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Abstract

In this paper, we introduce an energy-conscious method-
ology to guide algorithm partitioning and mapping of
embedded DSP applications onto heterogeneous architecture
components. The methodology supports both realistic algo-
rithm-architecture (simultaneous optimization at different
abstraction levels) as well as hardware-software co-design
(optimization over various architectural alternatives). Macro-
model based predictors are used to provide early feedback on
the impact of design selections and partitions. A case study
is presented to demonstrate the methodology flow.

1. Introduction

With the exponential improvement in integrated circuit
density, systems-on-a-chip are rapidly becoming a reality.
Circuits, combining a wide variety of macromodules includ-
ing core processors, DSPs, programmable logic, embedded
memory, and custom modules have been reported by a num-
ber of companies [4]. The majority of these designs target
the embedded computing market with distinguishing fea-
tures such as stringent constraints on the power, delay (or
performance), and area (PDA) metrics as well as an equal
balancing between software and hardware implementation.

The high-level of integration and the myriad of architec-
tural options it enables create a need for an architectural
exploration environment that provides the designers with
meaningful design guidance and a means to evaluate differ-
ent choices and their impact in the early phases of a project.
One of the prime requirements of such an environment is
that it can effortlessly deal with the multiple levels of pro-
gramming granularity [17] that are becoming prominent in
today’s embedded systems (ranging from general-purpose
embedded microprocessors to programmable logic mod-
ules). In addition, in order to make use of the opportunities
offered by these architectural options, a reformulation of the
original algorithm is often needed. The design methodology
that optimizes algorithm and architecture in concert is
termed algorithm-architecture co-design in the rest of the
paper.

In this paper, we propose an interactive design explora-
tion environment for heterogeneous embedded systems that
supports both realistic algorithm-architecture (simultaneous
optimization at different abstraction levels) as well as hard-
ware-software co-design (optimization over various architec-
tural alternatives). Macromodel based predictors are used to
provide early feedback on the impact of design selections

and partitions.

Of the limited design environments which address the
issues raised above [6], the majority of them focus almost
entirely on the timing and area, with only casual references
to energy or power [5]. As power dissipation being one of
the major constraints in today’s embedded systems, a mean-
ingful exploration environment should consider” energy,
delay, and area on the same footing. The introduction of an
energy-conscious system-design methodology is another
contribution of this paper. Since analysis of both area and
performance cost functions is rather well understood, the
bulk of our attention in this paper will be devoted to the
power models and predictors.

While the proposed methodology is general in nature and
valid for a wide variety of embedded systems, we have cho-
sen to apply it to one particular architectural model that was
the original motivator for the development of this software
methodology. The architecture of interest [1] combines a
general-purpose processor with a reconfigurable network of
accelerators, which are programmable at different levels of
granularity (reconfigurable logic, reconfigurable data paths,
weakly programmable arithmetic units). The intended appli-
cation domain of these heterogeneous computing systems is
real-time embedded DSP, such as encountered in wireless,
multimedia, and consumer applications. A short description
of this architectural template is presented in Section 2 of the
paper to provide some context and motivation.

An interactive exploration methodology for the target
architecture is proposed in section 3, and the section also
highlights the various components of the overall design flow.
An extensive case study — a VSELP voice coder for wire-
less applications — demonstrates the effectiveness of the
approach in Section 4. The paper concludes with the current
status and future challenges.

2. An Architectural Model for Heterogeneous
Computing Systems

The majority of the embedded applications contain a sub-
stantial amount of computational-intensive DSP algorithms.
This translates into a quest for architectures that provide high
performance at low energy. In addition, time-to-market, cost,
or application requirements often dictate that these imple-
mentations must be highly programmable.

An aggressive DSP architecture that strives to combine
high performance, low power, and high degree of program-
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mability, is shown in Figure 1. This architecture, which is the
focus of the Berkeley Pleiades project [14], consists of a
microprocessor and a collection of hardware accelerators
(programmable at different levels of granularity) connected
through a reconfigurable network.
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Figure 1 Low-power reconfigurable DSPs

The architecture combines two very distinct models-of-
computation: control-driven computation on the general-pur-
pose processor and data-driven computing on the clusters of
co-processors. The goal of the architectural exploration pro-
cess is to partition the application over these two paradigms
so that performance and energy dissipation constraints are
met (during the compilation process), or to determine the type
and number of co-processors needed to adequately support a
set of applications (during the architectural design process).
The exploration environment can also be used to optimize the
application description to better match the properties of the
underlying architecture. The target applications are real-time
DSP algorithms specified in a subset of the C/C++ language.
The usage of high-level languages is an essential requirement
for an effective DSP fast-prototyping environment [13].

3. Proposed Methodology
The flow of the exploration methodology is presented in
Fig. 2 and outlined below. After the introduction of some ter-
minology and a short overview of the overall flow, a detailed
description of each of the components is given.

3.1 Terminology

Computational kernel:
The computationally-intensive part of an algorithm.

Most often, kemels represent the inner-bodies of fre-
quently executed loops. In most DSP algorithms, the majority
of the computational complexity is centered in just a few ker-
nels.

Macromodel:
A quantified view of the cost functions of the design mod-
ule as a function of its parameters and constraints.

A macromodel can take on many forms: it can be repre-
sented by a fixed number, a table, a set of equations, an invo-
cation of a tool such as an estimator, or it can be composed of
a set of other macromodels. A macromodel presents a uni-
form entry of inputs, and return of outputs, regardless of the
method used to calculate the outputs. It is up to the environ-
ment to interpret the input parameters, find the proper macro-

model, evaluate the macromodel, and provide the estimate(s)
to the user in a meaningful manner.

The main benefit of macromodels is that they may be
used as a black box so that a designer interacts with designs
in the same manner regardless of the subcomponents. For
example, using macromodels, the effects of changing a hard-
ware library can be instantly evaluated without rewriting the
behavioral or structural description.

3.2 Basic Design Flow
In this section, the numbers in parentheses refer to the
ones in Fig. 2.

The initiation of the design process requires the estab-
lishment of a first-order baseline model of the algorithm
complexity and bottlenecks. Such a model allows for the
selection and execution of architecture-independent optimi-
zations (1). As architectural choices yet have to be made, this
model assumes the presence of a “virtual architecture” with
some generic operator costs attached to it and minimal con-
straints. Optimizations at this stage only address either win-
only situations or order-of-magnitude improvements, so that
absolute accuracy is not that important.

This optimization and refinement process is repeated
until a satisfactory formulation of the algorithm is obtained.
This allows for the architectural mapping and partitioning
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Figure 2 Basic flow of proposed exploration methodology.
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process to be entered.

To be meaningful, the partitioning process should be
based on realistic bottom-up information regarding the cost
of implementing functions and operations on the different
architectural choices. Our design-exploration methodology
relies extensively on the availability of PDA (Power-Delay-
Area) macromodels for all components in its architectural
library (2). The methods employed in each of these models
vary depending upon the type of the module and the desired
accuracy. While the absolute accuracy of these characteriza-
tions is not crucial, it is important that bounds on the predic-
tion accuracy are known. “Improvements” that fall within the
noise level of the estimations should be treated wearily.

The architecture partitioning and mapping process is
started by establishing an initial solution. Given the attrac-
tiveness of a pure software implementation, we have adopted
a “software-centric” approach that assumes that the whole
algorithm is initially mapped onto the core processor (3).
This establishes how close such a solution adheres to the
design specifications and helps to establish the design bottle-
necks. A rank ordering of the dominant compute kernels is
established. Dominant kernels are evaluated in order of
importance. If a hardware implementation is deemed worth-
while, a repartitioning of the design is established (4).

To facilitate the interactive exploration process, a simple
and effective visualization of the trade-off’s is essential (5).
The hyper-spreadsheet approach, introduced in PowerPlay
macromodeling environment [10], accomplishes exactly that
goal.

The macromodeling approach advocated in this paper
allows for the simultaneous exploration of a number of dif-
ferent cost functions. While multi-dimensional search is an
essential requirement for every exploration environment
(changing one cost function is likely to have (un)desirable
effects on another), we will direct our focus on the power
dimension in the rest of the paper.

3.3 Components
The details of each components in the methodology is
given in the following paragraphs.

Algorithm Characterization and Refinement

Modern DSP algorithms such as voice and video
CODECs combine regular but computation-intensive kernels
(typically the dominant factor) with irregular control func-
tions. While the latter are best implemented on a traditional
processor architecture, the former present ample opportunity
for design optimization by exploiting hardware accelerators.

It is important to identify potentially power-hungry por-
tions of an algorithm as early as possible. The inherent com-
putational complexity (counts of basic operations and
memory accesses) is a meaningful measure to identify domi-
nant kernels [11]. This information can be obtained through
a combination of dynamic profiling (loops and conditionals)
and static analysis (basic blocks) of the high-level specifica-

tion. Since operations don’t have a uniform cost, a weighted
sum (where the weights indicate the energy allocated to each
operator in the abstract implementation model) is calculated
and aggregated at either the function or basic block level to
indicate the power consumption trend within the application.

Based on this information, the designer can rewrite the
code to either reduce the algorithm inherent cost, or extract
kernels into procedure calls. These procedure calls are then
considered for potential hardware acceleration.

The algorithmic refinement process is based on a combi-
nation of commonly available tools. The algorithm is simu-
lated with appropriate input vectors (representing standard
operation), and profiling information is gathered at the basic
block level (e.g. using the gcc -a -g options combined with
post-processing). The profiling frequency is back-annotated
to the source code to provide a first-order complexity-break-
down. Combining the basic-block execution frequencies of
the profiler with a breakdown of the blocks into basic opera-
tions, as provided by standard compiler parser front-end’s
[71, generates a detailed and illustrative overview of the dis-
tribution of the algorithm complexity over basic operators
and memory accesses.

Architecture Characterization

A successful system modeling technique relies not only
on the use of macromodeling, but also on a careful character-
ization of the underlying architectural choices. We introduce
several modeling methods for the programmable devices in
the target architecture and discuss how macromodels can be
built using these primitives.

Instruction-level modeling has emerged as the preferred
way for characterizing the energy consumption of general-
purpose cores [19]. The energy base cost of each instruction
is obtained by either physical measurement (e.g. [19]), phys-
ical or RTL-level simulation, or vendor supplied technology
notes [18]. Each instruction base-cost includes a scaling fac-
tor introducing the effects of frequency and voltage. Given a
piece of assembly code, the total energy consumed is the
sum of the base costs of the executed instructions. More
accuracy can be obtained by adding inter-instruction effects,
as well as corrector factors for pipeline stalls and cache
misses.

Currently, we have evaluated the instruction base-costs
and pipeline stall effects for several ARM cores [8] through
physical measurements performed on ARM evaluation
boards. In addition, a profiler (included in ARM SDK2.1) is
modified to record the energy at each instruction boundary to
trace the dynamic behavior of the algorithm.

The power-characterization of the accelerator modules is
somewhat more complex due to the variability of the units,
the different levels of programmability and influence of hard
to determine factors such as signal correlations. On the posi-
tive side, moving components from soft- to hardware are
only worthwhile when resulting in substantial improvements
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— some inaccuracy is hence acceptable. Furthermore, ade-
quate macro-modeling techniques have been developed for
parameterizable functional modules such as memories, mul-
tipliers, ALUs, etc. [9]. Analytical models of the effective
switching capacitance C gare derived from circuit-level sim-
ulations, hence including effects such as short-circuit cur-
rents. Given the unknown nature of the signal statistics in a
given accelerator configuration, a (pessimistic) white-noise
signal distribution is assumed during characterization. The
total energy spent by a given functional module is then mod-
eled as:

Energypy = Ceffoxvgd (n
where N equals the number of accesses of the module. For
fine-grained programmable units such as embedded FPGAs,
it is essential to develop characterized libraries of macro-
modules, lest time-consuming mapping and analysis steps
have to be performed during exploration.

The reconfigurable interconnect module can consume
considerable energy. Models for estimating interconnect
power have been proposed in [12]. Given the size and num-
ber of the functional modules in the accelerator network, it is
possible to predict the average length and capacitance of
each wire. The total energy can then be estimated using the
following expression:

- 2
Energyinrer = ( Z CixVyy )XNmm (2

1 & network

with N; ..., the number of accesses to the network.

Parameterizable macromodels for various hardware ker-
nels (such as dot-vector products, FFTs, DCT/IDCTs, etc.)
can also be developed as a function of the parameter set P
(which can be used to derive model parameters such as N
and N,,,,) as well as the energy predictors for functional
units and interconnect.

Base Cost and Kernel Ranking

Given the desirability of a software implementation, it is
a natural choice to first explore the power and timing perfor-
mance of the application when implemented entirely on the
processor core. This can be obtained by combining the
refined algorithm obtained from step 1 and the microproces-
sor energy (timing) estimation tool in step 2. These costs
establish a baseline to measure the impact of architectural
optimizations. It can also be used to evaluate compliance
with timing and energy constraints and the range of improve-
ment that has to be obtained.

Because of the inefficiency of most general purpose
cores, some of these constraints may not be satisfied. To
identify areas of substantial improvement, a relative rank
ordering of the dominant kernels is established. Using the
dynamic instruction-level code profiler, a percentage break-
down of the energy consumed by each function (and basic
block) is extracted and presented in a hierarchical call-tree
format.

The resulting ordering can be used to guide the ensuing
optimization strategy (in this context, local optimizations can
be considered to be global as well for both speed and energy,
i.e. optimization of a single kernel directly translates into a
global optimum). Furthermore, it establishes a ground rule
for the amount of possible improvement that can be made in
the style of Amdahl’s law.

While this quantitative ranking is surely very instructive,
some other factors have to be taken into account when deter-
mining what kernels are prime candidates for acceleration.
Some other algorithmic properties determine if a kernel
should be disqualified or given more importance. For exam-
ple, our architectural template supports only “data-flow”-like
computation. Therefore, any computation with distinctive
control-flow (if-then-else) properties cannot be efficiently
implemented in hardware. Similarly, computations with very
irregular or data-dependent memory accesses do not trans-
late in effective hardware implementations either. We call
these hardware-repellent kernels and they are disqualified
from the candidate list.

At the end of this step, we have a list of candidate kernels
for hardware mapping and their ranking in terms of potential
power saving.

Architectural Partitioning and Kernel Mapping

Using an iterative refinement process, the most costly
kernels are mapped to the hardware accelerators. The power
performance of the kernels are re-evaluated by building a
macromodel of the kernel and using information obtained
from the architecture characterizations. For estimation pur-
poses, a number a mapping strategies can be pursued:

«  “Relaxed” or fast mapping delivers well-established
bounds on speed and energy for a given kernel. These
techniques were developed and used effectively in the
high-level synthesis community [15].

«  Simplified mapping taking only a couple of algorithmic
properties into account (such as operation and memory
access counts).

+  Libraries of well-known kernels.

+  Manual mapping.

Our current approach uses a mix of the above. The use of
the exploration tool described in the paragraph below actu-
ally makes a manual exploration approach a plausible and
even attractive choice.

Performance Evaluation and Exploration Environment
The goal of the exploration environment is to measure
compliance with the overall design goals and to determine
the next move in the architectural partitioning and selection
process. In its current incarnation, this process is highly iter-
ative and interactive. Proper feedback and ease of introduc-
tion and evaluation of architectural choices is a prime
requirement if such an environment is to be successful.
Design experiments have shown that a spreadsheet-like tool
is the preferred environment for exploration and trade-off
analysis, which explains our selection of the PowerPlay
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hyper-spreadsheet [9] as the prime workbench for our archi-
tectural exploration. Especially, PowerPlay’s use of macro-
modeling to evaluate cost functions is considered to be a key
enabler for the trade-off analysis required by this methodol-

ogy.

The main feature of PowerPlay are its hyperlinked
spreadsheets. Each row in a spreadsheet represents an instan-
tiation of a macromodel. Evaluation of these models pro-
ceeds along very distinct roads depending upon the type of
the model: evaluation of equation, table look-up, execution
of remote analysis tools (including standards such as Math-
emetica or Matlab), and through the execution of special-
purpose estimator or predictor programs. Hierarchy is sup-
ported through the use of the hyperlinks: a macromodel for a
composite module is simply represented by a spreadsheet,
instantiating the composing elements.

The interactive exploration now proceeds along the fol-
lowing track. A conceptual representation of the algorithm
under study is given by the call tree of the algorithm with all
possible kernels as leaf nodes (Figure 3). At the start, each
node is represented by a macromodel, corresponding to a
pure software implementation. During the refinement pro-
cess, the kernels will be one at a time replaced by a model
representing a hardware implementation. The new cost is
propagated up to the top level and the overall saving can be
re-evaluated. Many more kernels can be mapped and their
effect on the overall performance can be evaluated and
judged. Once the overall timing constraints are met, other
architecture parameters can be tuned to optimize the energy
consumption (e.g. slow down the clock). If the constraints
are not met after the exploration, another algorithmic optimi-
zation step is necessary after which the partitioning flow
needs to be re-iterated.

kern2 fun
s0 Qe

Figure 3 Conceptual representation of the design

kem

To facilitate the trade-off analysis and to make the pro-
cess of architectural mapping more amenable, two new con-
cepts have been introduced in PowerPlay, the generic and the
domain. A generic entry represents a placeholder for a mac-
romodel. For example, the generic “adder” can be seen as
standing for an alias pointing to a more specific implementa-
tion. A domain associates generics with their corresponding
macromodel. For instance, in a “high-speed” domain, the
alias “adder” will refer to a “look-ahead adder”. In our
exploration, pointers to kemels are defined as generics.
Choosing a particular domain (software, hardware, FPGA)
links these aliases to different implementation styles and
hence models.

4. An Exploration Case Study
This section demonstrates how the proposed methodol-
ogy is used to partition and map a real-time DSP algorithm
to a heterogeneous architecture template.

This case study demonstrates snapshots of the explora-
tion methodology, as used in mapping the 16-bit fixed point
VSELP encoder to a low-power implementation. The speci-
fication requires the encoder to process 50 speech frames per
second.

Algorithm Characterization and Refinement

The algorithm written in C is simulated and the basic-block
execution-frequency is gathered. To get a first-order approxi-
mation of the inherent computational complexity of the algo-
rithm, basic operators are extracted (addition, multiplication,
comparison, array access) using the parser front end and
combined with the execution frequency. Each operator is
associated with weights which reflect potential power con-
sumption (obtained from the UCB low power library). Fig. 4
shows the function-level breakdown for the algorithm and
the back-annotated source file.

It can be observed in Fig 4 that the function Quantize-
Gain tepresents a considerable complexity (8.02% of the
application) which may imply the presence of potential ker-
nels. The annotated source file indicates the existence of
such a loop (86.46% of the function). The loop can then be
decomposed into several simple (and regular) base kernels
such as “vector_sum_with_scalar_multiply”.

Architecture Characterization

The target architecture is composed of an ARM-compatible
core combined with dedicated accelerators [2]. Instruction-
level energy costs for the core processor were obtained
through physical measurements. The Pleiades co-processor
modules can be reconfigured to perform different kernels by
configuring the interconnects and setting the module param-
eters (Fig. 5). The co-processor and interconnect modules
were characterized using the EPIC PowerMill and TimeMill

a8 = 2.0 % 7 RxlOD):
dd = 2,0 » Rec[0J[1] # RS / sqrt(Rx(0]
ee = 2.0 % ReclO1[2] ¥ RS / sqridRxI0D
* gg = Reel01€0] * RS 7/ Rx(01;

For (1 = 03 1 € 2663 1++) {
rtmp = Rpp - aa * sqrt{GS{i] * POLi;
- cc % sqredGS[1] * (1 - POL1] - F
+ dd % GS[id % sqredPolil * P1Li
+ @8 % GSE1] # sqre(PO{1] » 1
+ £F % GSTil % sqrt{PLLil x

+ gg % GS(11 w POI1]
+ hh % G5[i1 % P1Li}
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x
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Figure 4 Complexity breakdown for algorithm refinement
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Number and Type of Satellite Processors:
3 Address Generators, 3 Memories, ] MAC/MUL and 1 ALU

vector sum with multiply

dot product
Figure 5 Example of Pleiades accelerators and reconfiguration

tools. For this case study, it is assumed that the interconnect
between each satellite processors that all interconnections
have equal delay and power.

Base Cost and Kernel Ranking

After the algorithm refinement, the algorithm is compiled
to the specified microprocessor and simulated using the
ARM instruction-level energy profiler. For the baseline cost,
the core is set to run at 1.5V, 169MHz. The total energy, tim-
ing, and the energy percentage breakdown of each function
is listed in Fig, 6. The hierarchical call graph is imported into
PowerPlay as a hierarchy of macromodels and generics.
Each node is given an initial cost, which is a linear function
of the parameter SPEED since the energy of the software is
proportional to the core speed.

Based on the energy percentage breakdown in our exam-
ple, the top 4 energy consuming kemels are:

Speed : 169 MHz

energy pex frame = 3.6746 mJ
cycles per 50 frame = 108.84 M cycles

ot product (21.16%)
§ca.
altply (12.13%)
Compute Lag
(39.17%)
dot product by
opponent order
(116%)
codebook search
(13.31%)
Search Codebook Orth alize Voot
} Crthogonalize Vector
(38.75%) (585%)
Compute Code Vegtor! itheta (1.16%)
——E———L( 427%) e —
itheta (0.00%)
dot product (1.00%)
. - sum sith sgalar
Quantize Cuine 1 vtply (087%)

Figure 6 Energy breakdown of VSELP (implemented in software)

dot_product in ComputeLag: 21.16%

IIRfilter in SearchCodebook: 14.85%
vector_sum_with_scalarmul in ComputeLag: 12.13%
function body in QuantizeGain: 7.06%

However, not all of the kernels listed above are suitable
for hardware execution, and are hardware-repellent The
front-end inferms that control-flow like computations (i.e. if-
then-else) are called more than 1024 times per frame on
average in one of the highest-ranked kernels (function body
of QuantizeGain). No control flow computations are present
in the other three kernels. The hardware-repellent kernel is
either eliminated from the kernel list or becomes a prime
candidate for algorithmic transformation (for instance, by
replacing the if-then-else by mux operations). The next step
is to map the next top kernel - dot_product in ComputeLag.

Kernel Mapping and Partitioning

t_product

Parameter
Count
Name Energy i
1 MAG 2941e+00 F
2 BREYA 1.475¢+00 i3
3 Addiesy Bree 2.264~01 i3
4 Dietwork 2633e+00 i3

e
7.275e+00u)

Figure 7 A kernel macormodel viewed in PowerPlay

The inner loop of dot_product can be implemented in
hardware using two memory accesses, two address genera-
tions, one multiple-accumulate, and the associated intercon-
nection. The hardware macromodel for the kernel is shown
in Fig. 7. The parameter Count represents the number of iter-
ations of the inner-loop.

According to the dynamic analysis, the inner-loop of
dot_product is executed 29030 times in ComputeLag, which
serves as the input parameter to the dot_product macro-
model.

Performance Evaluation and Exploration

A new domain, Pleiades, is created to associate a DOT-
PRODUCT generic with the above implementation. Figure 8
shows the domain switch from software to Pleiades.
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Domain: | _allsoft < |

4 Narme Parameters

gy ;
| Count} 29030 :Domeinsomehard} &5 |

- inherit
2 60 gDomein m allsoft
- : i main
3 Domain: | inherit 2 §

Figure 8 Changing domains in PowerPlay

The new energy and timing for the application is 2.904
mJ/frame and 87.70 cycles/sec respectively. Based on the
new energy cost and kernel ranking, suitable kernels can be
re-mapped and re-evaluated and the impact on the overall
performance can be determined. This process can be
repeated till a suitable design is obtained.

In our case study, the following kemels in all functions
are moved to the accelerators:

HRfilter,  dot_product,  vectorsum_with_scalarmul,

Compute_CodeVector, Compute_bL, and theta.

After the repartitioning, the core processor has to run
only 25.64 M cycles per second. This allows us to slow down
the processor from 169 MHz to 33 MHz. The energy is
scaled accordingly (by changing parameter SPEED). Fig. 9
shows the more than an order of magnitude reduction in
energy after repartitioning and reconfiguring of the core pro-
cessor speed.

A 3.67m)}/frame
B software

=3 accelarator

0.247m] /frame

*»

Figure 9 Energy before and after the repartitioning

5. Conclusion and Future Challenges
We have demonstrated an energy-conscious methodol-
ogy for early design exploration which emphasizes high-
level bottleneck detection, and advocates an early prediction
of the impact of different mapping choices using macromod-
elling.
Future work will address to the following challenges:

(1) apply exploration results to automatic estimation and
optimizations of the system software and hardware.

(2) use more sophisticated algorithm properties to inves-
tigate the suitability of mapping a kernel to a specific archi-
tecture.

(3) import more architecture models into the exploration
tool.
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