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Abstract: Hardware/software partitioning movestwafe kernels from a microprocessor to
custom hardware accelerators. We consider advangadmentation options
for accelerators, greatly increasing the partitignéolution space. One option
tightly or loosely couples each accelerator with thicroprocessor. Another
option assigns a clock frequency to each acceleratith a limit on the
number of distinct frequencies. We previously pnése efficient optimal
solutions to each of those sub-problems indepehdeint this paper, we
introduce heuristics to solve the two sub-problémsn integrated manner.
The heuristics run in just seconds for large exas)pyielding 2x additional
speedup versus the independent solutions, for @ toterage speedup 5x
greater than partitioning with a single couplingl amngle frequency.

1. INTRODUCTION

Partitioning an application’s kernels to execute apigustom hardware
accelerator rather than on a microprocessor—knosvhaadware/software
partitioning—is a well-known technique for improgin application
performance [1] and improving energy consumptidn $ich partitioning is
relevant to both ASIC (application-specific integdh circuit) and FPGA
(field-programmable gate array) implementation. Tiee of FPGAs in
commercial microprocessor platforms [3] makes suphrtitioning
increasingly important.
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Most previous hardware/software partitioning apphes did not
consider different couplings of the acceleratorshwhe microprocessor.
However, modern platforms, including FPGAs, suppatt least two
couplings. Tightly coupled accelerators have direct access to the
microprocessor memory or cache, and thus operata atngle clock
frequency, which will necessarily be the slowesfgfrency of any of those
acceleratorsLoosely coupled accelerators instead access memory through a
bridge, and thus may each have unique optimizeckdi@quencies. Thus,
there exists a tradeoff to couple an acceleragbtlti or loosely based on the
importance of single cycle memory access or runainthpe fastest possible
clock frequency. Figure 1 shows a typical architesthat supports multiple
couplings. The two tightly coupled acceleratorséhaingle cycle access to
memory at the expense of both being clocked at 5& Mven though one
could have been clocked at 166 MHz. We refer toptiedlem of coupling a
set of accelerators tightly or loosely as ttweo-level microprocessor-
accelerator partitioning problem.

Modern platforms, including FPGAs, may support esal/ different
frequencies on a single chip. For example, thenXi$partan 3 supports four
distinct clock frequencies, while the Xilinx Virtdksupports up to eight [4].
Much current research investigates methods to sakentage of multiple
clock domains for heterogeneous core architectgyestems-on-a-chip, etc.,
for both performance and energy benefits [5]. Hamvewthe number of
accelerators often exceed the number of availdblek drequencies. In this
case, the accelerators must be grouped to shamk di®@quencies,
necessarily running at the slowest frequency ofgiteeip. For example, in
Figure 1, the four loosely coupled accelerators tmalgre two clock
frequencies. We refer to the problem of assigmirfiked number of clock
frequencies for minimal application execution tilae theclock frequency
assignment problem.

Most previous approaches do not consider clockulgaqy assignment
for the accelerators. While the tightly coupledederators should all execute
using the same frequency, the loosely coupled aaels could potentially
each execute with different frequencies. In presiaork, we solved the
coupling assignment problem optimally, assumingughoavailable clock
frequencies to support unique frequencies for eémbsely coupled
accelerator [6]. In a separate work, we solvedphablem of assigning a
limited number of frequencies to the set of loosmlypled accelerators such
that performance was maximized [7]. In this worle show that solving the
two problems in an integrated manner can yield iS@mt performance
improvements over solving them sequentially
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Figure 1. A two-level system architecture that is drivenfoyr clock frequencies. The system
bus has two tightly coupled accelerators that tumslower clock frequency but have single
cycle access to memory.
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2. PROBLEM DEFINITION AND DESCRIPTION

We previously solved the two-level microprocessmrederator
partitioning problem and the clock frequency assignt problem optimally
using novel dynamic programming techniques for edtiis section reviews
those solutions, and then defines a new probleagiating both problems.
2.1 Two-Level Microprocessor-Accelerator Partitioning

The problem of partitioning accelerators to eithgightly coupled set or
a loosely coupled set, assuming that each looselpled accelerator could

run at its own unique clock frequency, used thio¥ahg objective function
for minimizing the execution time of all the acaal®rs:

TC([Zn: (comp__cycles +mem_accesses )]/ min_clock)
i=1
+LC(d* > (mem_accesses / clk _ freg;)

+Zn:(comp_cycI&q)/cIk_ freq))
i=1
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We solved our problem optimally using a novel dyimprogramming
algorithm we refer to as theknapsack dynamic programming, or NKDP,
solution. A complete description of the solutiorgigen in [6].

2.2 Clock Frequency Assignment Partitioning

In the clock frequency assignment problem, we agaimsidered a set of
accelerators A which had already been determined by a previous
hardware/software partitioning decision. Given aximam number of
unique clock frequencids available to the accelerators, ttieck-frequency
assignment problemis to:

Find a positive integer value for every a,.freq, such that each a;.freqis
less than a..maxfreq for every i, the number of distinct a.freq valuesis less
than or equal to F, and the execution time E is minimized.

We also developed a novel dynamic programmingréfgo to solve the
clock partitioning problem optimally. The completelution description is
given in [7].

2.3 Integrated Two-L evel Partitioning and Clock
Frequency Assignment

The integrated coupling and clock frequency assamnproblem takes
as input a set of functions to be implemented aslacators, determined by
a previous hardware/software partitioning decisi@ur problem and
partitioning may iterate). Each accelerator is aateal with four numbers,
determined from synthesis and simulation of eactction: The number of
memory accesses, the total number of computatictesythe synthesized
area, and the maximum possible clock frequency. fidmaber of memory
accesses and computation cycles may representgagem@ worst-case
numbers, depending on whether the designer seeéptitmize for overall
average or worst-case performance.

The extra cycles of the bridge is also given. Themory access penalty
is an architectural feature of the bridge, andanper-application number, so
the number is fixed for all applications. A looselyupled accelerator would
incur this latency penalty each time it made aress¢o memory, since the
accelerator is connected to the memory througlbticge.

All tightly coupled accelerators, having single4gyaccess to memory or
cache, must run at a single clock frequency — #ssumption matches
several modern commercial FPGAs that incorporat&raprocessors.
Because all those accelerators must run at onk frieguency, they all must
run at the frequency of thebowest tightly coupled accelerator in the group.
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The tightly coupled accelerators’ frequency neetl b® the same as the
microprocessor’s frequency.

Loosely coupled accelerators, in contrast, coultbqt@ally run at their
unique, fastest clock frequency. However, sincaleno FPGA platforms
impose a limit on the number of available clockgfrencies, several of the
loosely coupled accelerators may also need to lvygaddogether and share
the same clock frequency. This means several ch¢helerators will not be
able to run at their own unique clock frequencye Ttumber of available
clock frequencie$ is usually given in the documentation for the igatar
FPGA being used. For instance, a Xilinx Spartamé&rth supports up to four
unique clock frequencies, while the Xilinx Virtek $upports up to eight
clock frequencies.

Formally, the problem takes as input a set of &ca8brs
A={a,,&,...,a}. Each function is annotated with several diffdrareights:
a.comp_cycles, a.mem accesses, a.area, a.max freq, and a.frequency.
The terma,.frequency is not given and must be determined. The memory
access penalty through a bridge is given as dtladumber of available
clock frequencies is given as F. The objective fiancis to thus minimize
the application execution time as follows:

Find a positive integer value for every a.freq, such that each a.freq is
less than a..maxfreq for every i, the number of distinct a,.freq values is less
than or equal to F, one group has single cycle access to memory while the
rest have d cycle access, and the execution time E is minimized.

3. HEURISTICS

We present two heuristics to solve the clock fremyeassignment
problem for two-level microprocessor-acceleratatfprms. Before that, a
straightforward sequential approach performs two-level microprocessor-
accelerator assignment first assuming unlimitedirdis clock frequencies,
followed by clock frequency assignment on the Iboseupled accelerators
with (F-1) clock frequencies (since one clock frequencyinmecessarily be
used for the tightly coupled accelerators). Eadhrmwblem can be solved
optimally using our previous techniques.

Because the running time of NKDP is Ofgrwhere S is the area
constraint, and the running time of the clock frermey assignment algorithm
is O(nP), the overall worst case time complexity of thguential approach
is O(SA + nP). However, since the assumption that the two-level
microprocessor-accelerator partitioning algoritham @perate every loosely
coupled accelerator at its own distinct clock freey is potentially
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violated, the two level partitioning becomes subupt, and therefore the
entire solution is suboptimal.

31 No Penalty Migration

Our first heuristic was based on the observatiat thhen theNKDP
algorithm partitions the accelerators into bothghtty coupled and loosely
coupled set, there may be accelerators in the lipasipled set that are
clocked with a faster maximum frequency than thatly coupled set. This
is because the NKDP algorithm decided that havifigster frequency was
more important than having single cycle access émary. However, with
the number of clocks constrained in clock frequerssignment, that
accelerator’s frequency may be reduced below tielyi coupled clock set
frequency. Thus, migrating the accelerator from lttosely coupled set to
the tightly coupled set makes sense (assumingsittiie area constraint)
since the accelerator would run faster as a tigtdlypled accelerator than
merged with a slower accelerator in the looselypted set. Because the
accelerator’s fastest possible frequency is fabem the already established
tightly coupled set clock frequency, the heurisam migrate the accelerator
to the tightly coupled set at no penalty to thatligcoupled set. We call this
No Penalty Migration. After the heuristic migrates an accelerator fribra
loosely coupled set to the tightly coupled setcklfrequency assignment is
again run on the remaining accelerators in the eiyosoupled set to
determine if a new assignment exists, since orsedeselerator may result in
a better partitioning of the available clock frenqoes to the remaining
loosely coupled accelerators.

3.2 Nested Dynamic Programming

We also developed a heuristic in which we triediniegrate the two
solutions by having the two-level microprocessarederator algorithm call
the clock frequency assignment algorithm each timeeknapsack algorithm
returns a possible solution. We call this tested Dynamic Programming
heuristic. TheNo Penalty Migration heuristic assumes the initial two-level
microprocessor-accelerator partitioning chose #wt two-level assignment,
meaning the tightly coupled frequency should bentadied.

However, the clock frequency assigned to the tyotlupled accelerators
may not be optimal when considering the clock festuy assignment
problem too, and thus no amount of clock frequeasgignment and
migration on the remaining accelerators would teisulhe optimal solution.
Because the two-level microprocessor-acceleratgramiyc programming
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algorithm runs knapsaak times, resulting im potential solutions, running
the clock frequency assignment dynamic programraiggrithm on each of
those solutions would result in a more accuratetiewl space, since more
options are allowed into the tightly coupled acragler set.

The solution to each knapsack is passed to thek cfoequency
partitioning algorithm. The clock frequency assigmh algorithm
determines the clock frequency assignment for thesdly coupled
accelerators. The best solution is maintained ratukned. We note the
“best” solution is returned as opposed to the ‘foptf solution from the
original NKDP algorithm, because the heuristicl gtdtentially violates the
assumption that the NKDP algorithm assumes eaclselpocoupled
accelerator can run at its own distinct clock freogy. The heuristic is only
guaranteed to return optimal results when the numbelock frequencies
exceeds the number of accelerators that requinstimal clock frequency.
The worst case running time of the nested dynamtigramming heuristic is
also O(A (S + P)), since the nested dynamic programming algorithams
the clock frequency assignment algorithrimes.

4. EXPERIMENTSAND RESULTS

This section describes results of applying the theuristics to a
commercial quality H.264 video decoder from Freks&emiconductor. We
implemented the heuristics on a 2.66 GHz 1GB RAMtigen 4 PC. We
targeted synthesis to a Xilinx IV Pro, and gathénddrmation on cycles per
function and maximum clock frequency of each acatde. We also tested
our heuristics using a wide range of synthetic hamarks.

H.264 is a proprietary video decoder developed Hey Yideo Coding
Experts Group (VCEG), and part of the MPEG-4 stashddinlike common
benchmarks taken from publicly available referemoplementations, the
decoder’s code was highly optimized, and thus didconsist of just two or
three critical functions, but rather of 42 critichlnctions that together
accounted for about 90% of execution time. We addi Stitt's partitioning
into accelerators [9], which was straightforwartydlving implementing an
accelerator for each critical function. We gathecednputation cycle and
memory access information through synthesis andlatmon, and clocked
each accelerator targeted for Xilinx’s Virtex IV d?rThe variation in
maximum frequencies ranged from 40 MHz to 285 MHz.

Figure 2 shows the results running the heuristicghe highly optimized
H.264 video decoder. The speedups are normalizetegolts when all
accelerators use only one clock frequency and oopling. Figure 2 shows
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that one additional clock frequency allowed therlstias to couple the 42
accelerators either tightly or loosely, and thus @a3.5x speedup over the
single frequency, single coupled implementation. he Tinclusion of
additional clock frequencies further improves tpeedup to almost 4x. For
the H.264 application, thélo Penalty Migration and Nested Dynamic
Programming heuristics performed similarly, attaining almosie tsame
speedup. Although both heuristics have the samstwase runtime, thido
Penalty Migration heuristic consistently attained results fastemthie
Nested Dynamic Programming heuristic. We also note that as the number of
clock frequencies increases, the improvements dh libe No Penalty
Migration and Nested Dynamic Programming heuristics compared to the
sequential approach become almost negligible.
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Figure 2. Results of the heuristics on a commercial quaiitigo decoder. Compared to a
single-frequency, single-coupling implementatioritef accelerators, the heuristics improve
the execution time by almost 4x.

To further test our heuristics, we applied our fsios to several
synthetic examples, which included a wide rangeaofelerators. Each
example supported a large range of computationesyehemory accesses,
and clock frequencies. Figure 3 highlights reswitscomparing theNo
Penalty Migration and Nested Dynamic Programming heuristics to an
implementation that did not consider coupling oftiple clock frequencies.
Figure 3(a) shows the benefit of just including oadditional clock
frequency, and thus introducing the ability to tigtor loosely couple each
accelerator. With only two clock frequencies, FguB(a) shows the
heuristics are able to achieve on average 4x speéthie that in every case
the Nested Dynamic Programming heuristic finds the best partitioning of the
accelerators. ThéNested Dynamic Programming heuristic also took the
longest to complete, finishing many seconds latethie larger examples.
The No Penalty Migration heuristic yielded an average 15% improvement in
application running time over the straightforwastjgential approach. The
Nested Dynamic Programming heuristic gained an additional 15%
improvement overNo Penalty Migration. This was because both the
sequential search amdb Penalty Migration partitioned several accelerators
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to the tightly coupled set without knowledge of thet that there were only
two clock frequencies available. ThBested Dynamic Programming
heuristic was able to test all combinations of begors in the tightly
coupled set, and therefore was able to find a supsslution.
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Figure 3. Application speedups for synthetic examples wahying numbers of accelerators:
(a) two clock frequencies, (b) eight clock frequescSubstantial speedup is achieved for
increasing numbers of clock frequencies comparesitigle-frequency, single-coupling
implementations.

However, as the number of clock frequencies ine@athe heuristics
achieved nearly the same speedups. The reasondadeeas the number of
available clocks increase, it is more likely thae initial partitioning of the
tightly coupled set is correct, meaning only migains could be made over
a straightforward sequential search. On averag®sac2 to 6 clock
frequencies,No Penalty Migration yielded a 5% improvement over a
sequential search, whilslested Dynamic Programming provided a 10%
improvement. Comparing Figures 3(a) and 3(b), omes ghat additional
available clock frequencies does improve speedwes esingle-coupled
single-frequency partitions, from an average ofrifa) to nearly 5x in (b),
with one example achieving almost 6.5x performanggovement.

For all the examples, our heuristics ran in secomgsnpared to an
exhaustive search, which did not complete in aagoaable amount of time
when the number of accelerators exceeded fiftedme WMo Penalty
Migration heuristic completed its search consistently fashamn Nested
Dynamic Programming heuristic while also finding a better solution for
platforms with only a few available clock frequesi However, thélested
Dynamic Programming heuristic might be much easier to implement in a
framework where coupling and clock assignments haiready been
implemented.
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S. CONCLUSION

We showed that the consideration of both couplind multiple clock
frequencies can lead to substantial speedup over application
implementation that does not consider either. Wso alhowed that the
integration of both coupling and multiple clock dteencies can lead to
application speedups of over 5x compared to a e&iogupling single-
frequency implementation. We developed two new iseos that integrated
coupling and clock frequency assignment, running$h seconds.
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