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Abstract We presen a nove approach that minimizes the
powe consumptia of embedde core-base systerathrough hard-
ware/softwae partitioning. Our approach is basel on the idea of
mappirg clustes of operations/instructios to a core that yields
a high utilization rate of the involved resouces (ALUs multipli-
ers, shifte's, - -) and thus minimizirg powe consumptionOur ap-
proach iscompehensie sinceit takes into consideratio the power
consumptia of a whole embeddeé systen comprisirg a micropro-
cesso core, application specifc (ASIQ core(s) cache cores and
a memoy core. e repott high reductiors of powe consumption
betwea 35% and 94% at the cog of a relatively smal additional
hardware overheal of less than 16k cells while maintainirg or even
slightly increasirg the performane compaed to theinitial design.

1 Introduction

Minimizing power consumptio of embeddd systens is a cru-
cial task Onereasm istha ahigh power consumptio may destoy
integrated circuits throuch overheating Anothe reasm istha mo-
bile computirg devices (like cel phones PDAs, digital cameras
etc) draw their currert from batteries thus limiting the amount
of energy tha can be consumd betwea two re-chargilg phases.
Hence minimizing the power consumptio of those systens means
to increa® the device's "mobility” — an importar facta for a pur-
cha decisin of sut device. Due to cog and power reduction,
mog of those systens are integratel onto one single chip (SOC:
System-On—a—ChipYhisis possibe through today s featue sizes
of 0.18y that allow to integraie more than 100Mio. transistos on

asingle chip'. In 2001 even large systens of up to 400Mio. tran-
sistois may be integrated onto a single chip [2]. To cope with this
compkxity, state-of-the-drdesign methodolog depbyed is core-
baseal systen desigril]: the designe composs a systen of cores
i.e. systen componerx like, for example an MPEG encode en-
gine amicroprocessocore (short: P core) peripherad etc But
still, the designe has a high degree of freedan to optimize her/his
design accordirg to the relatel design constraing since cores are
available in differert forms as "hard”, "firm” or "soft' versions
(for amore detailed introductian of core-base design plea refer
to [3]). Wherea in the ca® of a had core all desiqh stefs down
to layou and routing have already been completed a soft core is
highly flexible since it is a structurd or even betaviora descrip-
tion of the corés functionality. Hence after purchasig a soft core
in form of a betaviora description the designe may still decide
whethe to implemern the corés functionality completey as a soft-
ware progran (running on a u P coré or as a hard-wired hardvare
(ASIC core) Or, the designe may partition the corés functionality
betwea those (hardwae ard software parts.

We presemh a novel approab tha depbys a hardware/software
partitioning methodolog to minimize the power consumptio of a
whole systen (uP core ard instructian cacte ard data cache and
main memoy and applicatian specift cores (ASIC cores like, for

IDue to the desigqn gap [1] current SOGs hardly exceel 10Mio.
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Permissio to make digital/had copy of all or pat of this work for personal
or classrom use is grantel without fee provided tha copies are not made
or distributed for profit or commercia advantage the copyright noticg the
title of the publication and its daie appea, ard notice is given tha copying
is by permissim of ACM, Inc. To copy otherwise to republish to pod on
sewers or to redistrbute to lists, requires prior specifc permissiom and/a a

fee.
(c) 1999 ACM 1-58113-109-7/99/06..$5.00

example MPEG, FFT etc However, here we focus on the low
power hw/sw partitioning methal only but use our framework to
estimae and optimize the power consumptio of the othe cores
that are nat subjed to hw/sw partitioning (like the main memoy,
the cachesetc.) But note tha thos othe cores have to be adapted
efficiently (e.g size of memoy, size of cachescacte policy etc.)

accordirg to the particula hw/sw partitioning choser?.

Thereg of the pape is structurel as foll ows: the foll owing section
gives an overview of relatal researh while section 3 explains step
by step the algorithirs of our approab startirg with a motivational
example Afterwards in sectio 3.5 our whole desig flow isintro-
duced Conducte experimens and obtainel resuls are presented
in sectia 4 while sectio 5 gives aconclusion.

2 Related Work

Hardware/softvare partitioning is a well-establishd design
methodolog with the god to increag the performane of a sys-
tem as describe in approachelike [4, 5, 6, 7, 8, 9]. Thes and
many othe approachésobjectve is to med performane con-
strains while keepirg the systen cog (e.g totd chip ared as low
as possible But nore of them provide power related optimization
ard estimatia straegies.

Power optimization of softwae prograns through analyss of en-
ergy consumptio during the executian of single instructiors has
bee conducte in [12]. In fact thes bast investigatios ard re-
sults are one bass for our partitionirg approachIn [13] the power
consumptio of high-performane microprocessarhas been inves-
tigated and specifc software synthess algorithns have been de-
rived to minimize for low power. The work reportal in [18] deals
with an architectural—-orientpower minimization approach.
Algorithmic related power investigatios and optimizatiors have
bee publishel by Ong et al. who showed tha the power consump-
tion may drasticaly depenl on the algorithm depbyed for a spe-
cific functionality. A power ard performane simulatian tod that
can be useal to condud architecturedvel optimizatiors has been in-
troducel by Sab et al. [15].

In [11] atask-kevel co-design methodolog is introducel that opti-
mizes for power consumptio and performance The influence of
cacha is not taken into consideration Furthermorethe procedure
for tak allocation is basel on estimatiors for an average power
consumptio of an processig elemen rathe than assuming for
example data-dependérpower consumptio tha may vary from
clodk cycle to clock cycle. The approab describe in [10] uses
a multiple-voltage power suppy to minimize system-pwer con-
sumption.

Our approab is the first compreherise system-ével power op-
timization approab tha depbys hardvare/softvare partitioning
basel on afine-graind (instruction/operationevel) power estima-
tion analyss while yielding high energy savings betwea 35% to
94%.

3 Low Power Partitionin g Approach

The architectue of a systen we apply our methodolog to con-
siss of a uP core ase of standad cores (main memoy, caches
etc) and a se of application specift cores Our god isto partition

2Thisisbecaus— in cag of the cache— the acces patten may change
when a differert hw/swv partition is used Hence power consumptio is
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a system (in the following we will simply talk of aapplicatior) ap-
plication between the P core and the application specific core(s)
In order to minimize the total power consumption.
3.1 Motivational Example and Basic Idea

During the execution of a program ornud core different hard-
ware resources within this core are invoked according to the in-
struction executed at a specific point in time. Assume, for example,
an add instruction is executed that invokes the resoutdte) and
Register A multiply instruction uses the resourckkltiplier and
Register A moveinstruction might only use the resourBegister
etc. Conversely, we can argue: during the execution oattEn-
struction the multiplier is not used; during execution of theve

instruction neither thé\LU nor theMultiplier is used eté. In case

the processor does not feature the technique of gated clocks to shu

down all non-used resources clock cycle per clock cyclose

non actively used resources will still consume energy since the ac-

cording circuits continue to switch. We denote to this situation as
"the circuits are not actively usédAccordingly, "the circuits are
actively usetiwhen theare invoked at that time by an instruction.
For each resources; of all resourceskS within a core, we define

a utilization rate:

TS

act_used
Ups = —xm=t22C 1)
e Ntotal
where N, ...q IS the number of cycles resoures is actively

complex standard cores. Whereas the previously described ba-
sic idea was formulated more general, the following implemen-
tation of our core/core partitioning algorithiis based on hard-
ware/software partitioning between op® core and an application
specific core (ASIC core).

3.2 The Partitioning Process at a Glance

This section gives an overview of our low power partitioning
approach in coarse steps. It is based on the idea that an applica-
tion specific hardware (we call it in the followingSTC core) can
— under specific circumstances — achieve a higher utilization rate
Ug’"° than a standard (programmable) processor core (in the fol-
lowing we refer to it ag.P core) as demonstrated in the examples
in the previous sections.
U The input to the partitioning process is a behavioral description
of an application that is subject to a core/core partition between the
ASIC core and the.P core. The following descriptions refer to

the pseudo code in Fig®1 Step 1 derives a grapl = {V, E}

from that description. Therd/ is the set of all nodes (representing
operations) and is the set of all edges connecting them.

Using this graph representation, step 2 performs a decomposition of
G in so-calledcluster. A cluster in our definition is a set of opera-
tions which represents code segments like nested loops, if-then-else
constructs, functions etc. The decomposition algorithm is not de-
scribed here because it is not key to our approach. Decomposition is

used andV;o¢.; is the number of all cycles it takes to execute the done by structural information of the initial behavioral description
whole application. We define the "wasted energy” within a core solely. An importan_t reason whether the im_plementation ofacl_uster
i.e. the energy that is consumed by resources during times frameson an ASIC core might lead to a reduction in energy consumption is

where those resources are not actively used, as

> (U —ur) PRI

rs; ERS

core _
non_act_used —

Tapp  (2)

whereP,,’ is the average power that is consumed by the particular
resource and,,, is the execution time of the whole application
when executed entirely by this core. Minimizing the total energy
consumption can be achieved by minimiziBo,’ ,.; yseq- OUr
solution is to deploy an additional core for that purpose i.e. to par-
tition 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 it on the initial core such that

Neore
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Whenever one of the corés - -, Ncore IS performing, all the other
cores are shut down (as far as they are not used, of course), thu
consumingno energy. Equation 3 is most likely fulfilled when the
individual resource utilization rate

U]ciore — L .

. @

given by the additional amount of (energy consuming) 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. Due to the importance, the separate section 3.3 is
dedicated to that issue. Line 5 performs a pre-selection of clusters
i.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 clustersiVy, ... 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 foall remaining clusters.

In line 7 a loop is started for abets of resourceshere the set

of different resource setBS is specified by the designer. The de-
signer tells the partitioning algorithm how much hardware (#ALUs,
#multipliers, #shifters; -,) they are willing to spend for the imple-
mentation of an ASIC core. The different sets specified are based
on reference designs i.e. similar designs from past projects. Due to
our design praxis 3 to 5 sets are given, depending on the complex-
ity of an application. Afterwards, in line 8 a simple list schedule is
Jperformed on the current cluster in order to prepare the following
step. That step is one major part of the work presented here: the
computation ofU’"® (line 9). There it is tested whether a candi-
date cluster can yield a better utilization rate on an ASIC core or on
auP core. Due to the complexity of calculatiig:’"¢, a detailed
description is given the a separate section 3.4. In case a better uti-
lization rate is possible, a rough estimation on expected energy sav-
ings is performed (lines 11 and 12). Note that the energy estimate

of each core is as high as possible (note: in the ideal case it would beof the ASIC core is based on the utilization rate. For each resource

1). There,Nr gives the number of all resources that are part of that
core. We use the valuds;’"® of all participating cores (i.e. those
that are subject to partitioning) to determine whether a partition of

an application is advantageous in terms of power consumption or

not.
At this point one could argue that we better shut down the indi-
vidual resourcesvithin each core rather than deploying additional

cores to minimize energy. This is because we suppose that a state
of-the—art core based design techniques are used as described in thg

introduction. This implies that the designer’s task is to compose a
system of cores they can buy from a vendor rather than modifying
a complex core like @aP core.

Hence, our methodology allows to use core-based design tech
nigues and minimizing energy consumptiomwithout modifying

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.

rs; of the whole sets of resourcé&S (as discussed above), an av-
erage power consumptiaR;,’ is assumetl Niyé is the number
of cycles resources; is actively used wheredg:;é gives the min-
imum cycle time the resource can run at. The energy consumed by
the uP core is obtained by using our instruction set energy simu-
lation tool (it will be explained in some more detail in section 3.5).
The objective functiorO F' of the partitioning process is defined as

a superposition of the normalized total energy consumption and ad-
tional hardware effort we have to spend. Please noteRha:

5Please note that we sometimes use the tesre/core partitioningand
sometimes the terrhardware/software partitioning Through our defini-

tion, both terms have the same meaning. But according to the specific con-

text the one or the other term is actually used.

6Please note that we do not us§’and "}” to indicate the scope of
validity of an If statement or a loop. Rather than that we indicate it by
aligning to columns accordingly.

"The according data is derived by means of the CMOS6 library that is
used later on for gate-level energy calculation as well.



The Low Power Partition Process

1) BuildagraphG = {V, E}

2) C = decompose_into_cluster({V,E})

3) ForAll clustere; € C

4) CalCUIate:E;'ira,ns,uPcoreHASICcore

5) C = pre — select(C, Nyiaz)

6) ForAll cluster ¢; € C

7) For All rs; € RS

8) do_list_schedule(c;, rs;)

9 It (UF>UF)

10) Then

11) EF" = UR™ 3., crs(Pav' - Neyé - Tegl)
12) WP = ﬁ‘;f,o%itialc;e 1P

13) OF = F. ES +E§;§ +Erest

14) 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

gives the energy consumption of all other cores (instruction cache,
data cache, main memory, busk, is provided for the purpose
of normalization only. FinallyF is a factor given by the designer
to balance the objective function between energy consumption and
possible other design constrainf8is heavily dependent on the de-
sign 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
energy estimation. These two steps are described during introducH
tion of the whole design flow in section 3.5.

As already mentioned, the following two sections 3.3 and 3.4 are
dedicated to a closer description of the pre-selection criteria for a
cluster and/g’"¢, respectively.

3.3 Determining the Pre-Selection Criteria of a

Cluster

The pre-selection algorithm of clusters is based on an estima-
tion for energy consumption of clusters due the additional traffic
via the bus architecture. When a hardware/software partition of an
application between aP core and an ASIC core is deployed, the
following additional bus traffic — based on the architecture shown
in Fig. 2 a) where two cores communicate via a shared memory —
is implied:

C

i
pred

a)

Figure 2: a) Bus transfer scheme b) nomenclature of algorithm to
estimate those transfers; a cluster can either be mappedRo ”
Core or to "ASIC Coré

a) When theuP core arrives at a point where it "calls” the

ASIC core, then it is depositing data or references to that
data in the memory such that it can be accessed by the
ASIC core for subsequent use.

b) Once the ASIC core starts it's operation it will access
i.e. download the data or references to it from the mem-
ory.

c) After the ASIC core has finished it's job some data might
be used by the. P core to continue execution. Therefore
the ASIC core is depositing the according data or refer-
ences to it in the main memory.

d) Finally, theu P core reads data back from the memory.

The amount of transfers described in b) and c) occur in any case,
no matter whether there is@P core/ASIC core partitioning or
not. Hence, we do not account for those in the following algorithm
that is supposed to be the calculation ofadditional (i.e. due to
partitioning only) energy effort that would have to be spend. So,
the pseudo code in Fig. 1 shows the algorithm that calculates the
according necessary part of energy consumption due to core/core
partitioning.

Computing the energy related to additional bus transfers

1) Number of bus transfers betweg#® core and memory
ci = |gen [CC" ] Nuse [¢i] |

Trans,uPcore—mem pred
2) Take into consideration synergetic effects:
If
(tmplemented_in_ASIC core(ci—1)))
Then

Ci
Trans,uPcore—mem

Ci
Trans,uPcore—mem

lgen [ci—1] N use[ci] |

3) Number of bus transfers betw. ASIC core and memory
N&i = |gen[ci] Nuse [Csicc] |

Trans,ASICcore—mem

4) Take into consideration synergetic effects:
If

(¢mplemented_in_ASTC core(cit1)
Then

NTTans,ASIC'coreﬂmem = NTrans,ASICcore—»mem -

lgen [ci] Nuse [ciya] |

5) Total energy:

Ci
Trans,uPcore<>ASICcore

(N7,

Trans,uPcore—mem

N7

Trans,ASICcore—»mem) X

Ebus read/write

Figure 3: Pseudo code of the algorithm to calculate energy of bus-
transfer in order to determine the pre-selection of cluster

The algorithm is based on the conventions shown in Fig. 2 b).
There, each node represents a cluster. The arcs are indicating the
direction of the control flow. The current cluster is denoted:;as
whereas the previous one is drawncas; and the succeeding one

is given as:; 1. Furthermore, we defin€; _, to represenll clus-

ters preceding; Similarly, Csi .. combinesall clusters succeeding

c;. Step 1 computes the number of all transfers fromytiiecore

to the memory. Apparently, only data has to be transferred that is
generated in all clusters preceding the current omedthat isused

in the current one (i.e. that one that is supposed to be implemented
on the ASIC core). Step 2 tests whether the preceding cluster might
probably be already part of the ASIC core such that the estimation

can take that into account accordingly. The estimation of commu-

8We usegen |- - -] anduse[- - -] as it is defined in [16].



nication effort for the ASIC core (steps 3 and 4) follows the same

fined in line 5. It contains all resources that could execute operator

principle as described steps 1 and 2. Finally, the total amount of en-o,, .. It is sorted according to the increasing size of a resdtrce
ergy due to core/core partitioning is calculated in 5) using an energy An initial resource is selected in line 6. In the following lines 9 to

amountEy, s read/write fOr a bus acceSs
3.4 Determining the Utilization Rate

13 all possible resource types are tested whether they are instanti-
ated in a previous control step. If this is true, that resource type is
assigned to the current operator, an according entry is made in the

Now, since a scheduling has been performed, we can compute|gcal resource list and a new operator is chosen. In the other case

core

the resource utilization ratgz’"® of a core. The following def-
initions hold: C'S is the set of all control steps (result of the list
schedule) ands; is the denotation of one individual control step
within C'S. Furthermore (). is the set of all operations within a
clusterc whereaso; . is an operation withirO. that is scheduled
into control stepi. An operation can be be mapped to one of the

D resource types ilRS = {rsi,...,rsp}.!°. Please note that
each typer of a resourcers — or short,rs, — can have several

instances. With these definitions we can discuss the algorithm in

Fig. 4 that is given in pseudo code.

Computing Uz’"* and GEQrs

1) Initialize Glob_RSList[][][]

2) ForAll cs;eCS

3) Initialize Loc_.RSList[][]

4) ForAll  o0;. € O,

5) Build up SortedRSList[]

6) rs, := SortedRSList[0]

7) For All  elements SortedRSList[]

8) rs. := current resource type &ortedRSList[]
9) It #(rsx),,. cGlob.RS List[cs/ ][] >

10) #(rsx),.,. eLoc_RS.List[][]

11) Then

12) Update #{s,) in Loc.RSList{rs][]

13) continue with 4)

14) Update #{sx) in Loc_.RSList{rs-][]

15) UpdateGlob.RSList[cs;][][] with Loc.RSList{][]

16) Initialize GEQrs
17) For Al rs, € Glob.RSList[]I{]
18) GEQrs := GEQrs + #(rs=) x GEQ(rsx)

19) For All cs; € CS

20) For All rs; € RS

21) For All  instancess

22) If  (Glob_RSList[cs;][rs:][is]==1)

23) Then (util[rs;][is] = util[rs;][is] + F#ex_cycs)

L
Neéye

24) UR™ = ~or 2 ur[rsillis]

TSiERS(

Figure 4: Pseudo code of our algorithm to compute the utilization
rateUz’"° and the hardware effod EQ rs of a cluster

At the beginning aylobal resource list GlotlRSList[][][] is de-
fined. The first index indicates the control steq, the second
stands for the resource type, while the third is reserved for a
specific instance of that resource type. An entry can be either a "1”
or a”0”". For exampleGlob_RSList[34][5][2]=1 means that during
control step 34 instance "2” of resource type "5” is used. Accord-
ingly, "0” means that is not used. The encoding of the existence
of a module type is accomplished by providing or not providing an

entry in Glob.RSList[][][] !*. Line 2 starts a loop for all control
stepscs; and in line 3 a local resource likbc_ RSList][] is ini-

tialized. It has the same structure as the global resource list except

that it is used within one control step only. Line 4 starts a loop
for all operators within a control step. A sorted resource list is de-

9Please note thatad andwrite operations imply different amounts of
energy. Due to lack of space a detailed descriptiofQfs rcqd/write 1S
not given here.

L0Examples for a resource type areAlnU, ashifter, amultiplier etc.

1 This is possible since the implementation @fob.RSList][]] is a
chained list.

the searching process through the local resource list continues until
an already instantiated instance is found that is not used during the

current control step. In case the search did not succeed, tHé first
resource is assigned to the current operator and an according en-
try is made (line14). When all operators within a control step have
been taken care of, the global resource list is enhanced by that many
instances of a resource as indicated by the local resource list (line

).

As a result, the global resource list contains the assignment of
all operators to resources for all control steps. We can use this in-
formation to compute the according hardware efl@EQ% " in
lines 16 to 18 wherét(rs,) gives the number of resources of type
m andGEQ(rsx) is the hardware effort (i.egate equivalenjsof
an according resource type.

The final computation of thetilization rateis performed in line 24.
Before, inlines 19 to 23 a list is created that gives information about
how often each instance of each resource is used within all control
steps. Note thaftex_cycs - #ex_times is the number of cycles
it takes to execute an operation on that resource multiplied by the

number of times the according control step is actually invdKed.
Finally, we can comput&z’" in line 24. Please note thaf;, . is

the number of cycles it takes to execute the whole cluster.

As a summary, Iin this section we have computé&d”® that gives

the average utilization rate of all resources deployed within a candi-
date core. As we have seen in section B/, is actually used to
determine whether this might lead to an advantageous implementa-
tion of a core in terms of energy consumption or not.

Also note that all resources contribute g’ in the same way,

no matter whether they are large or small (i.e. though they may
actually consume more or less energy). This is because our exper-
iments have shown that an according distinction does not result in
better partitions though the individual valuesléf’"® are different.
Reason is that theelative values ofUz’" of different clusters are
actually responsible for deciding on an energy efficient core/core
partition.

3.5 Design Flow

The whole design flow of our low power partitioning methodol-
ogy is introduced through Fig. 5. Please note that those parts that
are surrounded by dashed lines are either a mixture of standard in-
house and commercial tools (as it is the case for the block "HW
Synthesis”) or that it refers to work that has already been published

elsewher® (as it is the case for the block we call in this paper
"Core Energy Estimation”). All other parts are those that are new
and subject to explanation in this paper.

The design flow starts with the box "Application” where an appli-
cation in a behavioral description is given. This might be a self-
coded application or an IP cdfepurchased from a vendor. Then
the application is divided into clusters as described section 3.2 after
an internal graph representation has been build up. Preferred clus-
ters are pre-selected by the criteria that is described in section 3.3.
Next step is a list schedule that is performed for each remaining
cluster!” such that the utilization rat&? .. using the algorithm in
section 3.4 can be computed. Those cluster(s) that yield a higher
utilization rate compared to the implementation gi B coreand

that yield the highest core of the objective function, are provided
to the hardware synthesis flow. This block starts with a behavioral

12This is for the computation of the hardware effort of the final core only.

13Note that the list is sorted. So, the first resource means the smallest and
therefore the most energy efficient one.

L4\We obtain#ex_times through profiling and#ex_cycs through the
CMOS6 technology library.

15please note that we cannot give a reference here.

16]p stands fotntellectual Property

17please note that the flow in Fig. 5 is simplified i.e. it does not feature all
arcs representing the loops in the according algorithms.



Selected Cluster
__________________ 1
| 1 Application
1 ¢ | Core
I macing | Core Energy —Y I schedule Partitioning
' @ | Estimation Bl 1
I * | Divide Application ’/’6\“/0 O:’
1 Cache Profiler v in Clus PP od) | {0/ o
(Dinero 11I) 1 in Cluster: - (ncslu. ) loops\, o \ _/(_3:/
I I Compute - functions \ O I"O O\‘
\
1 ﬁ‘ﬁ I Utilization N S
1 Cache Core 4 Rate Users,p ; #
| Energy Models Main Memory Core Processor Core | o o
(instruction and Energy Model Energy Model 1 TTTTETG T | fhresources
| data cache) I List Schedule ~~3~"57"~ O S—
I [¢] [¢]
| Available
L e e e e e e o — -———— i resources
4 Compute
Utilization
> Rate Uyeoe Ej
/ - . . Constraints:
- . SCIC.CL Cluster with selusters
evaluate —_—-——_ highest Uy _ effort related
/ S~ - ‘ HW resources
/ 8 CMOS6 ~<
________ / Lib. T~
| v S~a
~
1 Estimating Switching Energy 1 RTL + Logic Synthesis Y ~ 1
1 CSIM VARCHSYN
Behavioral Synthesis |
| PWC netlist CYBER |
< ~ RTL Simulation 1
SN A Vs RTL VHDL I
~
~ ~ ~ timing 1
~ .
~o HW Synthesis |
~ |
N e o o o o e e e e e e ——

Figure 5: Design flow of our low—power hardware/software partitioning methodology

compilation tool, followed by an RTL simulatBt to retrieve the ("enginé€) and a trick animation algorithm {fick”). The applica-
number of cycles it needs to execute the cluster, an RTL logic syn- tions range in size from about 5kB to 230kB of C code. Two rows
thesis tool using a CMOS6 library and finally the gate-level sim- are dedicated to each application: the initial (non-partitioned) "I”
ulation tool with attached switching energy calculation. Note that implementation and the partitioned "P” implementation. In each
these steps, especially the last one, are the most time-consumingase the contribution of each involved core in terms of energy con-
ones. Hence, our partitioning algorithm has to reduce the number sumption is given. It is an important feature of our approach that
of clusters to those that are most likely to gain an energy saving.  all system components are taken into consideration to estimate en-
The other application parts that are intended to run orutReare ergy savings. This is because a differently partitioned system might
fed into the "Core Energy Estimation” block. An instruction set have different access patterns to caches and main memory, thus re-
simulator tool (ISS) is used in the next step. Attached to the ISS is sulting in different energy consumptions of those cores (compare
the facility to calculate the energy consumption depending on the according rows of columns-taché, " d-caché and "meni). The
instruction executed at a point in time (the same methodology as sole energy estimation of theP core and the ASIC core would
in [12] is used). Analytical models for main memory energy con- not be sufficient since the energy consumption of the other cores
sumption and caches are fed with the output of a cache profiler thatin some cases drops dramatically as well (see for example the en-
itself is preceded by a trace tool (both: [17]). ergy of the i-cache consumed by theick” application that drops
Finally, the total energy consumption is calculated and it is tested from 5.58m.J to 12.59u.7). In one case €key) which was in fact
whether the total system energy consumption could be reduced orthe less memory-intensive one, the contribution to total energy con-
not. If "not” then the whole procedure can be repeated and the de- sumption could be neglected.
signer will make use of his/her interaction possibilities to provide ~ The rightmost four columns give the execution time before
the partitioning algorithms with different parameters. Please note and after the partitioning. This is of paramount importance: we
that the designer does have manifold possibilities of interaction like achieved high energy savings buit at the cost of performance
defining several sets of resources, defining constraints like the total(except for one case). Instead, energy savings are achieved at ad-
number of clusters to be selected or to modify the objective function ditional hardware costs for the ASIC core through our selective al-
according to the peculiarities of an application. gorithrTsh d%scribedﬁin section S.d'l;he I?r%elstl(but ?‘till small) zﬁd-
. itional hardware effort accounted for slightly less than 16k cells.

4 CondUCted Experlments and R.esults. ) . Butin that casedigs’) a large energy saving of about 94% could

The experiments are based on our energy instruction simulation pe achieved. Due to todays design constraints in embedded high-
tool for a SPARCLiteu P core, analytical models for main mem-  performance applications, a loss in performance through energy
ory, instruction cache and data cache based on parameters (featurgavings is in the majority of cases not accepted by designers. On
sizes, capacitances) of(a8u CMOS process. We investigated  the other side a (low) additional hardware effort of 16k cells is not a
the following DSP—oriented applications: an algorithm for com- real constraint since state—of—the—art systems on a chip have about
puting 3D vectors of a motion picture3d’), an MPEGII encoder 10Mio. transistort’.

("MPG"), a complex chroma—key algorithmdkey), a smoothing ; ; ; - :
algorithm for digital images @ligS), an engine control algorithm Fig.6 visualizes the results by giving the percentage of energy sav

19please note that due to the currently deployed technolo@yl8f: an

181n order to keep the Fig. 5 of the design flow as clear as possible we did even higher transistor count would be possible.” But due to the cudent
not draw the inputs of input stimuli pattern at various points in the design sign gap’(therefore see also [1], a maximum is currently about 10Mio. tran-
flow. sistors on a chip (not including main memory).
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Table 1: Results in terms of energy dissipation and execution time for both, initial (I) and partitioned (P) design.

ings and the related changes in execution time of a specific applica-RefeI‘enceS

(1]
(2]

tion. As seen, we achieved high energy savings between about 35%
and 94% while the decrease in execution time (i.e. faster) ranges
between about 17% and 75%. It shows that our approach is es-
pecially tailored for energy minimization and improvement of ex-
ecution time is only a side effect. Note, that our algorithms could
not found an appropriate cluster of the applicatitmck” yielding
energy savingand a reduction of execution time. A closer inves-
tigation revealed that this application did not feature small clusters

(3]

7 . . . 4
with a highUZ,... But our algorithm rejects clusters that would re- 4
sult in a unacceptable high hardware effort (due to factor "F”, line
13in Fig. 1).

As a result of our approach we can summarize that our approach [5]
achieved tremendous energy savings for DSP-oriented application
with a small hardware overhead and in most cases even reduced
execution time (i.e. increased performance). [6]
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Figure 6: Results: achieved energy savings and change of total ex- [13]
ecution time

5 Conclusion [14]
In this paper we have presented a novel low power partitioning

approach for core-based systems that is very comprehensive since [15]

it takes into considerationwholesystem consisting of AP core,

an ASIC core, caches and main memory. In addition, an important

advantage against other low power system-level design approaches

is that we can achieve tremendous energy savings of up to 94% at [16]

relatively low additional (hardware) costs. This has been possible

since our methodology uses the idea of evaluation a utilization rate  [17]
UZ.. atthe operator-level, thus allowing to select efficient clusters.
Furthermore, our methodology is tailored especially to computation  [1g]

and memory intensive applications like those found in economi-
cally interesting mobile devices like cell phones, digital cameras
etc.

Further work will concentrate on deriving low-power methods for
control-dominated systems.
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