(((int) (sm2[((tid & 0xf0) | 0x7)1)) + ((int) (sm2[tid]1))))));
__syncthreads();

sm2[tid] = ((unsigned int) ((((tid & Oxffffffif) < 16) 7
((int) (sm1[tid])) :

(((int) (sm1[((tid & 0xe0) | 0x£)])) + ((int) (sm1[tid]))))));
syncthreads() ;

and there are six further such blocks of three lines plus a synchronising operation (three
on either side of these two). Each kernel has a particular thread-id (tid) and works on the
calculation of one element of the eventual output array. This illustrates our aim of writing
higher level descriptions using combinators like two and generating bit-twiddling code that
gives good performance on the GPU.

The generation is done by the applicant’s doctoral student J. Svensson, co-supervised
by K. Claessen. It makes advanced use of type classes and arrows in Haskell, and also
uses Boolean simplification. This work is very recent and has not yet been published. We
regard it as very promising. For a description of early work on Obsidian and a survey
of GPU programming languages, see [22]. The most closely related work that we have
found is GPUGen [13], which in turn builds upon recent work on Nested Data Parallel
programming in Haskell [3]. Our work is distinguished by its aim to both raise the level
of abstraction and aim for high performance. Functions like scan, whose implementation
we want to explore, are primitives in other approaches that aim to raise the level of ab-
straction at which programmers work. However, we also feel that ideas related to fusion in
Data-Parallel Haskell will be applicable in both our work on GPU programming and in the
DSL for DSP described in the following section. Our expected application area is currently
library functions in GPGPU and graphics programming, with widely used examples being
sorting, stream reduction and scan. A typical Obsidian user may well write such frequently
used functions that are needed in many variants in Obsidian, while writing other critical
code directly in CUDA or OpenCL. We have local access to graphics and GPU program-
ming expertise in Ulf Assarsson and his group, and the development of Obsidian is much
influenced by our discussions with this group.

A DSL for DSP and related work Since the beginning of 2009, we have been working
on moving these ideas (embedded DSLs and combinators) over to the development of
the kind of hardware-like software that is used in the DSP parts of baseband processing
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in radio base stations. We are developing a domain specific language for the design and
implementation of the DSP algorithms that are the core of the signal processing — the
computational kernels that consume most of the cycles. These algorithms form the data-
path of the processing, as distinct from the control part, which repeatedly calls them with
widely varying parameters, and with very high demands on throughput. The DSL4DSP
project involves the Functional Programming Group at Chalmers and ELTE University,
Budapest. Ericsson funds one Chalmers postdoc (Axelsson, who developed Wired), the
ELTE group and several Ericsson participants with expertise in both research and product
development. The intention is that the resulting language be open source, and used and
supported by DSP vendors, so this is an ambitious project. We will not succeed unless
we generate high performance code. The Swedish Foundation for Strategic Research (SSF)
funds the applicant’s participation under a Mobility initiative [16], so that she is working
80% on the project at Ericsson during 2009, and will have some “repatriation” funding
during 2010. One of the main aims of this application is to tackle the longer term and less
domain-specific research questions arising from this work. Axelsson will also apply for an
IFA-project from VR to continue the work at Ericsson. A separate Ericsson-internal project
is developing an embedded DSL for the control part of the processing. That work will be
the subject of an industrial doctoral student (ID) application to VR (from A. Persson at
Ericsson).

The DSL builds upon ideas in Lava and Wired. It is purely functional and again staged,
but this time the internal representation is a much more sophisticated graph structure. It
is no longer sufficient just to unroll the combinators as in Lava, for example. There are
considerable possibilities for optimisation, based on ideas such as stream fusion [4], and this
will be a major focus of the above-mentioned IFA application. (The ELTE group is building
the backend that generates C (eventually with intrinsics) from the internal graph structure.)
The project was also inspired by Galois Inc’s Cryptol language for the development and
verification of crypto algorithms [14]. The generation of VHDL (for hardware generation)
from Cryptol was inspired by the applicant’s PhD thesis and early work on retiming [17].
Andy Gill, who did much of this work, is now back in academia and we are planning
collaboration.

In the development of DSP signal processing, the final software must be partitioned
onto the platform, and current tools do not provide good support for this. The result is
that necessary repartitioning (for instance when telecom standards change) is alarmingly
time-consuming. In addition, it is not possible to explore different possible partitions, or to
exploit possibilities for optimisation. For core algorithms, the programmer should be able
to place data in the memory hierarchy with sufficient precision and control. But at the
same time, the ideal would be to write platform-independent code, and then use a model
of the architecture to guide the generation of platform-dependent code. This problem of
portability arises both when one considers a single DSP chip (where even moving to another
processor from the same vendor can be difficult) and when one considers the collection of
processors and accelerators that makes up a platform. Another layer of complexity arises
when some of the processors are multicores. Given the nature of many DSP algorithms, it
seems likely that future platforms will include highly data-parallel manycore architectures.

4
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The question is “How can we give the programmer control over the fine details that
lead to high performance solutions, while maintaining the goal of writing easily portable
code?”. We believe that some of the building blocks of a solution can be found in our
own earlier work on algorithmic circuit generation and on ways to enumerate and analyse
possible solutions, leading to the use of search.

More advanced generation methods In Lava, we have explored the notion of clever
circuits — circuits that have additional Haskell-level shadow parameters carrying non-
functional properties, allowing them to adapt to their contexts during circuit genera-
tion [18]. We demonstrated the method on multiplier reduction trees [19]. In the multiplier
reduction trees, the cells can be thought of as being placed initially, and it is only the wiring
between them that is chosen during generation. In that work, the context consisted only
of the shadow values capturing input delays. One can go further and have the context cap-
ture both input and required output delays. One can then enumerate and choose between
a large number of possibilities for the entire topology of the network, using its recursive
decomposition and dynamic programming. We have had considerable success in doing this
for parallel prefix networks. We started with elaborate ways to decompose the problem
so that one solved different slices of the circuit separately [20], in an effort to make the
problem feasible. We have recently found, however, that one can tackle the entire network
(of fixed size but for large number of inputs) by exploiting knowledge of which recursive
decompositions are likely to give good (that is small) networks. The resulting generator is
pleasingly small and the results improve on known best solutions. We have also linked this
search to Wired, to enable search for low power networks. A key point here is that one is
making significant use of the host language in writing sophisticated generators; so the fact
that the DSLs we study are embedded is important.
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Fig. 2. The new construction for 128 inputs, depth 7. It uses 364 operators, compared to 369 for Ladner Fischer [12]
(and 448 for Sklansky).

This work has very recently in turn led to the development of a new parallel prefix
algorithm that does not require search, but that grew out of the insights gained from seeing
the results of search in many contexts. In the new algorithm, the number of operators (the
size) for a minimum depth network with w = 2" inputs approaches 3.5w, while the Ladner
Fischer algorithm approaches 4w. This is a substantial improvement, different from and
also improving considerably on the more advanced of Fich’s prefix algorithms [10]; for
instance, it requires 14662683 operators for 2?2 = 4194304 inputs, while the corresponding
sizes for Ladner Fischer and Fich are 16580799 and 16558745 respectively. We would like
to investigate ways to exploit the new algorithm. We do not yet know if parallel prefix is a
one-off example in which design exploration using search enables the development of new
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algorithms. It would be interesting to try to make the approach more systematic and apply
it to other standard algorithms.

When charting related work for the DSL4ADSP project, we have found research with
very similar aims in the SPIRAL project at CMU [9]. The flagship of the project is the SPI-
RAL program generation system, which, entirely autonomously, generates platform-tuned
implementations of signal processing transforms such as the discrete Fourier transform,
discrete cosine transform, and many others. This kind of autotuning also plays a large role
in the Berkeley view of likely developments in parallel programming and architectures [8].
The Berkeley view considers motifs (or dwarfs): related groups of problems, with typical
examples being dense linear algebra, combinational logic and finite state machines. SPI-
RAL is considered to set the standard for library generation for the spectral motif [23].
We are excited by the work on SPIRAL, not only because of its evident success, but also
because it is very much in line with our own ideas about the use of search, and is clearly

applicable to one of our chosen application areas (DSP algorithms). We expect to borrow
ideas from SPIRAL.

What we will do in this project

Clever circuits plus combinators plus search seems to be a very powerful combination. The
main aim of this project will be to explore this combination and its application to program
generation both for DSP algorithms and for GPU programming.

The planned tasks for the first period of the project are as follows:

1) Continue work on search in algorithm development (prefix). Implement new al-
gorithms in Obsidian. Try to generalise the method to other common data-independent
algorithms.

2) Consider the case where the most natural way to express an algorithm is to make
modifications (using the clever circuits idea) to one that does more but is very regular.
An example is our earlier work on generating median networks from sorting networks [18],
where it was possible to reduce the number of comparators needed to produce the median
of 25 inputs (a common operation in graphics). This kind of application of clever circuits
has not been much explored and is promising. In the DSP area, we will explore its use in
the development of sorting networks that are well matched to DSP processors.

3) Model a single DSP processor and explore the use of search to map kernel algo-
rithms to it effectively. This is a good initial test because DSPs display varying degrees
of parallelism (both VLIW and replicated ALUs and other accelerators). We also see the
possibility (later) of applying these ideas even to the control part and entire platforms.
This work should be done in collaboration with others in the DSL4DSP project.

4) Explore ways to find and exploit optimisations when algorithms “meet”. A prelim-
inary example is the composition of an FFT, some function f and an inverse FFT. One
of the main aims of raising the level of abstraction at which the programmers of DSP
algorithms work is to enable such optimisations. Here, again, we expect search to play a
major role.
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We will keep the work concrete through our strong connection to the DSP application
area and our contacts with practitioners at Ericsson. The new approach to software genera-
tion will be tested on case studies both from baseband and media processing. The intention
is also to have Ericsson developers outside the project try out the approach, but this will
only happen if we succeed in producing code that is of close to hand-crafted standard.

The longer term aim will be to enable easy partitioning, design exploration and re-
partitioning, initially for the core algorithms, but later also for the control part. In the first
year, the development of associated verification methods will not be a central goal of the
project (as existing methods work reasonably well). However, we would later like to experi-
ment with adapting and developing Galois Inc’s verification research [6] for this application
area. Another source of inspiration will be recent work by Dill and his students [21].

GPU programming will also be a source of case studies. Our view is that the GPU
and DSP work will continue to converge (as is already happening in recent work about
data-types for vectors or arrays). Longer term work on this project will concentrate on
ways to program highly data-parallel systems (100s or 1000s of processors rather than 8
or 16). Building on our expertise in hardware description, we would also like to tackle the
issue of power-aware programming (which is forecast to become a central research question
if forthcoming telecoms standards are to be widely adopted).

Along with colleagues in the FP group at Chalmers, we will also work on making the
development of DSLs more systematic. A central question there is finding data-structures
and abstractions that allow details to be moved between levels of abstraction so that
working at a higher level can still give high performance results. Both this and the work on
context-aware software generation are covered by the multi-project application from the
Chalmers FP group.

Collaboration

The link to Ericsson (with the DSLADSP project and the applied for ID and IFA projects)
and the Chalmers Functional Programming Group together provide an excellent research
environment for this proposal. Hughes and Sheeran are both PIs in Chalmers applica-
tion to Vinnova in the strategic research area ICT. This (if funded) should lead to a
further strengthening of our research environment. The group has also applied for a multi-
project grant in functional programming, DSLs and associated verification methods. We
have strong research links to Microsoft Research in Cambridge and to Intel; Satnam Singh
and Carl Seger are visiting faculty, interacting strongly with our group. We expect during
this project to establish research collaboration with Andy Gill (U. Kansas), with Galois
Inc. and possibly with NVIDIA. Locally, we expect to collaborate with Per Stenstrom in
the development of new parallel programming methods.

Impact

Baseband processing is a key component of Ericsson’s business. If we succeed in developing
a well-functioning embedded DSL for DSP algorithms, we will change the way such algo-
rithms are designed and implemented at Ericsson, reducing development time and cost.

7
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Thus we have already established the route to strong industrial impact. Scientifically, we
hope to contribute to solving the pressing problem of how to program parallel machines,
aiming particularly for highly data-parallel manycore architectures.
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Budget

[ apply for a 80% of PhD student salary (the other 20% is covered by teaching) and for
25% of my own salary. I also apply for travel money for me and the PhD student, and
also for inviting guest researchers and colleagues from Ericsson for shorter visits. Finally,
I apply for money for computer equipment and computer support.

Cost 2010(2011]2012
Mary Sheeran, 25%: 281| 291| 301
PhD student, 80%: 392| 407| 421
Travel and invited researchers:| 150/ 150 150
Comp. equip. & support 50/ 50] 50
[Total: | 873] 898] 922]

I have a VR grant that expires at the end of 2009 (2006-46787). This is a new project
application because of the move towards software generation. The DSL for DSP project
mentioned in Appendix A is partly funded by Ericsson. In 2009, they paid 1000 kSEK
to Chalmers to pay for one postdoc (Axelsson). My particaption in the project has been
funded by SSF (SM08-0026, SSF, 090101-101231, 1 548 933 SEK). Of that funding, 549
SEK is for use on my return to Chalmers in 2010, having spent 80% of my time working
on the project at Ericsson during 2009.

I currently have a donation of 398 kSEK from Intel. This is being used to pay a stipen-
diat holder from 1 Feb. 2009. A continuation of this donation is, unfortunately, unlikely
because of severe cost-cutting at Intel, though we will try to get continued funding.

I am a PI in Chalmers’ application under the government’s strategic research initiative
in ICT, along with John Hughes, also from the Functional Programming Group. The result
of that application will be known in June 2009. If we got this funding, it would increase
“faculty money” to Chalmers and would strengthen our research environment.
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