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Abstract. This paper presents new achievements on the automatic mapping of
abstrad algorithms, written in imperative software programming languages, to
custom computing machines. The reconfigurable hardware dement of the target
architedure wnsists of one field-programmable gate aray coupled with ore or
more memories. The compilation flow exposes operation- and functional-level
paralelism, and speallative exeaution. Such expositions are dficiently
represented by an hierarchicd model. In order to take full advantage of such
representation, the scheduling scope is sgnificantly improved by merging basic
blocks at loop boundaries and by considering the parallel exeaution of exposed
concurrent loops. The paper describes the scheduling technique, shows a study
on the impad of the merge operation, and reveds the improvements achieved
when the exposed parall elismisfully satisfied.

1. Introduction

One of the most challenging issues for reconfigurable computing systems is the
development of mapping methods able to reduce the growing gap between design
cgpadty and techndogy [1]. New field-programmable gate arays (FPGAS) with
milli ons of logic gates are becoming avail able, but high-level methods dill | adk.

The goal of our work isto provide a @mpil ation framework to automaticdly map
abstrad algorithms written in software programming languages, such as Jva, to a
reconfigurable hardware (reconfigware) system [2, 3]. We believe, as other authors
do [4], that efforts on mapping from high-level programs are fundamental for the
success of reconfigurable cmputing systems, because typicd users do nd have the
design expertise required today for developing the recnfigware part. Furthermore,
software langueges are more gt than hardware specific languages to describe
applicdions with huge complexity [5] and their use permits the migration to
reconfigware of arealy developed algorithms - mostly programmed in C/C++ and/or
Java.

This article aldresses me hardware compilation isaues of our approach and it
particularly presents a technique to enlarge the scheduling scope when generating the
control unit model. The gproadh resorts to compil ation techniques to expose inherent

UReseach partially supported by the Portuguese PRAXIS XX | Program under the scope of the |
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paralelism in an abstrad algorithm represented in an imperative software
programming language. Such paralelism is embodied in intermediate formats.
Multiple flows of control and loop-hierarchies are exposed and exhibited in those
formats as well. An appropriate choice of the representation is essential for achieving
high-performance results (inefficient representations may significantly hamper the
results achieved hy the scheduler). The goa is to take full advantage of using a
spedfic achitedure that can implement multi ple-flows of control, high levels of ILP
(instruction level paralelism) and functional-level paralelism. Spedfic hardware
models permit that speaulative exeaution implementations do not need recover, unless
when deding with operations with side-effeds (memory stores), and so crede a
natural mode for speaulative exeaution.

One of the mostly used representations is the traditional control-data flow graph
(CDFG) [6]. It explicitly represents the control-flow structure of the input algorithm
and goups operations in basic blocks (BBs). The low number of instructionsin a BB
in control-flow intensive applications [7] limits the performance adieved by using
the CDFG. The hyperblock [8] is one of the graph representations, which prioritizes
regions of the mntrol-flow graph (CFG) to be mnsidered as a whale. The hyperblock
has been used in [9] for, mainly other goals, increasing the number of operations
considered at the same time by a fine-grain scheduler. We use ahierarchica program
dependence graph (HPDG), which is a representation based on the hierarchicd task
graph (HTG) [10] and on the Program Dependence Graph (PDG) [11]. It is
constructed from the data-dependence (DDG) and merge-dependence (MDG) graphs
[2, 3] and so BBs of the initial CFG emerge reordered orly based onthe dependences
exposed. Loops are represented in hierarchal levels. Research in high-level synthesis
has considered the scheduling of two concurrent loops whose bodes dare functional
units [12]. The approach does nat use an arbitration scheme (maybe because it is
unviable when sharing many functional units). It forms &l the posshiliti es that could
occur when scheduling two loops with dfferent schedule lengths and furnishes
control units to coordinate the parallel exeaution o such loops. Although with a
different purpose, the HTG has been aready used by state-of-the-art high-level
synthesis approades targeting ASICs [13]. This approach uses the HTG for moving
operations beyond basic blocks but does not enable functional parall elism.

This paper is gructured in the following sedions. Sedion 2 describes briefly the
GALADRIEL and NENYA compilers. Sedion 3 describes the intermediate
representations and explains the scheduling by regions. Experimental results are
shown in Sedion 4 Sedion 5 resumes the related work. Finaly, in sedion 6
conclusions, future and ongoing work are enumerated.

2. Summary of the GALADRIEL & NENYA Compilers

GALADRIEL is a front-end compiler that recaves the Java™ bytemdes of a given
method and expaoses various levels of parallelism. Such perall elism is represented in
graph models (constructed using extensions to standard compil ation techniques [14])
that are inpu to the NENYA reconfigware compiler [2]. NENYA is customized to
reoonfigurable computing systems whose achitedure nsists of one FPGA
conreded to ore or more memories (RAMS). The mmpilation steps performed by
NENYA areill ustrated in Fig. 1.
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NENYA arealy integrates anumber of dataflow optimizaions suitable to improve
the overall results: bit-width reductions, bit-constant-patterns propagation, tree-height
reduction, operator strength reduction on multiplications by constants, etc. It
considers the use of speculative exeaution for al operations (except for memory
stores). The arays in the input algorithm are mapped to memories conreded to the
FPGA. The base addressassgnment scheme used, for ead array, permits to save aea
and reduce the delay of the address generation mechanism. Resource sharing is only
considered when a bus is aacessed by multiple sources (such as units interfadng to
memories). When FPGA resources are insufficient to acaommodate the achitedure,
tempora partitioning is performed [15] and multiple reconfigware instances are
generated.

HPDG > NENYA | Tree height reduction || Operator Strength Reduction |
Data-Flow Optimizations

DFG —b £ — | bit-width reduction || bit-constant-patterns propagation |
Arr ay-to-memory Binding

Register Assgnment sTG
= - - > FSM Synthesis
Target "’-‘ Mapping of Functional Units SateTransitionGrapfs RTL-VHDL
Description

Architedure - T r——— /
Description emporal Partitioning Structural datapath VHDL-RTL
% Scheduling —> representation > Generation

Fig. 1. Steps of the compil ation flow performed by NENYA.

NENYA generates a behaviora VHDL-RTL description of ead state transition
graph (STG) and a structuradl VHDL-RTL description of ead datapath. A logic
synthesis todl is currently used for synthesizing the control unit circuit from the STG
representations. Each datapath is entirely produced by wsing circuit generators. The
use of circuit generators permits to have much more accurate aedperformance
estimations than those that are usually avail able by using logic synthesis (difficult to
predict), and provides better results in some aithmetic operators with almost close-to-
zero-compil ation overhead.

3. Region-Based Scheduling

The representation models used are an HPDG and a global dataflow graph (DFG).
The HPDG explicitly exhibits the reordering o BBs and loops based on its
dependencies, previoudy exposed from the initial sequential program. Loop bodies
are represented in hierarchical levels. Loop Hocks that appea side-by-side in the
same level of the HPDG can be simultaneously exeauted (seeLoop.1 and Loop4 in
Fig.2b). Such loop blocks contain BBs or/and ancther loop bocks. At the bottom
level, the HPDG contains only BBs. A global DFG represents the original code & the
operation level and so exhibiting operation-level paralelism. The DFG uses
multi plexer nodes in merge-dependence points, seledion logic on the seled signals of
the multiplexers, and predicated logic on store operations existent in conditional
paths, among other operations. The control unit manages exeaution d such store
operations based on pedicae’ s evaluation.

Each bock in the HPDG is linked to the related set of the nodes on the DFG. Each
DFG node is annaated with the exeaution delay of the comporent in the library that
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implements the rrespondent operation, considering the bit-width of operands and
results. From the HPDG and the global DFG the scheduling phase outputs STGs
resporsible for the orchestration o the datapaths (seethe block diagram in Fig. 2c).

Althoughthe scheduler does not consider resource sharing, atemporal partitioning
scheme is done, whenever needed, at the top level of the HPDG [3].

static final short[] KAL1(short[] A, short[]
X, short[] K, short[] Y, short[] O {
short[] V = new short[4];
for(int i=0; i<16; i++) { /1 1loop.1
X[i]=0;
for(int i=13; i<16; i++) { /1l 1oop.4
Y[i]=0;
for(int i=0; i<16; i++) { /1 1oop.7
short tenp=0;
for(int j=0; j<16; j++) {

int n=i*16+4j;
temp+=(short) (ALn] *X[j1+K[n]*Y[j]);

}
) Xi]=tenp; b)
for(int i=0; i<4; i++) { /1 1oop.13
short tenp=0;
for(int j=0; j<16; j++) {

int n=i*16+j;
tenp+=(short) (g n]*Xj]);

}
V[i]=(short)(temp*Y[i+1]);

return V, STG3

}
a) )

Fig. 2. Kaman example: a) Java cde; b) Top level of the HPDG; c) Block diagram of STGs.

Usua scheduling schemes consider, at ead time, only operations in the same BB
of the CDFG. Therefore, they produce aschedule that, although might consider the
parallel exeaution of operations inside BBs, seridizes the states acording to the
original sequence of BBs in the CDFG/CFG. Such schemes are unable to take
advantage of all the inherent parall elism expaosed.

As has been arealy explained, in our approach operation-, BB-, and functional-
level pardlelism are exposed and explicitly exhibited in the HPDG. A scheduler
shoud consider, whenever possble, the image of a whole group of BBs (herein,
designated by region) in the global DFG to generate datapath solutions with high-
performance The cpadty to ded with regions is an important scheme to improve
scheduling results. Fig.3 shows asimple example ill ustrating the dfed on considering
a region during scheduling. Considering three dock cycles for the latency of each
multiplier and one clock cycle for the other operations, the region reduces the
schedule length by one dock step. Region besed scheduling may have even more
impad when two or more BBs and/or loop Hocks in a region can be exeauted in
paralel.

Regions are aeded hierarchicdly amongloop baundaries (i.e., when aloop node
isfoundin the HPDG all the region up to that point is sheduled) using an ASAP (as
soon as posshle) scheme. In Fig.2b the existent loops define the boundaries of the
regions. The scheduler uses, for ead region m the HPDG, the related sedion on the
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global DFG. The core of the scheduler, when scheduling each region, is based on the
static-li st scheduling algorithm [6]. The role of the scheduler isto generate STGs that
model a mntrol unit for orchestrating memory accesses and for exeauting loops (see
Fig.2c). Currently, the scheduling scheme does nat consider the parallel exeaution of
two or more cncurrent loops when they have accesses to the same singe-port
memory (an arbitration scheme neals to be aldressed). When two o more loops can
be simultaneously executed, independent STGs are aeaed and a fork-join scheme is
used to adivate and synchronizethem.

a b) 0 d) 9

Ce BBO B C E BBO-BB1 B C E
A = B*C, BBO
D = A*(E+Q); BBO @e
1f(A>10) { BBO
C = At+F; BB1 A

) &

Fig. 3. Source @de; b) BBs and each DFG; ¢) Scheduling at the BB level (7 steps); d) Credion
of aregion by merging BBs, and the global DFG; €) Scheduling the region (6 steps).

4. Experimental Results

In order to show the dfediveness of the gproach, a number of test examples was
considered and the results are reported here. All the results report estimations
obtained by NENYA, from a description o ead operation existent in the source @de
considering the implementation a the XC6000 family of FPGAs [15 (not
considering interconnedion costs).

The examples considered have low to medium complexity (maximum of 6 arrays
and 6 loops) and all of them were aitomaticdly compiled from Java withou any
modificaion d the original code (except in the 5 examples where loops have been
manually unroll ed).

SQRT isasgrt function (input of 12-bits: output of 6-bits), USQRT is another sgrt
function (32 16-bits). CRG-32 is the Cyclic Redundancy Chedk of 32-bits using the
polynomial of the Ethernet protocol. QRS refers to the loop bady of the benchmark
from [16]. HAMMING is an hamming decoder (input of 7-bits and ouput of 4-bits).
MASKBITS is an image processng algorithm that masks an input image (512x512)
with amask of equal dimension. CCW and INTERSECT are two geometric functions
[17]. BPIC is a binary pattern image encoder [18]. FPBI is a low pass image filter
with a window of 3x3 pixels. IDEA is a submodule of the International Data
Encryption Algorithm (acepts 8 inpu bytes, a 52 element sub-key of 16-bit words
and returns 8-bytes). SOBEL is the sobel operator over an image and performs
horizontal and werticd convolutions. KAL1 refers to the Kalman filter [13]. DCT is
the Discrete Cosine Transform and is performed on bocks of 8x8 elements (short
type). DCT1, BPIC1-3, and FPBI1-2 are versions of the dove examples with some
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loops unrolled. We group the examples in two sets: the 1% set has more if-then-else
structures [SQRT to INTERSECT] and the 2™ set is more general [BPIC to KAL1].

Results represent the estimated schedule length (esl) of the longest path. Fig.4
showsthe dfed onthe esl using the HPDG versus the CDFG approaches.

100%
80%
60%
40% -
20% -

0% -

Fig. 4. Schedule lengths estimated from the HPDG normalized to the CDFG.

Considering the estimated scheduling lengths with the first set of examples:

O For three examples (CRG32, QRS and INTERSECT) the ed with the HPDG is
lessthan 10% of the esl obtained with the use of the CDFG. For all the set the ed
with the HPDG is less than 70% of the CDFG.

0 As far as the increase on the number of operations exeauted in parallel during a
state of the control unit is concerned: for USQRT an increase from 12 to 54 is
obtained, and for INTERSECT from 5 to 65. For the other examples the increase
was lower but never insignificant.

Considering the estimated scheduling lengths with the second set of examples:

O For BPIC1 there is no improvement, for KAL1 the esl for HPDG is about 90% of
the CDFG. For al the other examples the el with the HPDG is less than 70% of
the CDFG.

O The most significant increases on the number of operations exeauted in a state of
the @ntrol unit are obtained for BPIC2: from 37 to 53, BPIC3: from 120to 134,
and SOBEL: from 10 to 16

The results simmarized above show important performance gains when using the
HPDG with the scheduling scope increase. Next, the memory access bottlened is
quantified in some examples. We mmpare the el when considering oy one single-
port externa memory attached to the FPGA with the es when considering no
constraints abou the number of ports of such memory. Fig.5 shows the resultant
deaeae in performance when considering orly a single-port. When unrolling is used
(e.g., BPIC1-2, FPBI1-3, and DCT1) the deaease in performance is even more
accentuated.
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Fig. 5. Increase on the estimated schedule lengths (values larger than 100%) with a single-port
memory compared with the use of a multi port memory.

For evaluation of the impaa of the number of memories attached to the FPGA the
following versions of the Kalman example (the example uses 6 arrays) are considered
(seethe main charaderistics in Fig.6a): original version (KAL1); with the two inner
loops unrolled (KAL2); with the first two loops and the two inner loops unrolled
(KAL3); with the first two loops, the inner loop d the third loop and the last two
loops unrolled (KAL4). Fig. 6b shows the el for ead version when increasing the
number of memories attached to the FPGA. The best schedules need 2 memories for
KAL1, 3 memories for KAL3 and 4memories for KAL2 and KAL4. The figure dso
shows the improvement when considering loop urrolling. It can be seen that, for this
example, speal-ups of almost 7 are achieved by the unrolling versions, considering
various $ngle-port memories, over the original version (KAL1) with a single-port
memory.

Version |KAL1|KAL2|KAL3|KAL4

#LoJava [30 |96 [135 [239 B

#IVM 118|694 |770 |1417| o

Inst. E

#BBs |19 |13 |7 |4 <

#DFG |108 |438 |443 |656 E

Nodes 3 v :
#loops |6 |4 |2 |1 o ) (W7 7
#memory |1,191 |1,191 [853 |853 #Memories 1 2 3 4 5 6
acaEsss

a) b)

Fig. 6. Four versions of the Kalman example: @) Main charaderistics; b) Estimated exeaution
times.

5. Reated Work

In this ®dion we resume some reseach on compiling for reconfigurable computing
systems. Work on compilers targeting commercial FPGAs from abstrad algorithms
written in imperative software programming langueges is emphasized sinceit is closer
to the work described in this paper. Work on mapping methods using software
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programming languages enabled for describing hardware-like semantics and
structures are not considered.

PRISM-I [21], Il [22] and the Transmogrifier C [23] compilers are one of the first
compilation approaches for FPGA-based reconfigurable cwmputing systems. Such
approaches have identified important isues on compiling for reoonfigurable
computing bu simple representation models have been used. Some authors adapted
traditional high-level synthesis approaches to architedural synthesis for
reconfigurable computing systems[24].

CAMERON [25], CHAMPION [26] and MATCH [27] are recent approaches that
resort to a wmmercia logic synthesis tod for generating the hardware structure to be
implemented in FPGA-based systems. Both CAMERON and CHAMPION are
tallored for image processng applicationss. CAMERON starts from a singe-
asignment C language (SA-C). CHAMPION starts from the Cantata graphica
programming environment. MATCH accepts MATLAB™ descriptions and focuses
onimportant aspeds of mapping tasks to system resources (FPGAS, microprocesors,
DSPs, etc.), but uses rudimentary approaches to compile to FPGASs (uses a dired
trandation d the abstraad syntax treeto behavioral RTL-VHDL).

Important aspeds of pipelining in applicaions with regular loops (constant loap
bounds) and array indexing (using affine index accessfunctions) have been studied in
[28] and [29] in the context of compilation from C to FPGA-based systems. [30]
shows pipeli ne techniques for loops and reaursive programs.

Many reseach efforts are being tailored to architedures of processng elements
grouping a microprocessor with recmnfigware in the same chip. Most of them reseach
compil ation techniques targeting their own architedures. The most remarkable are
Garp-C [8] and NAPA-C [27] compilers, just to name afew.

The dforts of highlevel synthesis from software programming languages have
been mostly tailored to C. However, the low level used in the C language to
manipulate memory contents, such as the use of pointers to fine-grain physicd
locations, cen hinder static resolution and incapadtate a significant number of
optimizations. Furthermore, the reseach targeting ASICs differs mainly from the
reseach targeting FPGA-based systems on bdh the fixed architedure layer of the
FPGAs and its programmable fadlity.

Our work differs from al the &ove gproaches on several points. The one
emphasized in this paper, claims the use of intermediate representations that explicitly
expose high levels of parall elism and multiple-flows of control, and by increasing the
scope of the scheduler, the compil er is able to satisfy the exposed parall elism.

6. Conclusions and Future Work

This paper presents methods for reconfigurable hardware compil ation from a high-
level imperative software programming language. The mapping methods target
systems with ore FPGA couped with ore or more memories. The gproadh uses an
intermediate representation model, which allows the fully exploitation o the exposed
paralelism from an inpu abstrad algorithm. The representations used explicitly
exhibit multiple flows of control, spealative exeaution, and pardlelism at the
operation and functional levels. A region-based scheduling scheme is described that
triesto satisfy such levels of parall elism.



In 11" Internationa Conference on Field Programnable Logic and Applications
(FPL'01), Belfast, Northern Ireland, UK, August 27-29, 2001, G. Brebner, and R.
Woods (Eds.), LNCS (Ledure Notes on Computer Science) 2147, Springer Verlag,
pp. 523-533

The results dow the importance of the gproach as far as performance is
concerned. Performance increases are shown to be provided by the new scheduling
technique when comparing it to basic block based schedulers.

Future work will address sftware pipelining, efficient arrays to memory binding
algorithms (including dstributed on-chip memory banks), and arbitration schemes to
alow the paralel exeaution d loops when the same memory port is $ared among
concurrent loops. Work on the badend for retargeting aher FPGA devices will be
aso conduwted since its importance from a cmpilation point of view. Ancther
important asped that needs to be improved is the caability to share large hardware
resources (e.g. multipliers) and to consider spedfic treaments on the presence of
mutuall y-exclusive paths.
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