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Abstract— The compiler COMRADE accepts full ANSI C and The CUs themselves are realized by mapping them onto a
compiles it into hybrid hardware/software applications for execu- reconfigurable fabric (RF), which may be implemented, e.g.,
tion on a reconfigurable adaptive computer system. After defining by an FPGA or a coarse-grained device, sometimes called

the model-of-computation underlying the flow, we describe the .
general compilation process as well as some specific techniques‘.'jl field-programmable node array (FPNA). Such ACSs can

These include path-based partitioning, module-generator based accelerate a broad variety of applications [3] [4] [5].
datapath and controller synthesis, as well as reconfiguration  Lacking, however, are abstractions and software tools to

scheduling. make the potential of adaptive computers accessible to the
majority of applications programmers, who are unfamiliar with
the digital circuit design methods currently used to “program”

The tremendous progress in microelectronics no longgk ACS.

linearly translates into increased computer performance. Whilerhe complexity involved in developing automatic compilers
we can build chips with billions of transistors, most otargeting adaptive computers is significant: In addition to con-

the processor architectures implemented on them still folloygntional compiler technologies, issues of automatic hardware

patterns developed in the mid-1940s for vacuum-tube basgfhthesis both at the architectural and logic level also have to
systems. be considered. Further intricacy is involved in partitioning the

application between the conventional and the reconfigurable

Fig. 1. Temporal (a) and spatial (b) distribution of computation  processor, and generating communications interfaces between
them in hardware (HW) and software (SW). A completely

I. INTRODUCTION

% é;{x*z:té novel topic, even in HW design, is the full exploitation of
rO[ 1 tyz zeea reconfigurability, which in itself can occur in various forms.
R1| 12 . s In this work, we present an overview over our research
R2| A on COMRADE, a third-generation tool flow for automating
R3| B ¢ the mapping from a conventional high-level language (HLL)
Ral ¢ A to a program running on an adaptive computer. We describe
specific areas of progress, ranging from abstract models of
computation down to the efficient composition of datapaths
y from HW operators.
(a) y (b)

[l. SAMPLE APPLICATIONS

_In the following discussion, we will present the effect

As an alternative, reconfigurable/programmable logic de . . :
f various translation phases when processing a number of

vices (PLD) allow the implementation of compute units (CU | licati Th tility a Wavelet-based i
following a different paradigm: Instead tédmporallydistribut- eal appiications. These aversalliity a Wavelet-based image

ing a computation across shared compute resources un pr?ss;orflf[G],thtaglpcm andg;{7217aud|o dc??prell_sstqrs,the
control of a software program (Figure 1.a), it is distribute§@Pac!ty Rutiman-table generator [7], an € elliptic-curve

spatially across dedicated compute resources, increasing ﬁ%ptography toopegwit [8].
parallelism of the computation (Figure 1.b).

Conventional CPUs and CUs complement each other well:
The computation-intense kernels of an application can beln contrast to a human designer, who can creatively choose
spatially mapped to CUs, while the less critical or unsuitabtbe best abstraction from a wide spectrum for solving the
parts remain temporally mapped on the CPU. Together, bathrrent problem, an automatic tool flow is constrained by the
kinds of processors form adaptive computing systefACS). paradigms and schemes statically encoded in its algorithms.

IIl. FUNDAMENTALS



ij —a+b Application Variables transfered
V=c¢C- d" statically | at run-time
for (n=0; n<10; ++n) { versatility 0 0

vV += U adpcm 0 0

if (v > 1000) g.721 0 0

printf("error v=%d", v); capacity 12 1600

} pegwit 0 0
w = 53 * v;
TABLE |

) ) ) ) COMMUNICATIONS OVERHEAD FORCU-CPUEXECUTION SWITCHES
Fig. 2. Input program with CU-infeasible statement

Thus, they have to formulated carefully to yield the be%t)

. o u, v, n, w) and a kernel consisting of far-loop. However,
quality of results across a broad range of applications.

the kernel contains arintf() function call to the standard C
A. Programming Abstraction library, which can neither be avoided by inlining nor efficiently

Since our primary aim is to make ACS technology accefg@lized as part of the CU. Thus, the relevant data (eniy
sible to a large user base, we have chosen C as the ir;FLﬁ example) is transferred to a Skandler providing this
language for the compiler. Specifically, we aim to support tHenctionality as aserviceto the CU (Figure 3).
full ANSI C language. This includes pointers, function calls,

to dedicated CUs implemented on the RF. Since ANSI C
does not contain constructs for explicitly modeling parallelism
(e.g., on the thread-level, TLP), we are limited to exploiting
instruction-level parallelism (ILP). However, this is augmented l
with speculative execution of conditional branches and re- ‘ N |
is;gggggngzrg)”r;:!; Pased inlining, loop transformations) that S Exocutod a5 CU

The parts of the input program that cannot be efficiently
mapped to a CU, such as calls to the C standard library orAfter executing the SW handler, the execution of the CU is
floating point computation (due to excessive area requiremergsumed. If the handler had changed the values of variables
of current RFs), remain in SW. ‘live’ in the CU (not required in this example), they would be
transferred back to CU analogously.

Obviously, the degree of interaction between the CPU and

_ Our underlying model of computation orchestrates thisy js limited by the communications overhead of this HW/SW
interaction between SW executing on the CPU and Cld§ecution mode switch. If it is too high, any performance

executing on the RF. The fundamental idea is, that both kind§in by the CU is lost in data transfer time. To this end,

of processors assist each other in the fast and efficient (émmunications are considered both in the architecture of the
in terms of RF area and CPU power consumption) executlp&}get system (Section 11I-C) as well as during the HW/SW
of the program: partitioning step itself (Section V). In practice, the majority of
« The RF assists the CPU, which is possibly of a slowekernels isolated by HW/SW partitioning of real applications
low-power variety, by efficiently accelerating the compuhave only negligible communications overhead (Table 1).
tation intense parts of the program. Note that the CPU and the CU dmt execute in parallel
« The CPU assists the RF by executing the rarely executedthis model. As described previously, C does not allow the
(e.g., error handling) or CU-unsuitable parts of the pranodeling of thread-level parallelism. Thus, the assignment
gram, which would require massive area on the RF.  of operations to CPU and CUs is an exclusive one. Ideally,
To demonstrate this approach, Figure 2 shows a fragméxawever, this will not be a disadvantage: If the HW/SW
of C code that contains rarely executed parts (the assignmepastitioning performs its task well, it will have moved all

and control flow in loops. Furthermore, the user is not required Fig. 3. CPU-CU interaction for CU-infeasible code
to give the compiler translation hints using pragmas or similar i
annotations. We are aware that C is not the most suitable U a6
language for describing HW designs in. However, it still is v=c—d;
the most widely used language in the embedded computing n=o
area. In our project, this dominance takes precedence over NG
the possibly improved quality of results achievable using a Ke_rf”e' oflcou
specialized, but more exotic, programming language as input 'é;;;s\,\),(o)
formaF. o . . SW exception handler ;1‘:::;1000)

During compilation, computation-inten&ernels(generally SR L exitToSW(1):
loops) are extracted from the C source code and mapped P ﬁ*ﬁn;

Vv

w = 53*v;

B. Model of Computation



relevant kernels from the CPU onto the CU. From a practicsize of the standard integer type). Thus, the most efficient
perspective, this should allow a reduction in the peak-powerget RF architecture would have relatively coarse-grained
consumption of the system, since the now-idle CPU can beocessing elements (PE) and multi-bit bus interconnects.
set into a sleep-state. However, our current prototyping HB&kamples would include composable 4b or 8b logic blocks
platform [1] does not allow measurements confirming thisr ALU slices. However, since such PLDs are still rather
hypothesis. uncommon, we are currently mapping to FPGA-based RFs
and compose the wider operations from the 4-LUT PEs
(Section VI). The inefficiency of the too-narrow PEs can to
The choice of C as input language and the associated mogeie degree be ameliorated by specialized optimizations. For
of computation significantly influence the architecture of ousxample, bit-wise constant propagation can recognize variable,
target system. unused, and constant values within a variable or expression
1) SW-CU CommunicationsThe need for quick SW- at the granularity of single bits. This can then be used to
CU communication requires bw-latency communications specialize the HW operators at the bit-level, exploiting the
channel. Since a good partitioning can often avoid excessiige granularity of FPGA PEs.
communications, our model relies on the quick interchange of4) Reconfigurability: In our model of computation, each
relatively small quantities of data. In our experiments, the ontyu encompasseall of the parallelism extractable from a
12 variables of 32b each need to be transferred betweeni@inel sequentially described in C. With no TLP in ANSI C,
CUs and CPU. Thus, the bandwidth requirements are rathgily a single CU will thus execute at a time on the RF. Thus,
low. for our purposes, a RF holding just a single CU, but capable
2) Memory SystemSince we fully support pointer accessesf rapid reconfiguration (possibly assisted by a configuration
as well as the interchange of pointer values (addresses) bgche) would be ideal. But again, most commercially available
tween CUs and SW, the RF must have independent (mas®rDs do not have this ability. It can be emulated, however,
mode) access to a memory space shared with the CPU (Figiygthg mechanisms actually available in current chips:

4). « By using partial reconfigurability, we could combine
background-loading techniques (such as double or triple-
Fig. 4. Shared memory and address spachE)ltJatween CU and CPU buffering) with a logical partitioning of the RF. This
% CU-CPU Interface [ would allow to pre-configure the next CUs to be executed
(possibly speculatively) into currently unused logical par-
titions, without affecting the currently executing RF. Such

C. Target System Architecture

systems have already been demonstrated [12] [13].
* « With a sufficiently large RF, we can usmnfiguration
Ré*g‘f\éter: v e mergingto efficiently f_use multiple CUs into a smaller
number of larger configurations. These can then be con-
Address Data figured without requiring partial configuration capabilities
0x00000000 from the RF.Softreconfigurations can then occur just by

switching multiplexers on the RF between different CUs,
hard reconfigurations actually load a new bitstream. This
OXFFFFFFFF approach does not require partial reconfigurability from
Shared Memory the underlying PLD.
Due to the immaturity of software tools dealing with par-
reconfiguration of commercial PLDs, our current system
ports the second approach (see Section VII).

While this requirement is not problematical from a banaqaI
width perspective (RF and CPU do not execute concurrentlﬁ:lp
caches have to be organized carefully. Ideally, the RF and
CPU would share a common cache hierarchy to avoid in-
consistencies. This can be realized in an SoC context byFigure 5 gives an overview over the general anatomy of an
integrating the RF with a configurable processor core [#ICS compiler. Up to the HW-SW partitioning step, the phases
[10], or using the tightly-coupled memory approach of somare not ACS-specific. Two general support facilities aid many
embedded processor core (as in certain ARM7 and ARMS# the later translation phases:
types) [11]. If the sharing of cache hierarchies is not possible,First, a number oflynamic profilinganalyses observes the
more heavyweight coherency solutions such as bus-snoopib@havior of the input program during run-time when process-
or mutual cache invalidation (used on our current platforning a given data set. Many optimization decisions, e.g., dealing
could be employed. with the fraction of execution time spent in a certain function

3) RF Processing Element Granularityrhe native widths or the communication patterns between blocks, are based
of data types in C are 8b, 16b, 32b, and 64b words. ©h this data. Dynamic profiling is generally more accurate
these, 32b operations are still the most common (defathan static estimation methods, but requires a representative

IV. ANATOMY OF AN ACS COMPILER



Fig. 5. Simplified anatomy of an HLL-to-ACS compiler
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input data set when the program is being monitored during
execution.

Second, when estimating the effect of moving operations
to the CU, the same module library used for the actual
HW generation can be queried by the main flow for HW
operator characteristics. This occurs via a target technology-
independent interface. It gives each step in the flow a dedicated
view into the data. Examples for different views include
operator behavior and interface, timing, area requirements,
circuit topology etc., down to actual placed netlists of the
operator hardware.

The next Sections will examine some of the phases in
greater detail.

V. HW/SW-PARTITIONING

Currently, the HW/SW partitioning step attempts to move as
much of the kernels in the input program to CUs as possible.

|:| CU-CPU Switch

Integration ]

Fig. 6.

Generating possible CUs from all-SW version

ED-

Candidate for
Execution on CU

Executable on CPU
as Software

For each loop nest forming the kernel currently under
consideration, allcombinationsof assigning all loop
levels to SW to moving all loop levels into the CU are
generated asandidates For example, in Figure 6.a, the
variations of executing the nestéoopl and loop2 all

on the CPU, executing the outkropl on the CPU and
the innerloop2 as a CU, to executing both loops as CU,
are created (shown in Figure 6.b).

Inside each of these candidates, a graph of all execution
paths through all of the C basic blocks is built. This
graph also marks the nodes that are infeasible in a CU
(non-inlineable function call, floating-point arithmetic). In
Figure 7, such paths are shown in dashed lines.

Fig. 7. Execution frequency-based path selection

| CU-CPU Mode Switch |

'

CU-CPU Mode Switch

—— CU-feasible

For each kernel, this is not an all-or-nothing operation. Instead,From these two data structures, the CU for the kernel is

an incremental method is used [16]:

then assembled at the granularity of C basic blocks. Initially,
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a path is selected leading from the entry into the kernel to the

exit. This path will encompass the most frequently executed FLAME FLAME
basic blocks (thicker lines in Figure 7). As long as there is still Interface Interface
area available on the PLD, secondary paths are grown along

this primary path, also favoring the more frequently executed
blocks. for communication with the CPU). Th@ nodes are mapped

In this fashion, the partitioning algorithm tries to greedilyo multiplexers, also supplied by GLACE. In this fashion, the
move the largest possible part of the kernel onto the CU. Ba§igtapath portion of the CU is assembled. Figure 9 shows an
blocks that have been marked infeasible beforehand or that@@mple of such a datapath.
not fit on the RF remain in SW.

At this stage, the final decision whether to actually imple- Fig. 9. Sample datapath with CPU and memory interfaces
ment the candidate on the RF has not been made. This occyr,
only after the communication costs have been considered (fre-
guency of HW/SW switches and amount of data transferred),
and the CU speedup over the CPU has been estimated. For
simplicity, the latter is currently calculated by just summing| e, .. \ \ \
the flat execution times of SW instructions and HW operatogs° ™"
in cycles, taking into account the CPU and RF clock speeds.ooor {f

Table Il shows the effect of first picking candidates from all
the kernels in the input program and then only realizing tH
most promising ones as actual CUs. In this fashion, betwe: n___ ‘
33...80% of the instructions executed by the programs can i
accelerated by implementation in a CU.

CACHE_READ

CACHE_WRITE [

VI. HARDWARE SYNTHESIS

After the CUs destined for actual HW implementation have .. cocor  coeve ]H
been selected from the candidates, the underlying logic is “=="™==" CACHE PRI

synthesized.

First, this step creates separate control and data flow graphs
(CFG and DFG) in the static single-assignment form (SSA) Fio. 10. Controll del used by COMRADE
[18] [17] from the intermediate representation of the C 19" Gpmculativaly executed conditional sitermatves
program. In this form, each variable is assigneq to exaptly / ‘\\ g NYRY!
once. When the C source program would require multiple conditiona @ — AL

Memory Interface

trol

assignments, these all occur to separate pseudo-variables thgf%...

are then resolved into a single assignment by a so-caled

function. This SSA form is not only useful for HW synthesis, el !

but also allows the efficient realization of other optimization T

passes (e.g., constant propagation, strength reduction, etc.

[18]) i
The operator nodes in the DFG are mapped to actual

1

HW operators, composed from RF PEs, by accessing the = zj:fp'jﬁnon Cancel

GLACE [14] module library using the FLAME [15] interface.

GLACE contains a wide variety of parametrizable module

generators covering all C operators (arithmetic, logic, memoryAnalogously, the CFG is converted into the controller part

accesses) as well as system interfaces (dedicated I/O registétiie CU. Since it has a more irregular structure, the compiler
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creates it by using the encapsulated UCB SIS logic synthesis APPlicaton /U

versatility
package [19]. readimage.11 12 29
Compared to many other efforts, the Petri net-based con- g:ocgﬁntlze-fﬁ " gfli ?g

. . . . . OC! -encodae.

troller architecture used in C_:OMRADI_E is S|gn|f|9antly more block RLE encode.34 78 184
powerful. It supports dynamic scheduling for variable-latency entropyencode.14 7 23
operators (e.g., cached memory accesses) as well as spec- Plgfznzc-zlg %‘71 2‘71
ulative execution. The latter means that all branches of a fgdfzz'zl 10 89
conditional are executed simultaneously. The final result is | fcdf22.14 28 60

committed as soon as the control expression and the value of . adpcm
the corresponding branch is stable. Additionally, still executing Lmain-70 [ — 109 | 278
computations on untaken branches can'be 'canlceled, discarding rupdate. 126 : 12 39
their data and immediately freeing their pipelines for a new update.119 42 126
set of input values. e capacity - -

. . etireq.

In the example pf Figure 10, the value of the condmonal grintbiﬂl6.8 6 17
control expression is known after 6 clock cycles. Assuming the | printvHDL.29 4 13
value of 2 for the control expression, the output of the entire | PrintvHDL.22 6 24

" . createinputfile.14 8 21
conditional b|QCk is known after 7 clock cycles, the slow_er createoutputfile.32 6 17
operators on inputs 3 and 4 no longer delay the calculation. | createoutputfile.25 6 24
These shortcut evaluations are fully exploited by the dynamic e pegwit i .

. . ofinit.
schedulmg' in the controller. . S ofinit 44 18 53

A potential disadvantage of this controller realization is that gfAdd.51 20 4
the number of HW registers (flip-flops) grows in the square of g;hRﬂiﬁ?(:le.gg 32 gi
number of dependencies (both datg and control) between HW ngu|ﬂB|§:59 3 52
operators. However, since the maximum number of operands | gfSmallDiv.38 29 84
of a C operator is three (for the ternary ‘?:’), the degree of glfﬁggm:-g‘z‘ ;g gg
the operator nodes is bounded. ngddMu|:39 16 59

Table 11l presents some characteristics of individual kernels
in our benchmark suite. Specifically, it shows that both the TABLE 1l

size of the datapaths as well as that of the controller (despite =~ CU DATAPATH AND CONTROLLER AREA REQUIREMENTS
the theoretical quadratic growth) are well manageable on the
capacities of current PLDs.

Appl. RF Area | Unmerged Optimal Heuristic
[Cells] #Reconf. | #Rc. | Time [s] | #Rc. | Time [s]
VIlI. RECONFIGURATIONSCHEDULING versatility 1920 2304 i 559 5 =001
i ) L 5120 11171 | 2689 0.01 | 3586 0.01
With the long reconfiguration times of current PLD (COmFcapacity 1920 2016 7 <001 > <001
pared to the system clock rate), proper scheduling of recon- 5120 1473 1] <o01 1 0.03
1 i i i i ; pegwit 1920 4056 | 1285 7.69 | 1286 | <0.01s
figurations is crucial. In earlier systems such as Nimble [20]! 5190 8706 | 1919 815s | 2733 001

only a single CU was loaded onto the RF (realized by &
Xilinx Virtex 1000 FPGA) at a time, using full reconfiguration. TABLE IV
In most cases, the glacial reconfiguration speed of the PLD OPTIMAL AND HEURISTICAL CONFIGURATION MERGING
allowed only a single kernel to be executed as CU. Even a
single switch between different CUs would have obliterated
any possible speed-up.
Given the relatively small area requirements of our CUsgorithm that computes the optimal packing for the minimal
(see previous Section) compared to modern PLD capacitiegmber of reconfigurations (shown in Table 1V).
we can gainfully employ the configuration merging approach While the savings in reconfigurations are already significant
to put multiple CUs into a single configuration. Often, this ige.g., reducing the number from 4304 of a single-CU version
all that is required to completely hold the CUs of an entirdown to 4 for merged CUs), it becomes apparent that our
application. However, for more complex applications, the sapproach of greedily building the largest possible CUs in the
of CUs has to be partitioned into individual configurations. Tpartitioning step (Section V) leads to inefficiencies when the
further reduce configuration times, the same CU may occurtime reconfiguration behavior is factored in. This occurs, e.g., in
multiple different configurations (overlap). the versatility application when targeting a larger RF, having
We have developed two methods for actually merging CUd 20 instead 1920 PEs. With the larger size, more paths could
into configurations [21]. The first one relies on the CU exdse moved to the CUs. However, the larger CUs allow less
cution order, described as a trace collected during a programerging and require more reconfigurations to switch between
run. This trace is then evaluated using a dynamic programmitigem (2689 instead of 4).



Thus, it would be more efficient to actually consider resuch externally created IP blocks into the compiled CUs. For
configuration behavior in the partitioning step. To this endhe programmer, this will occur as transparently as the calling
we have also developed a heuristic that can estimate caofi-an optimized assembler subroutine from C.
figuration schedules from the static program structure andThe interfaces between the IP block and CU, including
flat execution counts, without the need to consult a possikdgcess to MARC, will be generated automatically from a
very long execution trace. This heuristic can also reduce tharametrized meta-data description of the IP block. We have
number of reconfigurations significantly (in some cases closeliready defined a parameter catalog and methodology for
approaching the optimal solution), but generally requires onlyis approach, and demonstrated its feasibility by manually
a fraction of the execution time (in extreme cases three ordémgegrating a Xilinx CoreGen-created FFT core with the CU
of magnitude less). It is thus suitable for inclusion in the costrapper [2].
function of the path construction partitioning algorithm. This
refinement is planned for the next revision of our partitioning X. CONCLUSION AND DISCUSSION
phase. While the COMRADE flow is not fully functional yet, with
the back-end step of the floorplanner still under development,
the earlier phases and subsystems are already operational and

After assigning CUs to configurations, the complete HWapable of generating simulatable models of the CUs.
is generated for the RF. Shown in Figure 9, this not only Even in this early stage, the flow has already advanced
includes the datapath and controllers for each CU, but also the state of the art over predecessors such as GarpCC [23]
multiplexer network for quickly switching between differentand Nimble [20]. These improvements include the generalized
CUs. This multiplexer network connects to the central CPWnodel of computation, the use of the same parametrized
RF interface (calledvrappe)) that is shared between the CUsnodule library at all stages of the compilation process, and
in the configuration. the merging-based configuration scheduling.

This interface consists of two main components. First, the The flow is also ripe with opportunity for further optimiza-
control part is used for system management functions (e.gon. Currently, work is actively proceeding in the following
selecting the active CU, starting CU execution, indicatingreas:

HW-SW switch to CPU) as well as CPU-CU data transfer. | 1mproving the bit-wise optimization by better analysis
The latter is currently realized by mapping the dedicated /O methods, recognizing even more constant and discarded
registers that were earlier synthesized as part of the DFG pjig.

into the CPU address space. In a more tightly integrated, Extending the GLACE module generators to exploit con-
system, this might be realized differently, e.g., by treating the  stant and discarded bits in an operator-dependent manner.
/O registers as shared CPU registers. Second, the wrapper g g preaking the carry chains of adders and subtractors
also holds the memory interface. It allows the CUs access jj the presence of successive zero bits in operands.

to the shared memory in master-mode, supported by cacheg adding more loop transformations, leading to more par-
for irregular access patterns and buffered streams for regular gjielism in the DFG. An appropriate analysis frame-
accesses. This infrastructure is realized using the Memory \york based on OMEGA [24] has already been added to
Architecture for Reconfigurable Computers (MARC) [22],  cOMRADE and the first transformation (scalarization) is
which provides them in a technology-independent and con- already functional.

figurable fashion. The latter means, that the number and kind, Replacement of the current discrete ACS target platform
of logical and physical ports realized can be matched to the \ith a chip-level solution (Virtexllpro-based).

needs of the application. The configuration shown in F|gureWhen the COMRADE flow is operational down to actual

9, connecting tW.O cached ports and one stream port to fOlﬁjl{stream generation, it will be very interesting to observe
RF-local memories and the shared memory (via a BIU bus

. N : e effect of these transformations on the system-level per-
interface unit) is just one example and could be varied l%x

. rmance.
different parameters.
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