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Abstract

Energy dissipationisahot topicinthe design of —especially
mobile — embedded systems. This is because applications
like digital video cameras, cellular phones etc. draw their
current from batteriesthat spend a limited amount of energy
only. Inthispaper we show that energy-conscious HW/ SW-
partitioning can lead to drastic reductions of energy dissi-
pation of awholeembedded system. Subject of investigation
isan MPEG-2 encoder. Therefore, weintroduce our frame-
work for estimating and optimizing system energy as well
as all conducted design steps. The obtained results show
energy savings up 59% while the performance remains ap-
proximately the same or becomes even dightly higher. As
a main result, energy-conscious HW/SW-partitioning is a
promising method to be deployed in addition to classical
energy and/or power reduction methods.

1 Introduction

Reducing energy dissipationisa prominent tasks during the
design phase of embedded systems. One of the manifold
reasons is that the market share of one class — the mobile
embedded systems — is steadily increasing. A characteris-
tic peculiarity of such a system isthat it draws the current
from batteries that spend a limited amount of energy only.
Hence, the design goal is to minimize the energy dissipa
tion in order to enable alonger operation period. Practical
examples of mobile embedded systems are consumer prod-
ucts like digita video cameras, cellular phones etc. Reduc-
tion of energy dissipation increases their "mobility”. This
small embedded systems come often as a systems-on-a-chip
where components like processors, caches, application spe-
cific hardware and even the main memory [1] reside on the
same piece of silicon. The according design processisoften
referred to as core-based system design. In this context,
a core can be an already optimized hardware (a hard core
or firm core) like a processor core or a more abstract de-
scription (e.g. agorithmin C or VHDL) that till offersthe
possibility for parameterizing, optimizing and even gives
the leeway to choose the form of implementation (e.g. soft-
ware or hardwareimplementation). Thelatter iscalled asoft
core. Asa result, the designer has powerful design aids to
tailor an embedded system that exactly matchestherequired
constraints. Energy-conscious system design requires a so-
phisticated adaption and tailoring of all system resourcesto
prevent energy dissi pationscaused by under-utilized system
parts. Asonemajor step, tailoring includes the selection of
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an appropriate HW/SW-partitioning as well asfixing of pa
rameters like cache sizes, cache associativities, cache line
sizes, main memory size etc. Core-based system design
makes these design goals possible.

In this case study we investigate the power dissipation of
an MPEG-2 encoder for different HW/SW-partitions and
different system configurationslike datacache size, instruc-
tion cache size, cache line size cache associativity and main
memory size. Therefore, we deploy our research framework
inorder to estimate and optimizeenergy dissipation for most
of the system parts. The remaining system parts are treated
by in-house production tools.

This paper isstructured asfollows: the next section summa-
rizes the research activities for estimating and minimizing
energy and/or power dissipation of various system partsand
also recent approachesin co-synthesisfor low energy/power.
In 3 the estimation models of our framework are presented.
The MPEG-2 application as well as the performed design
steps and the partitioning considerations are outlined in 4
whereas the obtained results are presented and discussed in
5. Finally, section 6 gives a conclusion.

2 Related Research

Estimating and optimizing energy/power dissipation has
been addressed from a software point of view! as well as
from a hardware point of view (application specific hard-
ware, memory hierarchy).

Tiwari and Malik [2] investigated the energy that is dissi-
pated during the execution of programs within a processor.
They found out that the energy dissipation is sensitive to
the executed instruction. From these investigations they
derived specific optimization techniques to minimize the
software energy. They did not take into consideration the
energy dissipation of the memory hierarchy and its impact
on the whole system’s energy dissipation. Ong and Ynn
[3] have shown that the energy dissipation may drastically
vary depending on the agorithmsrunning on aprocessor. A
power and performance simulation tool for a RISC design
has been developed by Sato et a. [4]. Their tool has been
used by designers to conduct architectura-level optimiza-
tions.

1This means the power that is dissipated during the execution of a soft-
ware program on a programmable processor. Since the power dissipation
varies according to the executed instruction, the term software energy is
justified. We will usethisterm in the following.



Further work deals with energy/power dissipation from a
hardware point of view. Investigations of the mgjor sources
of power dissipation within a processor have been under-
taken by Burd and Peters [5]. Gonzales and Horowitz [6]
explored the power dissipation depending on the processor
architecture (pipéined, un-pipelined, super-scalar).

Other system partslike caches have been analyzed by Kam-
ble and Ghose [7]. A mode for main memory power dissi-
pation fromabehavioral level point of view hasbeen derived
by Itoh et a. [20]. A method for estimating power dissipa
tion of a synthesized hardware (ASIC) from a behavioral-
level of abstraction has been proposed by Raghunathan and
Dey [8]. Optimizing energy dissipation by means of high-
level transformations has been addressed by Potkonjak et
al. [9], for example.

As a conclusion, none of the described approaches offers a
comprehensive solutioni.e. an approach that takes into con-
sideration the interdependency of all relevant system parts
in order estimate/minimize energy/power dissipation of the
complete system. This lack has been recognized by recent
research activitiesin low-power co-synthesis[10, 11] even
if these approaches do not reflect all system resources (no
caches). Co-synthesis driven by other constraints (perfor-
mance and in parts hardware effort) has been explored by
[12, 13, 14, 15] among others.

The case study presented in this paper quantifies the in-
terdependency of various system parts in terms of energy
dissipation. Our framework estimates and optimizes sys-
tem energy dissipation and is prominent for the conducted
case study.

3 Estimation Models

A brief summary of the energy estimation models within
our framework ispresented in thissection. Moredetailscan
be retrieved from [16].

3.1 Dataand Instruction Cache

The models for data and instruction caches are generic:
cache size, associativity and line size are the parameters.
M odel ed are the switching capacitances of themajor sources
for energy dissipation (dueto[7]): word-line capacitances,
bit-line capacitances, decoder capacitances and capaci-
tances of the output driver. The topology of the tag array
and the decoder depends on the cache size and caches pa
rameters whereas thetopol ogy of the dataarray can directly
be derived from the cache size. Dataand tag array are com-
posed of 6-transistor SRAM cells. Our modd captures the
dynamic energy dissipation i.e. the energy dissipated dur-
ing accesses to the caches. Thisisthe fina formulain its
simplified version:

1
Ecache = é : VDZD : (Nacc : Cbit,r + Nacc : C1wo7‘d

+k1 - Critw + k2 Caec +k3-Coa) (1)

Chit,ry Cword, Chitw, Cae. and C,q arethe effective capac-
itances for a bit-lineread access, a word-line access, a hit-
line write access, decoder and output driver, respectively.?
Ngee gives the number of caches accesses and is obtained
by a cache simulator (see section3.3). Note, that the capac-
itances are itself complex expressions composed of basic

2k4, ko and k3 are expressions that contain in parts statistical access
numbers.

capacitances®. The basic capacitances have been obtained
through thetool Cacti [17], an anaytical suiteof modelsfor
a0.8um CMOS technol ogy.

3.2 Software Energy

The model is based on the techniques described in [2] but
enhanced by the impact the number of cache miss reads
(Nmiss,r), CaChemisswrites (Vs ) andinstruction fetch
misses (V55,5 ) have on the energy dissipation of the pro-
cessor. Itismodeled as follows:

N-1
Epry = Vop - (Ti00% hit - g (Linstri - Neyei) +
=0
Tcyc . (Nmiss,r . Ncyc,r_penalty . Iinstr,nop +

data read miss penalty

Nmiss,w . Ncyc,w_penalty . Iinstr,nop +

data write miss penalty
Nmiss,f . Ncyc,f_penalty . Iinstr,nop)) (2)

instruction fetch miss penalty

There it is, N the number of instructions of the program,
Neye; the number of cycles instruction ¢ resides in the
processor pipeline and Z;,.r; the current that is drawn
during the execution of :. Furthermore, 7.,. is the cy-
Cletime, Nc e,rpenalty, Ncyc,w_pe.naltyy and Ncyc f_penalty
are the number of cyclyes that are imposed through a cache
read/write/fetch penalty, respectively. The drawn current
during penalty cycles is given by Zinsirnop. L100% nit 1S
the execution time of the program with an assumption of
a 100% cache hit rate.* In the current state this mode is
implemented for a33MHz SPARCL.ite processor. The total
program execution time is modeled by:

Tprg = Thoow nit + Nmz’ss,r : Ncyc,r_penalty +
Nmiss,w . Ncyc,w_penalty +
Nmiss,f . NCyC,f—Pena“y (3)

3.3 Design Flow of our Framework

The input is a C program (Fig. 1) of the application®. The
upper branch comprises a behavior smulator [23] that is
attached to our software energy and performance models
(Eg. 2 and 3). The branch below contains the trace tool
QPT and the Dinero 11l [19]cache simulator who feeds
software, cache and main memory energy models with the
numbers of total cache accesses, data cache hits, data cache
misses and instruction fetch misses. Output arethe numbers
for software energy dissipation and performance numbers.
The feedback |oop contains an optimization algorithm® that
adapts cache sizes, associativities and cache line sizes in
order to reduce the total energy dissipation.

3Gate and drain capacitances, line capacitancesetc.

4This is because the deployed behavior simulator primarily does not
reflect the impact of caches. It assumes a 100% cache hit rate. So, the
equation reflects the corrected model.

5j.e. only those parts that are implemented as software.

6The implementation of the optim. loop is described in [16].



N System
[ Performance
Behavior Software

Simulator | program | Energy Model

[ =
2 execution
3 frace Main Total
g Memory System
< Model Energy
QPT Dinero Il
Memory
access Cache
trace Energy
Model

Optimization

Figure 1: Design flow of our framework for estimating and
optimizing system energy dissipation.

4 Approach and Design M ethodology

Subject of investigation for this case study is an MPEG-2
encoder whichisintended to runonthearchitectureshownin
Fig. 2. It featuresa CPU, instructionand datacache, amain
memory and an application specific hardware (ASIC). Inthe
following sub-section the approach for minimizing/reducing
system energy dissipationis described.

4.1 The Approach

It should be noted that decreasing power dissi pation can not
be achieved by reducing the performance since an MPEG-
2 application is a read—time application that has to meet
performance constraints. Rather than that, the principa
idea to reduce energy dissipation comprises the following
two steps:

A. Energy-conscious HW/SW-partitioning

A genera purpose processor’ isnot designed to handl e effi-
ciently specia applicationslikean MPEG-2 encoder. Asone
example, the number of available FUs (Functiona Units) is
limited. As a conseguence, the processor executes slower
compared to a hardware with multiple FUs. During this
time, other FUs might be un-utilized (e.g. multiplier in a
application that features no multiplications) but still con-
tribute to the total energy dissipation without increasing the
performance.® Ontheother side, ahardwarecan bedesigned
in such away that the utilization of each FU is much higher
as opposed to the processor i.e. "wasting of energy” can be
minimized through removement of low or non-utilized FUs.
Evenif thepower dissipationof thehardwareishigher, there
is still a hope that the dissipated energy is smaller since the
instruction-level parallelism leads to much shorter execu-
tion times and hence, to a smaller energy dissipation. This
effect of energy saving isthelarger the smaller the selected
application is because a smaller part can be better adapted
i.e. high utilization of each FU is much more likely.

For our case study that means, we have to detect small
system partsthat can efficiently (high utilization) be synthe-
sized in hardware. All other system parts are till carried

In the following we will use the terms "processor" when we mean
"general purposeprocessor” and " hardware" whenwe mean an " application
specific hardware" i.e. an "ASIC".

8Thisis correct in cases where no gated clocks are used.
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Figure 2: The target architecture.
out by the processor.

B. Optimizing theremaining system parameters

Besides the processor and the hardware, the memory hier-
archy is an additional mgjor source for energy dissipation.
In case of dis-configuration it can even dominate. Due to
the chosen size of data cache, instruction cache and their
parameters (associativity, line size etc.) the contribution of
each system part to the total energy dissipation can vary
drastically and hence, it ishard to predict which parameters
and sizes lead to aminimum energy dissi pation of thewhole

system.
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Figure 2a. Energy dissipation (left) and execution time
(right) of the MPEG-2 Encoder for various data and in-
struction cache sizes.

As an illustration, Fig. 2a shows the energy dissipation
in Joule (left) and execution time in cycles (right) of the
MPEG-2 encoder for different data and instruction cache
sizes’. This is part of the results of a pre-investigation
(i.e. no hardware considered). Surprisingly, neither the
largest nor the smallest caches sizes lead to a minimum
energy dissipation. Additionally, not even the largest cache
sizes lead to the highest performance (i.e. smallest number
of cycles). What actually happens is, demonstrates Eq. 1:
large caches sizes increase the switching capacitances, such
that each cache access dissipates more energy. In such a
case the caches dominatethetotal energy dissipation. Small
cache sizes |ead to more dataand instruction caches misses.
Due to Eq. 2, the software energy increases. Apparently,
thisis a complex optimization problem. It is addressed by
our framework.

4.2 The MPEG-2 Encoder

Figure 3 shows a part of the data-flow within the MPEG-2
encoder. Compression for both, spatial and temporal (mo-
tion) reduction of redundancy is based on a DCT (discrete
cosinetransformation). Quantization (Q) isthe process that
determineswhat information can be discarded without asig-
nificant loss. Following the flow, Huffman coding is used

9Given in the figures is the value of the exponent of the cache sizes:
avalue of 12 for example means a cache size of 212 = 2048 bytes. The
results have been obtained by our framework.



to code the entropy'®. Dequantization (Q 1) and inverse
DCT (IDCT) are deployed as apart of generating the future
frame. For more details, see [21], for example. The basis
for our case study is a complete MPEG-2 software encoder
(=~ 200K B of C source code). The code has been explored
by techniques of profiling, behavior simulation, scheduling
for different resource constraints and energy investigation
on the software implementation (see last section). Finadly
three functions have been sdlected for a hardware imple-
mentation: fdct() as a part of the DCT, idctcol() as a part
of thethe IDCT aswell as dist() as part of the quantization

process (Q).
bcTh Q]
Q]

Figure 3: Theinteresting parts of the MPEG-2 encoder.

4.3 Design Methodology

For each of the selected co-design configurations, the fol-
lowing steps have been performed:

I. The candidate hardware part is synthesized and an-
alyzed. This incorporates the following sub-steps
(seedso Fig. 4):

a) The respective functionality is encoded in BDL
and synthesi zed by means of the high-level syn-
thesistool Cyber!?.

b) The VHDL—RTL code output of Cyber is simu-
lated with VSIM [22]. It delivers the number of
clock cyclesfor execution and allowsto evaluate
the RTL code.

¢) The RTL and Logic synthesistool Varchsyn'? is
fedwiththeVHDL code. Technology mappingis
done by means of NEC’'sCMOS6 library. Output
of Varchsynisanetlistin PWC format as well as
information about the total number of cells and
the maximum possible clock frequency.

d) Gate-level simulation is performed by CSIM14,
One operation mode of CSIM deliversthe energy
dissipation based on the switching activities. For
that step, stimuli vectors have to be provided.

I1. Our framework optimizes the data cache size, the
instruction cache size and the according associ ativ-
itiesand linesizes. It provides furthermore detailed
information about the energy dissipation of the soft-
ware, the main memory and the caches. Also, the
performance of the software part is provided.

I11. Resultsof the previous steps are energy and perfor-
mance data of the whole HW/SW-system as well
as system configuration parameters that ensure low
energy dissipation.

1Entropy is ameasure for randomnessand disorder.

UTheinverse of quantification.

2Cyber is NEC's in-house high-level synthesistool. BDL is the HDL
used in Cyber.

BVarchsynis NEC'sin-house RTL and Logic synthesis tool

1NEC'sin-house gate-level simulator.
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Figure4: Hardware synthesis steps

Energy [mJ]

% |i-cache | dcache | mem | sw ]| hw [ totad
0 2479 | 1798 | 2305 | 7432 | na | 14092
1 4054 | 14.84 | 2464 | 4933 | 14.09 | 121.26
2 3536 | 1314 | 2944 | 2716 | 0.700 | 7931
3 39.43 1593 | 2520 | 49.51 | 0.156 | 107.55
4 14.59 4127 | 1.372 | 16.99 | 22.27 59.35

Table 1: Contributionof all system resourcestotota energy
dissipation.
5 Results
We distinguish five different cases in the following discus-
sion:
case 0: theadl-software solution
case 1: dist() issynthesized in hardware, rest issoftware
case2: fdet() in hardware, rest is software
case 3: deteol() in hardware, rest is software

case4: dist() and fdct() in hardware, rest is software

Our primary goal is to reduce the total energy dissipation
rather than the power dissipation (see sectionl). In practice
that means, even an (ASIC-) hardware featuring an aver-
age power dissipation close to, for example, the processors
power dissipation, might be an appropriate candidate for
reducing system energy in case the throughput is high due
to high utilization of internal resources (FUs). Furthermore,
we assume that the clock of the whole processor and hard-
ware is gated. So, whenever the processor is performing
and the hardware is idle (they perform mutua exclusive),
no energy will be dissipated by the hardware. In the com-
plementary case, the processor behaves accordingly. For
practical reasons (keeping simulation times of VHDL sim-
ulation and behavioral simulation reasonable), al obtained
numbers refer to a sequence of six frames running through
the MPEG-2 encoder. Each frame has a size of 64 x 64
pixels. This configuration is appropriate to ensure that al
parts of the encoder work almost like in the steady-state.

The current energy model of our framework is valid for a
SPARCL.ite processor running at 33MHz. The hardware is
workingat 15MHz (delivered by | ogic synthesi sthrough use
of NEC's CMOS6 library) The memory parameters have
been optimized for low energy dissipation by use of our
framework: instruction cache size and data cache size are
2K B each, theassociativity is2 and thelinesizeis4 for both
caches. The main memory sizeis 128KB. The main results
are illustrated in Tab. 1: Each of the selected co-designs
of cases 1 to 4 yields a energy reduction (up to 59%, see
also Fig. 5) compared to the reference case 0. The average



Software Hardware (ASIC)
cs || time #cycs time #cycs #calls av. Pw.
[s] (33MHz) [ms] (15MHz) [mw]
0.155 | 5,167,958 n/a n/a n/a n/a

0.110 | 3,682,978 87.27 | 1,309,068 | 43,364 | 161.48

0.051 | 1,697,951 23.82 357,408 8,600 29.79

0.111 | 3,693,138 331 49,632 | 18,412 47.07

AWM O

0.033 | 1,093,911 | 110.09 n/a | 51,298 | 202.28

Table 2: Execution time of SW and HW. Last two columns:
hardware effort and average power dissipation of synthe-
sized hardware.

power dissipationis shown in Tab. 2, last column. Accord-
ing to Tab. 1, a larger reduction of the energy dissipation
through an even larger hardware is hardly possible since
a great amount of energy is dissipated within the memory
hierarchy (e.g. 47.7 % incase 1).

Of course, there is a simple way to reduce energy dissi-
pation by simply reducing the performance. But our aim
was to keep the performance approximately the same while
reducing the energy. These results are shown in Tab. 2,
columns 2 and 4 (time) and columns 3 and 5 (cycles). The
resultsin terms of energy reduction and performance change
(compared to case 0) are shown in Fig. 5. Only incase 1
a performance decrease has occured. In al other cases, the
performance is even moderately higher.

The decrease in energy dissipation is due to the high oper-
ator paralédism within the hardware as well as to the high
degree of utilization of each FU. To achieve these resuilts,
the system parts to beimplemented in hardware, haveto be
selected thoroughly. In case, the presupposition described
in 4.1 are not fulfilled, a hardware will even increase the
energy dissipation.

Other redtrictions are the hardware costs of an ASIC hard-
ware. Inour casethelargest ASIC comprised anumber 51k
cells, the smallest lessthan 9k cells (Tah.2). Furthermore, it
should benoted that the partitioning wasdonefrom adesign-
erspoint of view —the functional level. Investigation of the
schedule revealed that in parts of the synthesized functions
the utilization rate of HW resources was much smaller than
the average utilization within the same function. Appar-
ently, an even better reduction of energy dissipation would
have been achieved through a finer-grain partitioning.

6 Conclusion

We have presented a case study for energy-conscious
HW/SW-partitioning. Based on the idea that an applica
tion specific hardware can be much more energy efficient
dueto higher resource utilization, energy savings up to 59%
have been achieved compared to a pure software solution.
Furthermore, it has been shown that estimating energy dis-
sipation of a whole system is not a trivial task since the
sources of energy dissipation are manifold and depend on
each other. Thisrequirestoolsthat can capture these inter-
dependencies. Therfore, we presented our framework for
estimating and optimizing system energy dissipation.
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