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1 Abstract

We present a novel approach thar minimizes the power dis-
sipation of embedded core-based sysiems through hard-
ware/software partitioning. Our approach is based on the
idea of mapping clusters of operations/instructions (o a core
thar vields a high wtilization rate of the involved resources
(ALUs. mulripliers, shifters erc. ) and thus minimizing power
dissipation. Our approach is comprehensive since it takes
into consideration the power dissipation of a whole embed-
ded system comprising a microprocessor core, application
specific (ASIC) core(s), cache cores and a memory core. We
report high reductions of power dissipation between 35%
and 94% at the cost of a relatively small additional hard-
ware overhead of less than 16k cells while maintaining or
even slightly increasing the performance compared to the
initial design.

2 Introduction

Minimizing power dissipation of embedded systems is a
crucial task. One reason is that a high power dissipation
may destroy integrated circuits through overheating. An-
other reason is that mobile computing devices (like cell
phones. PDAs, digital cameras ete.) draw their current from
batteries, thus limiting the amount of energy that can be
dissipated between two re-charging phases. Hence, min-
imizing the power dissipation of those systems means (o
increase the devices’ “mobility” — an important factor for
a purchase decision of such device. State-of-the-art de-
sign methodology is core-based system design: the designer
composes a system of cores i.e. system components like, for
example, an MPEG encoder engine, a u? core, peripherals
ete. But still, the designer has a high degree of freedom to
optimize their design according to the related design con-
straints since cores are available in different forms: “hard”
or soft"!. Whereas in case of a hard core all design steps
down to layout and routing have already been completed, a
soft core is highly flexible since it is a structural or even be-
havioral description of the core’s functionality. Hence, af-
ter purchasing a soft core, the designer may decide whether
to mplement a core’s functionality completely as a soft-

TFor more details see [1].
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ware program (running on a g core) or as a hard-wired
hardware (ASIC core) or he may partition the core between
those (hardware and software) parts.

In this paper we present the first approach that deploys a
HW/SW partitioning methodology to minimize the power
dissipation of a whole system (j0]? core and instruction
cache and data cache and main memory and application
How-
ever, here we focus on the fow power HW/SW partitioning
method only but use our framework to estimate and opti-
mize the power dissipation of the other cores that are not
subject to HW/SW partitioning (like main memory. caches,
¢te.). But note that those other cores have to be adapted
efficiently (e.g. size of memory, size of caches, cache pol-
icy ete.) according to the particular HW/SW partitioning
chosen.?

3  Related Work

Hardware/software partitioning is a well-established design
methodology in order to increase the performance of a sys-
tem in approaches like {2, 3, 4]. These and many other
approaches’ objective is to meet performance constraints
while keeping the system costs (e.g. total chip area) as
low as possible. No power related optimization is pro-
vided. In [6] a task-level co-design methodology is intro-
duced that optimizes for power dissipation performance.
But the procedure for task allocation is based on estimations
of an average power dissipation of a processing element
rather than assuming, for example, data-dependent power
dissipation that may vary from clock cycle to clock cycle.
The approach [5] uses a multiple-voltage power supply to
minimize system-power dissipation. Furthermore, promi-
nent to our approach is [7] where a software power estima-
tionfoptimization method is presented.

specific cores like, for example. MPEG, FFT etc.

Our approach is the first comprehensive system-level power
optimization approach that deploys hardware/software par-
titoning based on a fine-grained (instruction/operation-
level) power estimation analysis while yielding high energy
savings (35% to 94%).

2This is because — in case of the cache — the access pattern may
change when a different HW/SW partition is used. Hence. power dissipa-
tion 1s likely to differ.



The rest of the paper is structured as follows: the following
Section 4 describes our partitioning method while Section 5
shows the design flow. Finally, Section 6 presents results
and gives a conclusion.

4 Low Power Partitioning Approach

The architecture of a system we apply our methodology to,
comprises: one processor core, a set of standard cores (main
memory, caches etc.) and a set of application specific cores.
Please note that the application specific cores are not yet
defined. Also, the part of the system that is running as a
program on the p P core is not yet defined.

Our goal is to partition a system (in the following we will
simply talk of an application) between the P core and the
application specific core(s) in order to minimize the total
power dissipation.

4.1 Basic Idea

During the execution of a program on a pF” core different
hardware resources within this core are invoked according
to the instruction executed at a specific point in time. As-
sume, for example, an add instruction 1s executed that in-
vokes the resources ALU and Register. A mulriply instruc-
tion may use the resources Multiplier and Register. A move
instruction might only use the resource Regisrer etc. Con-
versely, we can argue: during the execution of the add in-
struction the multiplier is not used; during execution of the
move instruction neither the ALU nor the Mulriplier is used
ete.® In case the processor does not feature the technique of
gated clocks to shut down all non-used resources clock cy-
cle per clock cycle?, those non actively used resources will
still dissipate energy since the according circuits continue 10
switch. We call the latter situation “the circuits are not ac-
tively used”. Accordingly, “the circuits are actively used”
in the previous situations described. For each resource r
within a core we define a utilization rate as follows:

T
Slact used
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where N/, . ..4 1 the number of cycles resource r is ac-
tively used and N4/ is the number of all cycles it takes to
execute the whole application. We define the "wasted en-
ergy” within a core i.e. the energy that is dissipated by re-
sources during times frames where those resources are not
actively used, as
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where Np is the number of resources within that specific
core, P7, is the average power that is dissipated by the par-
ticular resource and T, 1s the execution time of the whole

3These are examples for demonstration purposes only. However, this
might not apply in this simple form to a particular processor.

4This is actually the case for most today’s processors deployed in em-
bedded systems. An example is the LSI SPARCLite processor core.
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application when executed entirely by this core. Minimiz-
ing the total energy dissipation can be achieved by minimiz-
ing E7OTC i wseq- OUT solution is to deploy an additional
core for that purpose i.e. to partition the functionality that
was formerly solely performed by the original core, to a
new (to be specified) application specific core and in parts
to run 1t on the initial core such that

Neore
2 mcore! meore! initial _core
(Enon-m't“usml + Eu(,‘z‘,_usu[) S E (3)
i=1
Whenever one of the cores 7, -+ -, Neore 18 performing, all

the other cores are shut down (as far as this 1s possible), thus
dissipating no energy. Equation 3 is most likely fulfilled
when the individual resource utilization rate

Np
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of each core 1s as high as possible (note: in the ideal case
it would be 1). We use the values Uf7" of all participating
cores (1.c. those that are subject to partiioning) to deter-
mine whether a partition is advantagcous in terms of power
dissipation or not.

4.2 'The Partitioning Process

Our approach is based on the 1dea that an application spe-
cific hardware (we call it in the following ASTC core) can
— under specific circumstances — achieve a higher utiliza-
tion rate UF°™ than a standard (programmable) processor
core (in the following we refer to it as u P core) as demon-
strated in the examples in the previous sections.

The Low Power Partition Process

1) Build a graph G = {V, E}

2) O = decomposeanto_cluster({V, E})

3) For Al clustere; € C

4) calculate: E;}rans,u Peores AS]Coore

5) C = pre.select(C, Nyiusr

6) For All clusterc; € C

7) For Al rs; € RS

8) dodist_schedule(ci,rs;)

9) I (U™ > Us")

10 Then

o BRT = URT Y eas (PR NG T
DCOTE L eore __ pncore

12) wl = Ly panitial whPc;

i or=p SR ang

14y Synthesize a core with a min. OF value

15) Estimate energy (gate-level) and comp. energy savings

Figure 1: Pseudo code of our partitioning algorithm



Input to the partitioning process is a behavioral description
of an application that is subject to a core/core partition be-
tween the ASIC core and the pP core. The following de-
scriptions refer to the pseudo code in Fig. 1°. Step 1 derives
a graph G = {V, E'} from that description. There, 17 is the
set of all nodes (representing operations) and E is the set of
all edges connecting them.

Using this graph representation, step 2 performs a decom-

set of operations that represents code segments like nested
loops, if-then-else constructs, functions etc. Decomposi-
tion is done by structural information of the initial behav-
ioral description solely. An important reason whether the
implementation of a cluster on an ASIC core might lead
to a reduction in energy dissipation is given by the addi-
tional amount of (energy dissipating) bus transfers. This is
a very important issue for high-bus traffic, data-oriented ap-
plications we are focusing on. The according calculation is
done in lines 3 and 4.5 Line 5 performs a pre-
clusters 1.e. it preserves only those clusters for a possible
partitioning that are expected to yield high energy savings
based on the bus traffic calculation. Here, the designer has a
possibility of interaction by specifying different constraints
like, for example, the total number of clusters N, ,, to be
pre-selected. Please note that it is necessary to reduce the
number of all clusters since the following steps 6 to 12 are
performed for all remaining clusters.

In line 7 a loop is started for all sers of resources where
the set of different resource sets RS is specified by the de-
signer. The designer tells the partitioning algorithm how
much hardware (#ALUs, #multipliers, #shifters etc.) he/she
1s willing to spend for the implementation of an ASIC core.
The different sets specified are based on reference designs
1.e. similar designs from past projects. Due to our design
praxis 3 to 5 sets are given, depending on the complexity of
an application. Afterwards, in line 8 a simple list schedule is
performed on the current cluster in order o prepare the fol-
lowing step. The next is the computation of U™ (line 9).
There it is tested whether a candidate cluster can yield a bet-
ter utilization rate on an ASIC core or on a uP core. In case
a better utilization rate is possible, a rough estimation on ex-
pected energy savings is performed (lines 11 and 12). Note
that the energy estimate of the ASIC core is based on the
utilization rate. For each resource rs; of the whole sets of
resources RS (as discussed above), an average power dissi-
pation P75 is assumed”. N5 is the number of cycles re-

a cyc

source 7s; is actively used whereas Ty gives the minimum

cycle ime the resource can run at. The energy dissipated by

selection of

®Please note that we do not use "{” and "} to indicate the scope of
validity of an Jf statement or a loop. Rather than that we indicate it by
aligning to columns accordingly.

$Due 10 lack of space we do not provide the according algorithm here.

"The according data is derived by means of the CMOS6 library that is
used later on for gate-level energy calculation as well.
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Figure 2: Design flow of our low-power hardware/sofiware
partitioning methodology

the y1? core is obtained by using our instruction set energy
simulation tool (see Section 5). The objective function of
the partitioning process is defined as a superposition of the
normalized total energy dissipation and additional hardware
effort we have to spend. Please note that E, .4, gives the en-
ergy dissipation of all remaining cores (instruction cache,
data cache, main memory etc.). GEQ gs is the hardware
effort of a deployed resource set. Ey and GEQq are pro-
vided for the purpose of normalization only. Finally, F is a
factor given by the designer to balance the objective func-
tion between energy dissipation and hardware effort. F is
heavily dependent on the design constraints as well as on
the application itself. For the partition that yields the best
value of the objective function, the steps in lines 14 and 15
are executed: the synthesis and the following gate-level en-
ergy estimation.

5 Design Flow

Fig. 2 summarizes our methodology: an application is first
divided into clusters (nested loops, functions). The clusters
must be small enough to potentially yield a high U7 for a
given but variable number of resources (ALUs, mulupliers,
shifters etc.). We use a structural-based approach that also
minimizes data transfers between a potential cluster and the
rest of the application. Then, for each cluster a list sched-
ule is performed. The results of the schedule easily allow to
determine the U™ value for each cluster. In the next step,
one {or more clusters) are selected based on their UPme but
also based on constraints (imposed costs like additional HW
area, number of additional cores etc.). Once the cluster are




A Energy Exec. Time [in 1000 cycles]
pp. i-cache | d-cache | mem | pPcore | ASIC ] ol [[ Sav% uP core T ASIC ] wtal | Chg%
1 116.9uJ) 14.26u) 29.71ul 566.8u) n/a 727 Tud 39 n/a 39
3d -35.21 -17.29
P 0.2634) 0.123pJ | 0263 | 0471m.J 0.308 . 47V.5ud 32 ] 0.154 32
MPG 1 44.79mJ 17.98mJ 231mJ | 74.32mJ n/a | 1409mJ 4390 5.167 n/a 5.167 52,90
P 35.36mJ 13.14mJ 294mJ | 27.14mJ ldomJ | 80.04mJ 1,696 737 2433
I 0.0 0.0 0.0 | 329.0mJ na | 329.0mJ 169,512 na | 169512
ckey -76.81 -74.98
P 0.0 0.0 0.0 | 53.04mJ | 23.47mJ | 765ImJ 30 12 42
. I 11.69mJ SA2mJ 0.49mJ | S2.70mJ n/a | 70.00mJ 3,706 n/a 3,706
digs -94.12 -42.64
P 14.27uJ 2,04 | 204307 46,781 4.03mJ 4.1tmJ 6 2 2

Table 1: Results in terms of energy dissipation and execution time for both, initial (I) and partitioned (P) design.

selected, our standard in-house synthesis flow is deployed in
order to determine the energy dissipated by a core through
specific switching activities. The remaining part of the ap-
plication (apphcation minus selected clusters) is intended
10 be executed by a pP core. Therefore, it is fed into an
ISS (instruction set simulator) that 1s attached to our core
energy estimation framework®. Finally, the total system en-
ergy dissipation can be computed and compared to the ini-
tial (i.e. non-partitioned) design solution.

6 Experimental Results and Conclusion

We conducted experiments on four different applications
using our methodology: an algorithm for computing 3D
vectors of a moving 1mage ("3d”), an MPEGII encoder
("MPG”), a complex chroma—key algorithm ("ckey”) and
a smoothing algorithm for digital images ("digs”). The
applications range in size from about 5kB to 230kB of C
code. As a uP we deploy a simulation-based model of a

SPARCLite core. Analytical energy estimation models of

other cores are based on parameters for a 0.8u technology.
Two rows are dedicated to each application: the initial (non-
partitioned i.e. pure software solution) ”I'"" implementation
and the partitioned "P” implementation. As seen in column
"Sav%”, the achieved energy savings range from 35% to
94%. These large energy savings could be achieved by im-
plementing system parts with a high utilization rates U§°7¢
as an application specific hardware rather than implement-
ing as a software program running on an off-the—shelf pro-
cessor. In addition, it is prominent to mention that those
system parts that were finally implemented as an applica-
tion specific hardware, accounted in all cases for the largest
part of the execution time of the specific application. An
important feature of our approach is that all system compo-
nents are taken into consideration to estimale energy sav-
ings. This is because a differently partitioned system might
have different access patterns to caches and main memory,

8This framework features analytical energy estimation models for
caches and main memories and an instruction-level. simulation based esti-
mation model for a pP core. See [9].
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thus resulting in different energy dissipations of those cores
(compare according rows of columns “i-cache”, "d-cache”
and "ment’”). Please also note that the total energy savings
are not achieved at the cost of performance. Instead, the per-
formance 1s even slightly increased (i.e. reduced number of
clock cycles to execute). The additional hardware effort is
in all cases reasonable (in every case less than 16,000 cells)
— taken into consideration the high energy savings. In ad-
dition, we would like to stress that our core-partitioning ap-
proach yields the shown high energy savings especially in
the case of DSP-oriented applications that can be found as
part of economically interesting consumer products like cell
phones, digital cameras etc.
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