A Methodology for Energy Efficient Application Synthesis
Using Platform FPGASs

Jingzhao Ou and Viktor K. Prasanna
Department of Electrical Engineering, University of Southern California
Los Angeles, California, 90089-2560 USA

Abstract— Platform FPGAs incorporate many different components, yoecrioee Application
such as processor core(s), reconfigurable logic, memory, etc., onto a single
can be executed using hardware implementations on FPGA or software Hardware | | Software

chip. When an application is synthesized on platform FPGAs, part of it (Hardware)  (Software/Hardware ]

) )
implementations on processor core(s). As the connection between different oo
components on the devices are realized using FPGA routing resources, FPGA eom
()

the designer has many choices for configuring the hardware components
(1) Traditional hardware/software codesign; (2) design using platform

to execute the software. We show that these design choices have profound ()
impact on the energy performance of the software programs. We propose

a hybrid design approach for energy efficient application synthesis on Fig. 1.
platform FPGAs. It consists of a bottom-up process which performs rpcag
simulation based performance modeling, and a top-down process which
performs analytical performance optimization. The execution of an FFT

software program on a state-of-the-art platform FPGA under various Multi-milli t fi ble loaic is th . t of
hardware choices is used to illustrate the bottom-up process. For the top- ufti-million gate contigurable logic Is the major component o

down process, we map an beamforming application onto hardware and Platform FPGAs. The basic elements of the configurable logic are
software components based on the results from the bottom-up process. look-up tables (LUTs), which are too low-level an entity to be
Energy reduction up to 46% is observed for the beamforming application considered for high level modeling and rapid energy estimation.
using the proposed design approach. Energy estimation using RTL (Register Transfer Level) simulation
I. INTRODUCTION (which can be accurate) is too time consuming. The challenges in
Platform FPGAs, which integrate multi-million gate configurabl@Ptaining energy performance models prevent rapid design space
logic, embedded processors, interconnect, dedicated multiplief&ploration and identification of energy efficient designs.
block RAMS, etc. on a single chip, are becoming popular. One major 1° @ddress the above issues, we propokgbaid design approach
advantage of platform FPGAs is that a single platform (device) canconsists of a bottom-up process which performs simulation based
target a wide range of applications. Examples of platform FPGA§rformance modeling, and a top-down process which performs
include Altera Excalibur [5] and Xilinx Virtex-Il Pro [14]. analytical performance optimization. The execution of an FFT soft-
Platform FPGAs are different from general purpose SoCs (Systef#@ré program on Virtex-Il Pro, a state-of-the-art platform FPGA,
on-a-Chip) and configurable SoCs (CSoCs). Examples of such s@der various hardwar_e choices is used to illustrate the bottom-
vices are OMAP processors [11] and Triscend CSoCs [12]. The v&iR Process. Then, to illustrate the top-down process, we map an
ious components on platform FPGAs are immersed in multi-milliogdaptive beamforming appllcatllon onto the corresponding hardware
gate configurable logic and are connected through the programma®iél software components of Virtex-Il Pro, based on the results from
routing resources. This gives the designer many choices for configiilé bottom-up process. Energy reduction up to 46% is observed for
ing the embedded processor cores and their peripherals for execuﬂ?ﬁ]; beamforming application using the proposed design approach.
software programs. For example, on Virtex-1l Pro, the designer he paper is organlze(_:i as follows. S_ectlon _II discusses th_e related
can organize the memory blocks distributed throughout the devit@rk. Section 1l describes the hybrid design flow. Section IV
into memory systems and attach them to the embedded Powe®€Mplifies the bottom-up process through the execu'tlon of an FFT
processors through various bus standards. As shown in Section [v&8ftware program on a platform FPGA. Hardware choices that affect
these hardware choices have a significant impact on the performaHt&Performance of the software program are also analyzed. Section V
of the software programs. For general purpose SoCs and CSoCs, S&§ents the top-down design process. The energy performance of
communication channels between processors and their peripheftiérent mappings of an adaptive beamforming application onto
are implemented as ASICs and offer little or no configurabilinplatform FPGAs is given in this section to shovy the effectnveness
Therefore, compared with the traditional hardware/software desi§hthe proposed design approach. We conclude in Section VI.
flow shown in Figure 1(a), there is no clear separation of hardware Il. RELATED WORK
gnd _software designs in the_ design f_Iow_for platform FPGAs (shown Experiments for re-mapping of critical software loops from a
in Figure 1(b)). Programming (configuring) of both hardware angicroprocessor to hardware implementations using configurable logic
software is required to optimize the performance of the applicatioBfe carried out by Villarreadt al. [13]. Significant energy savings is
synthesized on platform FPGASs. .. achieved for a class of applications. As their target devices are CSoCs,
Energy efficiency has become a key performance metric in Hg, jmpact of different hardware configurations on the execution of
design of various computation and communication systems. It dS¢are programs is not addressed in their research,
especially critical in battery opera_lt(_ed embe_dded and Wirele§s SYSteM$y hardware-software bipartitioning algorithm based on network
Platform FPGAs offer high efficiency with respect to time angyqy techniques for dynamically reconfigurable systems is proposed
energy performance and have been shown to achieve energy reducﬁvrhakhmatovet al. [7]. While their algorithm can be used to
and increase in computational performance of at least one order Qfimize the energy dissipation, design using platform FPGAs is
magnitude compared with traditional processors [1]. Thus, platforgsre complicated than a hardware-software bipartitioning problem
FPGAs are being used to implement many of these systems. ¢ qnqjdering the various hardware choices for configuring the device.

This work is supported by United States National Science Foundatidierefore, their technique cannot be applied to energy efficient
(NSF) under award No. CCR-0311823. application synthesis for platform FPGAs.



Integrated design environments (IDEs) such as Embedded Devel- ’ Application Task Graph ‘ ‘7w
opment Kit (EDK) [14] are becoming available. They include both oy
hardware and software design tools for appllcatlor_1 development on —— ot || Duerrs | §“§8
platform FPGAs. These IDEs take a bottom-up design approach. The GA designs channels systems E|8g

i : - sifg
energy performance_ of a deS|gn_ is available c_mly af_ter _the design is ’ Choices of implementations ‘ 2 é g
completed and the time consuming low-level simulation is performed > - - £8
on the final design. Abstraction * Low-level simulation Qq_‘S
Performance models y
II1. DESIGNFLOW (Energy, area, latency, etc) [

We propose dybrid design approackor energy efficient applica- L 3
tion synthesis on platform FPGA, which is shown in Figure 2. The o Formulation of the energy efficient g -
input to our design flow is a task graph. That is, the target application 2 application synthesis problem £le2
is decomposed into a set of tasks with communication or precedence |3 i &g
requirements between them. Based on the task graph, the application | * Optimization using techniques S g%
synthesis consists of a bottom-up process and a top-down process. such as dynamic programming, etc. g

In the bottom-upprocess, the designer analyzes the performance
of the various implementations of the tasks. For hardware implemen- Designs with good energy efficiency v

tations on FPGAs, techniques such as the one proposed by Choi

et al. [2] can be applied to derive energy functions for variousig. 2. The hybrid design approach
hardware implementations of the tasks. Then, energy performance

of these hardware implementations can be rapidly obtained from

vendor sheets or calculated using these energy functions. For softwatend in [2], we summarize it here for the sake of completeness.
implementations on processor cores, the hardware choices that hakedivide different implementations of a task into groups of similar
significant impact on energy performance are identified. Low-levakchitecture. By doing so, we impose a high-level architecture onto
simulation is performed to obtain the energy performance for exectite FPGA implementations within each domain. Then, energy func-
ing the software programs under various settings of these hardweoms are derived for each domain through low level simulation. The
choices. The performance values obtained in the bottom-up procpssformance of the implementations is calculated rapidly using these
is made available to the top-down process for optimizing the energgergy functions.

performance of the entire application.

In the top-downprocess, based on the task graph, the performanBe Processor Systems
models of of the tasks, as well as constraints from the applicationSoftware programs are executed on the processor systems on
requirements and the target device, we formulate the energy efficiptdtform FPGAs.Processor systemare defined as systems that
application synthesis problems as optimization problems with minise processors as the main processing elements and use the pro-
mization of energy dissipation as the objective. Various optimizatigrammable on-chip routing resources to connect to the processors
algorithms can be used to solve these optimization problems amed their other peripherals such as memory, instruction and data
realize the most energy efficient designs. The design process carbbses, etc. One example of processor systems is shown in Figure 3.
iterative. Low-level simulation can be performed based on the outpTitere are many configurations of the processor systems. For example,
of the top-down process and generate more accurate informat@m Virtex-Il Pro, the processors can be the embedded PowerPC
on energy and time performance of the tasks. These informatiprocessor, or the MicroBlaze soft processor [14]; the buses can be
can be applied to the bottom-up process to refine the values gife of three types of IBM CoreConnect buses, or the Xilinx Local
the performance models. Our previous work in [10] shows that thgemory Bus (LMB); the memory is divided into blocks and can
accuracy of the energy estimation of taskdiscussed in Section V-A be organized to form various memory system and attached to the
is improved from 17.4% to 9.4% using such feedback informationprocessors through various bus protocols.

There are two major advantages offered by the hybrid design
approach. First, performance analysis during the bottom-up process
is confined to be within tasks. This enables techniques such as [2]
for rapid and fairly accurate estimation of the energy performance of
hardware implementations on FPGAs. For software implementations
using processors, the different hardware configurations of the proces-
sor systems and their impact on energy performance are analyzed in
this paper. Second, the performance models derived in the bottom-
up process provide an abstraction of the platform FPGA devidgg. 3. An example processor system
Based on this abstraction, various optimization algorithms can be
used to optimize the energy performance of the applications runni@g Communication Channels
on it. While hybrid design approach has been applied in designing|n the section, we will explore various ways for creating com-
applications on SoCs, to the best of our knowledge, we are the firsif@inication channels between processors and their peripherals on
introduce it for energy efficient application synthesis using platformyatform FPGAs and show their impact on the performance of
FPGAs. application synthesis. Our analysis focuses on Virtex-1l Pro due to
wide availability of tools and devices. Also, the bus protocols and
) bus controllers used in Xilinx FPGAs are widely used in many other
A. FPGA Designs processor related SoC designs.

As discussed in Section Ill, domain-specific modeling can be As the communication channels are implemented using FPGA
applied to obtain the performance of hardware implementations rafuting resources, various buses can be implemented on platform
the tasks on FPGA. While more details about this technique can BBGAs. Our analysis focuses on the following two types of buses.

IV. THE BOTTOM-UP PROCESS



TABLE |

ENERGY DISSIPATION OF AN8-POINT FFT SOFTWARE PROGRAM ON THEPOWERP C BASED PROCESSOR SYSTEM UNDER VARIOUS CONFIGURATIONS

Precision Float Float Float Float Float Float Float Float
Sine/Cosine Library Library Library Library LUT LUT LUT LUT
Bus (MHz) || OCM (50) | OCM (100) | PLB (100) | PLB (100) || OCM (50) | OCM (100) | PLB (100) | PLB (100)

Cache Enable Enable Disable Enable Enable Enable Disable Enable
Time (us) 4239.76 3378.58 6806.28 1377.71 787.88 624.4 1327.88 241.61
Energy (1J) 400.66 334.48 673.82 136.39 74.45 61.82 131.46 23.92
Precision Integer Integer Integer Integer
Sin/Cosine LUT LUT LUT LUT
Bus (MHz) || OCM (50) | OCM (100) | PLB (100) | PLB (100)
Cache Enable Enable Disable Enable
Time (us) 232.88 193.29 375.69 76.02
Energy (1J) 22.01 19.14 37.19 7.53

e PLB (Processor Local Bus) is a shared bus directly attached toThe experimental results are shown in Table I. For the execution of
the PowerPC processor. Several advanced techniques are empldlgedsame software program, different configurations of the PowerPC
in order to achieve high data throughput. For example, the read dvaked processor systems on Virtex-l1l Pro cause more than 5x differ-
write transfers are overlapped on PLB to allow two data transfers paice in the time and energy costs. Such difference would affect the
clock cycle. In principle, PLB has the largest bandwidth over all theverall performance of the hardware and software mapping during
supported bus protocols and can be used to attach high-performamgplication synthesis.
and high-speed IP cores to the processor. However, there are severahplementations using the PLB bus and with cachiwabled
factors that deteriorate its energy and time performance. First,disipate the least amount of energy while those using PLB bus
the data access pattern of a program fails to make good use of émel with cachingdisabled dissipate the largest amount of energy.
advanced technigues, communication through PLB would turn out@mmunication through PLB bus introduces more overhead than that
be very inefficient. Second, as more peripherals are attached to tisng OCM bus. This increases the energy dissipation on both the
PLB bus, the energy efficiency and the maximum operating spepbcessor and the bus as the PowerPC spends more time waiting for
of the bus will go down. Third, as more workloads and more busstructions and data to be fetched through the PLB bus. However,
transactions occur on the bus, the bus utilization will also decreas¢éhen caching is enabled, as the FFT code mainly consists of
Load balancing by moving some data communication to the othieops, this can effectively lower the amount of instruction and data
buses is required to maintain the bus utilization. transmission on the PLB bus. Thus, using the PLB bus achieves the

e OCM (On-Chip Memory) bus is a 32-bit dedicated bus that cdmest performance in this case. Besides, different operating frequencies
be directly attached to the PowerPC processor. The greatest advantdigbe buses and the processor result in more time and energy costs
for using OCM buses is that it guarantees a fixed data access timee to the introduction of more overhead for the communication
Since transmission over OCM buses does not require bus arbitratibatween them.
such transmission is expected to have high energy efficiency. One
major disadvantage of using OCM buses is that they are unable to
use the cache available on the PowerPC processor and thus are unab[lg

:j?sr;agﬁofeF%frtZiatﬁnsa fltsstgrr(i)r\llld?ndstt:yctt?c?ngaicrl hfh?rgg\&ngsger m Variance Distortionless Response) beamforming application
P ' pie, 9 u which uses the FFT kernel discussed above. This application is widely

may turn qut to be very |neff|c_|ent when the process is executing ployed in many embedded signal processing systems, e.g. software
loop. In this case, the instructions with the loop have to be fetched .. . - . . .
efined radio [4], where energy efficiency is an important perfor-

through OCM buses each time they are executed. . LT S o
mance metric. Our objective is to minimize the energy dissipation
for executing one instance of the beamforming application.

V. THE ToP-DOWN PROCESS
illustrate the top-down process, we implement an MVDR (Min-

D. Energy Performance

In this section, using the execution of an FFT software program
on a PowerPC based processor system on Virtex-ll Pro, we show fhe
trade-offs in energy performance of the PowerPC based processofhe MVDR beamforming application processes the data coming
system on Virtex-1l Pro platform FPGAs. from M antenna elements. Its task graph consists of a linear pipeline

All the design discussed in this paper are described using EDK 3R five tasks, fromTy to Ty. In Tp, 71 and T2, we implement a
[14], implemented using ISE 5.2, and simulated using [14] ModelSifast algorithm described in [6] for MVDR spectrum calculation. It
5.7 [8]. The power consumption is measured using XPower [14]. consists of: Levinson Durbin recursion to calculate the coefficients of

The PowerPC processor operates at 100 MHz. The FFT progranprediction-error filter p), correlation of the predictor coefficients
is executed with the following choices. (T1), and the MVDR spectrum computation using FHL); This fast

e Precision: botHfloat andint data types are considered. algorithm eliminates a lot of computation that is otherwise required

e Sine/cosine functions: fditoat data, we consider the implemen-by direct calculation of the spectrum. We employ an LMS (Least
tation through themath.hsoftware emulation program or by lookingMean Square) algorithm7§) to update the weight coefficients of
up a table which contains the precomputed values. For integer dake filter due to its simplicity and numerical stability. A spatial filter
only table look-up is considered. (T4) is used to filter the input data. The coefficients of the filter are

e Bus: both OCM and PLB bus protocols are considered. Thietermined by the previous tasks.

OCM bus operates at either 50 MHz or 100 MHz. Various implementations of the tasks are developed. Different

e Cache: cache is disabled for transactions over OCM bus in ordkrgrees of parallelism are employed in the hardware implementations
to guarantee a fixed data access time. For PLB bus, both cases (cathasks 7o and T:. Task 7> uses FFT to calculate the MVDR
is enabled and disabled) are considered. spectrum. We employ the radix-4 based hardware implementations

MVDR Beamforming



7 Bynafic Programming DF ‘ The performance when the adaptive beamforming application is

o Greedy: GR GR | synthesized on Virtex-1l Pro wheM = 64 and when the number of
inputs to FFT is 256 are shown in Figure 4. For all the considered
cases considered, energy reduction from 41% to 46% are achieved
by the dynamic programming algorithm over the greedy algorithm.
For both the dynamic programming and the greedy algorithms,
B S tasks 7o and 77 are always mapped to the configurable logic.
B Contaursen | | | However, the dynamic programming algorithm maps it to the design
using 2-input complex MAC (Multiplier-and-Accumulator) while the
greedy algorithm maps them to the designs based on 4-input complex
= 020 2048 MAC in cases such as whei = 16. Designs based on the 2-
Number of output frequency points input complex MAC is not the ones that always dissipate the least
(a) M =64 amount of execution energy. However, the designs based on the
Xészamic ProgramiTing. D : MAC with 2 inputs occupy less amount of area than those based
o Greedy: GR GR | on the MAC with 4 and 8 inputs. The energy reduction for partially
S — reconfiguring the device between the e_xecution of _the task_ranges
5¢ m Commuricaton 1 from 34% to 66%. For task>, the dynamic programming algorithm
a GR op | always maps it to the software implementation using PowerPC while
the greedy algorithm always maps it to the configurable logic. While
the parameterized FFT designs in [3] minimize the execution energy
dissipation ofTy through the employment of parallelism, radix and
choices of storage types, such energy minimization is achieved
by using more FPGA resources. This increases the reconfiguration
= ook oS energy costs and is not viable in realizing energy efficient design.
Number of output frequency points
(b) The number of inputs to FFT is 256 VI. CONCLUSION
We proposed a hybrid design approach for energy efficient appli-
cation synthesis using platform FPGAs. The execution of an FFT
software program and the synthesis of an adaptive beamforming
for FFT developed by Chast al. [3]. Clock gating, various degreesapplication were useo! to illustrate the proposed design process and
of parallelism, and various memory bindings are used in theggmonstratg |ts_e1_‘fect|ven_es_s. . .
. . . - Our work is still in a preliminary stage. A simulator that can rapidly
implementations to improve energy efficiendy, and H, are the . . :
. . . . and fairly accurately obtain energy performance depending on hard-
vertical and horizontal parallelism employed by the designs. Two

different memory bindings, one using slice based RAMs and olvare configurations of the processor system is under development.

using BRAMSs, are used to store the intermediate values. In ad |<_35|_des_, we are e_xtendlng th? optimization algorithms to address
. . . - . applications with directed acyclic task graphs.
tion, we also consider an implementation using an IP core fro
Xilinx [14]. For task T3 and Ty, we employ different numbers of REFERENCES
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Fig. 4. Energy dissipation of the beamforming application
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