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Abstract—in this paper, an instruction-level energy model is The overall goal of our work is to define a power-oriented ex-
proposed for the data-path of very long instruction word (VLIW)  ploration methodology at the system-level suitable for very long
pipelined processors that can be used to provide accurate power instruction word (VLIW) embedded cores. A VLIW processor

consumption information during either an instruction-level . S .
simulation or power-oriented scheduling at compile time. The is a (generally) pipelined processor that can execute, in each

analytical model takes into account several software-level pa- Clock cycle, a set of explicitly paralleperationsthis set of op-
rameters (such as instruction ordering, pipeline stall probability, erations is statically scheduled to form a VLIW. The approach

and instruction cache miss probability) as well as microarchitec- that we propose in this paper is an extension of the work we
tural-level ones (such as pipeline stage power consumption perpreviously proposed in [5] and [6] targeting an instruction-level

instruction) providing an efficient pipeline-aware instruction-level del t luate th fit fi
power estimation, whose accuracy is very close to those given bypOWer Model to evaluate e Ssoftware energy consumption as-

RT or gate-level simulations. The problem of instruction-level ~Sociated with a pipelined VLIW core. The model is quite gen-
power characterization of a K -issue VLIW processor isO(IN2E)  eral and parametric for the exploration of the power budget by

where N is the number of operations in the ISA and K is considering different compiler-level and architectural-level so-

the number of parallel instructions composing the very long lutions for the VLIW core. aiven a specific application
instruction. One of the advantages of the proposed model consists 9 P PP )

of reducing the complexity of the characterization problem to
O(K x N?). The proposed model has been used to characterize A. Background
a four-issue VLIW core with a six-stage pipeline, and its accuracy |, g section, we discuss some relevant research results that

and efficiency has been compared with respect to energy estimates | dinli lated fow | |
derived by gate-level simulation. Experimental results (carried €CENtly appeared in literature related to software-level power

out on a set of embedded DSP benchmarks) have demonstrated€stimation methods.
an average error in accuracy of 4.8% of the instruction-level esti- A software-level power estimation tool is an application that

mation engine with respect to the gate-level engine. The averagereceives as inputs an HDL or functional representation of a pro-
simulation speed-up of the instruction-level power estimation cqqqqr and a binary program to be executed. The tool produces
engine with respect to the gate-level engine is of four orders of .
magnitude approximately. as output an estimate of the power consumed by the processor
during the execution of the program. The power values can be
I. INTRODUCTION rep_resented as an average overall power consumption or atrace
) _ ] ) of instantaneous power consumption values (time power
L OW POWER is an increasingly relevant requirement fcﬁrofiling), depending on the capabilities of the tool.
many classes of embedded systems [1]. A reasonably efpower estimation tools for processor cores can be classified as
ficient approach to power estimation at the highest levels of assed on gate-level or RT-level simulation [7]-[9], microarchi-
straction is of fundamental importance for successful systegactyral-level simulation [10]-[14], and instruction-level simu-
level design [2], [3]. Starting from the pioneer work of Landmargtign.
and Rabaey [4] on the high-level power modeling of data pathnstryction-level power estimation tools are based on a func-
modules, many research works appeared in literature to face {{3fa| simulation of the instruction set of the processor. During
problem of increasing the level of abstraction of the power ese instruction set simulation (ISS), an instruction-level model
mation. Particular attention has been devoted to the problemgkociates a black-box cost with each instruction by considering
power estimation for high-performance microprocessors, whejg circuit state effects, pipeline stalls, and cache misses pro-
pipelining and instruction-level parallelism have to be accounteglced during its execution. Research on instruction-level power
for in the early design phases. However, many issues are sflalysis (7P A, for brevity) has started only recently; thus,

open in this area, and an efficient and accurate framework ighly a few proposals have been made on this subject and it lacks
system-level power estimation has not been developed yet. 3 rigorous approach.

The main contributions found in literature are empirical ap-
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occur, whose power cost is not taken into account if only the basdn [19], interinstruction effects have been measured by con-
energy costs are considered. The first type of interinstructisidering only the additional energy consumption observed when
effects (namely theircuit state overheadis associated with a generic instruction is executed after an NOP (the proposed
the fact that the cost of a pair of instructions is always greateower model is also called tHdOP modél. As a matter of
than the base cost of each instruction in the pair. The remainifiagt, the model reduces the spatial complexity proper of instruc-
interinstruction effects are related to resource constraints ttian-level power models.
can lead to stalls (such as pipeline stalls and write buffer stalls)More recently, a function-level power estimation method-
and cache misses, which imply a penalty in terms of energy. ology has been developed in [29] to estimate the average power
Globally, the model in [15] and [16] expresses the averagé an embedded software. The method is based on a “power
energy as data bank” that stores the power information of built-in library
functions and basic instructions for a given microprocessor.
E= Z(Bi x N;) + Z(Om x Ni j)+ ZEk 1) The power estimation tool does not require power simulation
g W k once the “power data bank” is built, so this method outperforms
whereF is the total energy dissipation associated with the egther simulation-based approaches in terms of efficiency. How-
ecution of a given program, which is computed as the sum &¥er, this higher efficiency must be paid for in terms of lack
three components. The first component is the sum of the eneffyaccuracy. If we are only interested in terms of the average
base cosB; of each instructiori multiplied by the number of power consumption and execution time for a given embedded
times.; that the instruction is executed. The second compondifegram, the level of accuracy is acceptable (within 3%).
is the sum of the additional energy c@st ; due to the elemen- ) o )
tary instruction sequend@, j) multiplied by the numbery; ; B- Main Contributions of This Work
of executions of each sequence; such a contribution is evaluated@he main limitation of the instruction-level power analysis is
for all instruction pairs. The third contributiahi, takes into ac- that it does not provide any insight on the instantaneous causes
count any additional energy penalties due to resource constrawitpower consumption within the processor core, which is seen
that can lead to pipeline stalls or cache misses. as a black-box model. Similarly, these methods do not analyze
The basic idea of this approach is to meadyas the current the power contributions due to the single operations that are
drawn by the processor as it repeatedly executes a loop whastive in each pipeline stage. These two factors can affect
body contains a sequence of identical instructiarniBhe term the capability to perform a realistic run-time power profiling
0, ; takes into account the fact that the measured cost of a pafira software application since overlapping of instructions
of instructions has been always observed to be greater thanutlithin the pipeline is neglected. Moreover, this can exclude
sum of the base costs of each single instruction. These tersasne specific compiler-level optimization techniques, such as
must be stored in a matrix whose size grows with the squareaséating instruction schedules whose power consumption is
the number of instructions in the ISA. This turns out to be imalways under a given upper bound or with reduced variation
practical for CISC processors with several hundreds of instruates (to optimize the battery usage).
tions, and the storage problem becomes exponentially complexConcerning VLIW processors, traditional instruction-level
when considering VLIW architectures, in which long instrucpower modeling poses new challenges to be afforded, since the
tions are composed of arbitrary combinations of parallel operumber of long instructions that can be created by combining
ations. A possible solution to this problem is presented in [18] operations into & -wide VLIW is N 7. It becomes evident
where the authors propose to reduce the spatial complexitytioat traditional instruction-level methods, that need to store
the problem by clustering instructions based on their cost. Ttiee energy parameters for each pair of instructions, are not
results of the analysis motivated several software-level powagoplicable to VLIW machines.
optimization techniques, such as instruction reordering to ex-To address these limitations, our main focus is the definition
ploit the power characteristics of each instruction. of an energy model for VLIW architectures that combines the
The instruction-level power model proposed in [17] considegsficiency and flexibility of instruction-level models with the ac-
an average instruction energy equal for all instructions in tleeiracy of microarchitectural level models. The main goals are:
ISA. More specifically, this model is based on the observatidt) to provide accurate information on the energy consumed by
that, for a certain class of processors, énergy per instruction the processor core during an instruction-level simulation of a
is characterized by a very small variance. Note that, while ViLIW embedded application and 2) to provide to the compiler
complex architectures like CISCs, the heavy use of caches anfithe grained power model of the instructions overlapped in the
microcode ROMs produces a relevant increase of the avergggeline. The long term goal of our analysis is to give support
instruction energy and a reduction of the energy variance, tidshigher level compilation-level and software-level power op-
is not always true for RISC and VLIW architectures for whicltimization techniques.
these effects can become particularly evident. Our analysis mainly targets the data path of VLIW cores.
Another attempt to perform instruction-level power estimafFhe energy model is based on an analytical decomposition of
tion is proposed in [18] where the authors consider several ptise energy consumed by a software instruction into the contri-
sible interinstruction effects as well as statistics of data valubstions of few microarchitectural components (the active pro-
used within the processor. Although the developed power modelssor function units and the pipeline stages). These microarchi-
is quite accurate, it lacks general applicability, being developésttural contributions are associated with the multiple parallel
only for a specific embedded processor. operations flowing through the pipeline stages combined with
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Fig. 1. (a) Traditional and (b) pipeline-aware instruction-level energy models.
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Fig. 2. Comparison between traditional and pipeline-aware instruction-level energy models.

other instruction-level contributions (such as the probability artifferent contributions at any given clock cycle. In particular, in
the latency per instruction of a miss in the memory hierarchythe given example, the pipeline-aware power model considers
Run-time accuracy cannot be achieved by using a traditiormapipeline composed of six stages with a uniform decomposi-
black-box instruction-level model since, such types of modeii®n of the energy of each instruction over the single pipeline
neglect the overlapping of instructions within the pipeline.  stages. Of course, such types of models can be used within an
Fig. 1(a) shows how a traditional energy model can be usksiS that is aware of the pipeline structure of the processor (i.e.,
to compute (e.g., within an ISS) the energy for a given cloaycle-based ISS). The value of taeerageenergy per cycle for
cycle; the traditional model associates with each clock cycle,given sequence of instructions is identical for both types of
the instruction that is being currently fetched from the cachmodels as shown in Fig. 1.
without considering (totally or mostly) the effective presence in Anyway, the pipeline-aware power model is closer to the real
the pipeline of other instructions and by modeling cache missgipeline behavior, since it effectively considers the instructions
as a fixed power cost to be added to the contribution of the cuaverlapping within the pipeline. Fig. 2 shows a comparison of
rent instruction. Fig. 1(b) shows our pipeline-aware model the results derived from the application of a traditional instruc-
which the power consumption is modeled opex-cycle basis tion-level power model and the pipeline-aware power model
by splitting the energy of each instruction in the energy conttie the same sequence of instructions. This short sequence, ex-
butions of the corresponding stages and by summing up all tinected from a real application, is characterized by two bursts of
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instructions separated by a sequence of NOPs inserted by t] VERY LORIE INSTRUCTION
compiler (energy values are in the range from 1490 to 1919 pJ
As shown in Fig. 2, even if the average energy per cycle is equi
for both models, the energy behavior is quite different. The “tra:
ditional” instruction-level power model considers in each clock
cycle the energy contribution associated with the instruction it WLIW COHE
the fetch stage. The “pipeline-aware” model has a more pre INSTRUCTION DECODE
cise view on the different instructions present in the pipeline a
any given clock cycle. This becomes particularly evident during
the phases of filling up (flushing) of the pipeline after (before)
a sequence of NOP instructions. Moreover, the pipeline-awal
model reproduces a “smoother” energy behavior with respect t
the traditional model. The traditional model has some peaks, ni
actually found in the real-world energy behavior, outlining the
dlfferenc_es in terms of energy cost for each |r_13tructlon._ S ke ok Eh (k=
The pipeline-aware model can add value either to an instruc T s B =
tion-level simulation to realistically model the energy behavior A b y :
of a processor or to a power-aware compiler that can modif
power figures (i.e., spikes, upper bounds, and rates of variation)
by means of instruction scheduling. An application example 6fg. 3. Architecture of the target VLIW pipelined core.
such a type of compilation can be the rescheduling for the mini-
mization of variation rates in the energy use to extend the batt

‘Hdwer bottlenecks during software execution because itis based

lfe. A_nother appl|_cat|on CO.UId be a MOre POWEr-CoNSCIous Iy, 5 yetailed microarchitectural model of the processor core and
struction scrambling algorithm that tries to make uniform th

ion f ) h licati ﬁanalyzes the energy behavior on a per-cycle basis. In partic-
energy consumption for a given cryptography application, ar, the proposed analytical model defines a mapping between

avoid security attacks based on the observation of the POWgL | instructions and microarchitectural functional units in-
behavior. , _ volved during the instruction execution. This instruction-to-unit

_Toenter into more detail regarding our energy model, we Copyanning is used to retrieve RT-level energy estimates for each
sider that the execution of an instruction can be projected on tygjt that is combined with stall and latency energy contributions
axes: @emporalone and apatialone. to obtain instruction-level power estimates.

The temporal projectiontraces the progress of a very lIong The overall goal of our work is to offer an accurate power
instruction through the pipeline stages. Our model exploits tRgtimation tool for the end user to evaluate the power consump-
temporal projection to compute the energy of an instruction @gn associated with a software code for an embedded system.
the sum of the energy contributions due to each pipeline stagigrthermore, we can envision the use of the proposed tool for
involved in its execution. In this case, we say that the energydgstem-level power exploration during the compilation phase
temporal additive. (through a power-oriented scheduler) as well as during the mi-

The spatial projectiontraces the use of the resources of theroarchitectural design optimization phase of the processor.
processors within a single pipeline stage. Our model exploits theThe paper is organized as follows. The overall architecture
spatial projection to decompose the energy of a pipeline stagfethe target system is described in Section Il. Section Il
into the sum of the energy contributions due to each operationroduces the general instruction-level energy estimation
involved in the execution of the current and the previous longethodology for pipelined VLIW architectures. Experimental
instruction. This can be done by assuming that mutual infloesults derived from the application of our method to a four-
ence between two different operations of the same very long iesue VLIW architecture are reported in Section IV. Finally,
struction can be considered as an irrelevant effect with respecBiection V concludes the paper by outlining some research
the mutual influence between operations of two successive veliyections originated from this work.
long instructions. This characteristic of the model, introduced
as thespatial additive propertyf the energy of a VLIW pro- II. TARGET SYSTEM ARCHITECTURE
cessor, has been experimentally verified and it is fundamental . . . .
to deal with the complexity of the characterization of the in- In th'.s section, we introduce the processor archlftecture, the
struction-level power model for VLIW cores. Instruction set architecture, and the processor requirements for

By using both temporal and spatial additive properties, tﬁge target system.
problem complexity has been reduced frofiv2%4 ) to O(K x
N?), whereK is the number of parallel operations in the ver
long instruction andV is the number of operations in the ISA. The target processor architecture is a general load/store
Thus, a more accurate estimation than a black-box modeMEIW core processor (see Fig. 3). A VLIW processor is a
achieved with a reasonable computational complexity. pipelined CPU that can execute, in each clock cycle, a set of

The main difference of our approach with respect to ILPAexplicitly paralleloperations.This set of operations is called a
based approaches is that our method gives better insight on\#dW. In the rest of the paper, we abbreviate the term very long

(1) QP QOFk-1) OPfk)

"REQISTER FILE

LAHKE 1 LAME 2 LAME k-1 LANE k

KTEAMA, b W HY RAHCEY RTE AT

yA. Target Processor Architecture
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instruction asnstruction,while maintaining the use of the termin terms of register names or immediate values), the number of
operationto identify the single components of an instructionoperation’s pair to be considered could become too large to be
The position of an operation within an instruction is calledharacterized with a transistor-level or even gate-level simula-
slot. A slot usually identifies the execution path (also calleton engine. For example, in the case of [&& composed of
lane) of the operation within the VLIW processor. K-issue about 70 operations, considering also the possible addressing
VLIW processor can fetch an instruction composed of one toodes for each operation, we would need to characterize 6126
K parallel operations and it executes themiorparallel lanes pairs of operations to completely define the interinstruction ef-
(see Fig. 3). In a pipelined VLIW, each lane executes a sindlect.
operation in a pipelined fashion. Generally, the decode stagelo sensibly reduce the number of experiments to be gener-
decodes an instruction in several control words associated watied during the characterization phase, we can apply the cluster
each operation and these words are then used to control dmalysis we proposed in [33] to the operations of it for
pipeline stages of each lane. Ideally, even the decode stage ¢ architectures. The basic idea of the cluster analysis con-
be decomposed into lanes that decode each single operationists of grouping in the same cluster the operations showing sim-
the long instruction. ilar power costs. The power cost of an operation is defined as the
Furthermore, the target VLIW architecture does not suppgrower consumed by the processor when it executes only that op-
predication, since this mechanism could waste power while etation.
ecuting instructions that will not be committed back to the reg- In the rest of the presentation of our model, we assume that
isters. the ISA of the target VLIW processor is clustered into classes
We assume also that the target system architecture includésperations that have similar power behavior.
separate instruction and data caches.
When a miss in the instruction cache occurs, we assume the Target Processor Requirements

instruction cache propagates to the core an “IC-MISS” signal .
. o : .—'Our approach requires a gate-level or (at most) RT-level de-
that is used, within the core, to “freeze” the inputs of the majaqr PP q g ( )

P : - o .Scription of the target processor, so that accurate energy values
part of the pipeline registers, avoiding useless switching activi P getp 9y

The macrobehavior is similar to the execution of NOP instr téfan be derived for the characterization of the model here pro-
. . 1avior s simi e executl NStUEseq. Moreover, in order to record the information needed at
tions inserted in the code at compile time. The only differen

e . o
: .- . . n-time for the proposed energy model, it is necessary to make
between the two cases is that explicit NOP instructions generalfst-:-e of an ISS suitably instrumented.

additional switching activity passing through the pipeline regis- Besides, in our design, we assume that two identical mod-

ters. L es M,; and M; in the logic architecture belonging either to
poten 2 e e Gl coh oo, somme e s ensgesf v ppainro e angs,mapioc-
served _tlﬁct m_odules in thqahysmalarchltepture as well. Such synthe_5|s

' is particularly useful for our experiments, since power contribu-
B. Target ISA tions are easily associated with physical modules during pro-
gram execution. Still, this does not detract from the generality
of our approach; we assume in fact thd; and A/; map into

the same physical modul&,, (as it may occur in commercial

We define a very long instruction (instruction for brevity)
of a K-issue VLIW as a vector oK elements

w! architectures, to minimize area). Obviously, at any given clock
. cycle, M, supports the execution of one only of the two logical
w=| w" (2) modules (otherwise, no correct execution would ensue); there-
.. fore, its power contribution will be correctly associated with the
wh operation or the stage involving the active logical module.

wherew” € IS A is the operation associated with sloof the L. VLIW E NERGY MODEL
instructionw. When power is concerned, it has been observed in '
[16] that the operations most commonly used in a target applica-This paper represents a main extension of the work we pro-
tion can be categorized into classes, such that the operationpdsed in [5] and [6] that addresses instruction-level energy esti-
a given class are characterized by very similar power costs. @pation for the data-path of VLIW embedded cores based on an
erations with similar functionality activate similar parts of th@nalytical energy model that considers the processor microar-
processor core, thus they have similar power behavior. The sphitecture. In particular, the proposed model defines the energy
tial additive property (discussed in detail in Section Ill) impliesf a very long instruction as the sum of a set of energy contri-
that the different lanes will be considered mutually independemitions due to the individual pipeline stages involved in the in-
with respect to power consumption, so that power requiremestsuction execution and to the individual operations composing
of single operations can be evaluated without considering tthee instruction.
relationships with other operations in the same instruction. In a VLIW processor, instructions are composed of one
In this work, we consider two operations in the ISA as “nadbr more explicitly parallel operations. After an instruction
equal” if they differ either in terms of functionality (i.e., op-is fetched from the I-cache, each operation is dispatched to
code) or in terms of addressing mode (immediate, register, m-specific functional unit (see Fig. 3). Unlike a superscalar
direct, etc.). Even without considering data differences (eithprocessor, a VLIW processor does not check for any data
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or control dependencies, since the compiler guarantees tbabsumption with respect to the type of instructions executed.
the flow of operations does not present any typentfa— or  Since, for control units, accurate power estimates can be derived
interbundle dependency. by using power models developed for finite state machines (such

As already noted in [19], the challenge of an instruction-levels those presented in [23]), we target our research on the char-
power model for microprocessors derives from the complexiacterization at the instruction level of the power consumption of
due to the spatial and temporal correlation of the instructionstime data path.
the execution trace. As noted before, for each interinstructionWe assume that the pipeline stages enjoyténeporal addi-
effect we must use am-dimensional array where depends on tive property,i.e., the energy consumption associated with an
the type of interinstruction effects that we are considering. Farstruction flowing through the pipeline stages corresponds to
example, if we need to take into account the interinstruction éfie sum of the energy contributions of each pipeline stage. The
fect between adjacent instructions only, it is necessary to st@mperty assumes that the processor modules associated with
this information in a bidimensional array whose size is propoeach pipeline stage are independent to each other.
tional to the number of instructions in the ISA. In the case of Therefore, given the processor pipeline composed of & set
a RISC or CISC machine, the problem complexity can be ref stages, the energy consumption associated wijtlactually
duced by clustering instructions [16], thus reducing the paramerresponds to the sum of the energy consumption of the mod-
eter’s array length. ules that elaborate,, in each one of the pipeline stages

In contrast, forK -issue VLIW architectures, the power model
should account for all possible combinations of operations in anE(wy, |wy_1) ~ Z AWy Wy 1) + I(walwa_1) (5)
instruction, thus the problem complexity grows exponentially ¥ ses
with K and the number of operations in the ISA. As for the
RISC case, instruction clustering can be effective to reduce teere
problem complexity by trading power estimation accuracy and 1) the termA,(w,|wy,_1) is the average energy consumed
problem complexity, but the problem complexity can be further per stages when executing instructiow,, after instruc-

simplified as shown in the rest of the paper. tion wy,_1;
Let us consider a streary composed ofV very long instruc- 2) the termi(w,|w,_1) is the energy consumed by the
tions connections between pipeline stages (interstage connec-
tions).
W=(w1, ..., Wn_1, Wn, ..., WN) 3) Note that modules used in more than one pipeline stage, such

as the register file, can be considered only once per instruction
In thi K h ated witho b with an average value that must be characterized separately.
n this work, we assume the energy associated wilfto be Let us detail the two termsl, and appearing in (5). The

dependent on the propertieswf, (€.9., class of the instruction, execution of two consecutive instructions can be influenced by

data values involved in its evaluation and so on) as well as onis, type of events. The first type of event is a data cache miss
executlohn contexte., the se;?fmstructtl)ons clzpmalned/fﬂnggr occurring during the execution of an instruction. In this case the
towy,. Theexecution contextf wy, can be splitintwo contribu- . .oqq0r stalls all the instructions in the pipeline until the write
tions. Théfirst-order contribution is due to the previous iNStruc-,, raad data cache miss is resolved Fig. 4 shows an example

tion w1, while thesecond-ordecontribution is given by the of a data cache miss occurring during the execution of instruc-

otherinstructions affecting the pipeline during the executiontin%n E and another one during instructich (the source of the

Of_ Wn. Inourmodel, w9d|rectly cons@eronlythefwst—orderconitan occurs inthe MEM stage). The other possible eventis anin-
tribution of the execution context, while the second order contl

AR L o truction cache miss occurring during the fetch of an instruction:
bution is indirectly accounted for mainly in terms of additiong o, this event occurs, the instruction cache generates to the
stall/latency cycles introduced during the execution of instrugbre an *IC-MISS” signal, that is used, within the core, to freeze

tion wn_._Be5|d_es, as usual, we consider the deS'Q” of the CQfe inputs of the majority of the pipeline registers, avoiding use-
as partitioned in a control unit and a data-path unit. less switching activity. Fig. 4 shows an example of an instruc-
The estimation of the energy consumed by the proces§pf, cache miss occurring during the fetch of instructiand
during the execution of the strearhi is another one during the fetch of instructi6h In both cases, the
penalty for such misses consists of | cycle. The macrobehavior
of the pipeline is similar to the execution of a sequence of NOP
operations, with the difference that, in case of NOPs, we have
where the termE(w, |w,_1) is the energy dissipated by thesome energy dissipated due to the flowing of the NOP within the
data path associated with the execution of instructignde- pipeline registers. In the proposed model, in fact, the presence
pendent on the properties af,,, w,_, as well as theiexecu- 0f a NOP instruction generated at compile-time is treated as a
tion context F.. is the total energy dissipated by the control unifjormal instruction and it is characterized similarly to the other
and the terne is an energy constant associated with the startifstructions in the ISA.
sequence of the processor (in which the sequential elements dh our model, the average energy consumppenstagecan
the processor are reset to initialize the state of the processoye expressed linearly as
In this work, we assume that the control is explicitly de-
signed outside the pipeline and it is relatively invariant in power As(wylwy 1) = Us(wy|wy_1) + 00 + (6)

wherew,, is thenth instruction [see (2)] of the stream.

E(W) == Z E(Wn|wn—1) + Ec + ¢o (4)
VnCN
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Fig. 4. A trace of execution showing two data cache misses and two instruction cache misses.

where TABLE |
U, average energy consumption of stagiuring anideal VLIW O PERATION CLASSESCONSIDERED FOR THETARGET VLIW PROCESSOR
execution ofwy, in the absence of any hazards or €xClass | Description
ceptions, thus assumirme-cycleexecution per stage; WoP__| No operation

on additive average energy consumption by stagae to LS Data Transfers: Load/Store data b.etween registers and
3 . L. memory, or move data between registers;
amiss event on the data cache occurred vwhgris in can use register and indirect addressing mode
s, ALU Arithmetic-Logical instructions: Instructions on integer

-, . or logical data in GPRs;
N? additive average energy consumption by stagae to can use immediate and/or register addressing mode

a miss event on the instruction cache when it receivé mr Multiply instructions: Instructions with immediate

- i and/or register addressing mode
. the IC-MISS Slgnal'. . CNT Control-flow instructions: Conditional branches and jumps;
The smgle terms appearing in (6) are explamed hereafter. addressing mode is PC-relative or through register;

Note that, although (6) still maintains a pipeline-aware fea-
ture, it can be characterized by a simfitear regressiorand it
can be used also in environments in which there is not a precists also been considered, as introduced in the pipeline energy
view of the occurrence of cache misses (for example at compifepdel shown in the previous section.
level, where these statistics are only approximately inferred). Considering the generic staggthe additive property enables
The model for the energy consumption due to interstage cass to affirm that the tern/; can be expressed as
nections! is averaged as
Us(wn|wn 1) = Us(0[0) + Z Vs(wmw;l) 8)
I(walwa_1) & 5« Vi far * CL* Quue(wawa_ 1) (7) v kK

whereV, is the power supplyf.i. is the pipeline clock fre- where the tern¥/;(0|0) is the base energy cost that represents
quency,Cy, is the capacitive load of the interstage buses, aiige energy consumed by stagduring an execution of a bundle
Qaue(walwn_1) IS the switching activity of the interstage busegonstituted entirely byoPs (0 = [NOP - - - NOP]*), while the
averaged with respect to the number of pipeline stages and Stnmation accounts for the termgw” [wf _, ), that are addi-

number of bit per stagé/,. tional energy contributions due to the change of operation on
Let us now detail the three terms appearing in (6). the same lané (w” represents the operation issued on lane
by the long instructiorw,,).
A. AverageEnergy per Stagé/, In the experimental results section we will consider a four-

issue VLIW architecture with an ISA composed of five oper-

Let us consider the energy tefijy. Itis influenced by the cur-
: . . . ation classes (see Table | for a summary of these classes). To
rent instruction executed and by the preceding one in the trace,. . . . .
. X . estimate the codl/, associated with an instructiosr,, of the
To express the terr®y, in greater detail, we need to mtroduce[

thespatial additive propertythe energy consumption ofasinglearget architecture, first we need an estimate of the energy base

o “costlU;(0|0) for each stage of the pipeline, and second we need
pipeline stage corresponds to the sum of the energy contribu-"_"2 Lo .
N estimate of the energy contributions for the generic sequence

tions due to the single operations in the current bundle, given t%Foperations on thisth lanew, (w* [t _, ) for each stage of the

operations in the previous bundle. This property enables usXo
P P , property eline. For example, given the following sequence of two in-
ctions:

decompose the energy associated with a pipeline stage intoQtPe
sum of the energy contributions due to each of the multiple ard"
independent functional units that are active in the stage. In our ALU LS
approach, we apply this property not only to the EX stage, for NOP NOP
which this concept seems to be more intuitive, but to all pipeline Wn = | yop | Wn-1= | a1y ©)
stages. Arenergy base costommon to all executable bundles, NOP NOP
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the overall cost associated with, for each stage would be  D. Reduction of the Model to a Scalar Pipeline

U, (Wa|Wn_1) = Us(0]0) + 5 (ALU|LS) + v, (NOP|ALU) (10) The proposed energy model for VLIW pipelined processors
. o can be mapped tecalar pipeline processors, where the spatial
given, by definition that,(NOP|NOP) = 0. dimension is reduced to one. In this case, our model complies
In general, for an ISA composed 6foperation classes, eachyith the model of Tiwariet al. summarized in 1)
v is alookup table composed @?+C)/2 elements. Note that

in the case of standard instruction-level power characterization B, = Z [Us(0|0) + v5(é]4)] (13)
we would require a matrix of?% elements to characterize the ses
interinstruction effects betwees,, andw,, ;. 0; ; = Z s (ilf) — vs(3])] (14)
Let us now analyze the terms} and p”* that consider the ! ey
energy consumed by stagavhenever the number of cycles to
executew,, exceeds one, since there is a miss either in the data 2}; By = - ;}\: < [1s + 03] (1%)
n<N,sc

or in the instruction cache.

B. AverageEnergy per Stage Due to a Data Cache Migs E. Model Characterization

The energy contribution;" accounts for the core energy con-  The proposed model is built upon a set of energy parameters
sumption due to a data cache miss. In this case, the procegg9/(0|0), v,, M,, andsS,) that must be characterized once and
stalls all the instructions in the pipeline until the write or reagbr all by the manufacturer of the VLIW core.
data cache miss is resolved. This term is quite important sincegoth U,(0|0) andx, can be characterized by reformulating
it depends on the probability per instruction that the processge model of (8) in the following matrix form:
stalls the pipeline

U, = X3 16
ol =my xph xS, (11) f (16)
wherem” is the average number of additional cycles (stall C)W hereU, is a vector ofE' elements representing the observed

cles) occurred due to a data cache miss during the executiorf 9y consumption fa' experiments where each experiment
thew,, in s, p" is the probability that this event occurs, aid ¢ is a program composed of a sequence of the same couple of

is the energy consumption per stage of the processor modURETUCONS(We, a, We,b). _
that are active due to a data cache miss. In particular, our modeY€Ctor 3; has the following structure:
considers the energy cost of a data cache miss on the processor

; U,(0]0)
core, but we do not consider the energy cost of the cache and Bs = ®
memory arrays when this event occurs.

17)

wherelU,(0]0) is the scalar value representing the base cost of
C. AverageEnergy per Stage Due to an Instruction Cache  the instruction while®, is a vector ofl” elements that linearly
Miss 13 stores the elements of the upper diagonal part oftHgince it
Similarly, the energy contribution™ accounts for the addi- is @ symmetrical matrix) except for the teerNOP|NOP). If C
tional energy spent by instructian, due to an instruction cacheis the number of classes in the ISA, tHEr= ((C*+C)/2) - 1.
miss. When this event occurs, the instruction cache generates aX is an£ x (I' + 1) matrix with the following structure:
IC-MISS signal as explained before. This contribution can be

written as 1 771
b= 1 g x M, (12) X=11 n (18)
wherel” is the average number of additional cycles (IC-MISS 1 ng

penalty cycles) occurred after the execution of¥hein s due

to an instruction cache misg; is the probability that this event

occurs, andV/, is the energy consumption per stage of the pr(()a-X

;:essor_ modules that are actlye due to an instruction cac_he miss. e X ©, = Z vy (wk a|w57b) (19)

n particular, our model considers the energy cost of an instruc-

tion cache miss on the processor core, while we do not target

the energy cost of the cache and memory arrays. where “x” represents the scalar product. As a matter of fact,
As an example, let us consider an example of computati@ach elemeng. (i) stores the number of times that tite term

of A,(wyn|wn_1) in the case in which an instruction cache&f ®, must be taken into account into the computation of (19).

miss occurs aftew,,. Effects of such event must be taken intd his vector can be directly derived from the experimental setup

account because the IC-MISS signal is propagated within tbleosen for experimernt

pipeline and this affects the energy behaviomgf. If we refer At this point, the vector of parametefs can be estimated by

to the example of Fig. 4, this case corresponds to the evaluatiorans of a linear regression. In order to perform the linear re-

of Ay(E|D) = Uy(E|D) + 1% ¢F x My +m x pF * S, where gression, the rank & must be of (C*+C)/2), thatis, the de-

qF = 1V s, andp? = 1 fors € {MEM, EX, RR, ID, IF} sign of the experiments must generate at 16a5t +C)/2) ex-

andpf, ; = 0. periments whose paisve, », We, 1,) are linearly independent.

wherer. is a row vector ofl” elements associated with each
periment: such that

VkEK
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Given this lower bound, for & -issue VLIW machine withS RiATH
pipeline stages with an ISA composed@fclasses of opera- MEMORY
tions, the problem complexity of calculating the energy parar
eters is thus reduced from(SC?%) to O(SC?), whereC is
the number of operation classes derived by clustering the IS,
The remaining energy parametetf®( and S,) are simply
estimated by measuring the power consumption of the proces
during, respectively, an I-cache miss and a pipeline stall.

[ METRUCTICN e 5 DATA CACHE |
CACHE MODEL | e E |} i MODE
F. Plug-In of the Model Into an ISS Iimp ] Cala

Application-dependent variables composing the model mt
be estimated or computed during an instruction set simulatic
These contributions can be gathered either in accurate mod¢ T3x 5T bil
in statistically approximated mode. “"':f:l‘l'.' .
In the accurate mode, operations ordering and cache mios -
length are dynamically computed by the simulator while thlgg. 5. The system-level test-bench used to validate the model.
event of a cache miss is predicted either statistically ¢ <
[0, 1]) or deterministically 47, ¢* € {0, 1}). The accurate

mode is used by an instruction set simulator that elaborates e is provided with data forwarding and operation latency that

power model to compute on-the-fly the power consumption Qhries between one and two cycles (in the case of load/store

the program. ) , __operation) with in-order issue and in-order completion.
In the statistically approximated mode, operations orderlng,.l.he configurable instruction cachié, ¢) produces, within a

cache miss length, and operation latencies are StatiStiC%lQrmm stream of execution, a miss signal Faycles with an
a"efaged values gnd they are US.Ed to elgborate an aver (?age probability for each normal instruction fetched.
off-line power profile of the application. In this case, whijlg The configurable data cach(m, p) can generate a miss

andg; become average valups andg,, respectively, the term i, 5 yropabilityy for each access and, during a miss, it stalls
vs(w, [wy_,) is substituted by a weighted average valje the VLIW pipeline form cycles

_ Bk ol k All design modules have been described in Verilog-HDL.
Vs = Z ICHENACHED The data path of the processor has been described at RT-level
o5, 0n€ISA and it has been synthesized as multilevel logic by using Syn-
opsys Design Compiler and mapped into a commercial Qra5-
Snd 2.5-V technology library. Gate-level simulations of the core
within the Verilog test-bench have been performed by using
Synopsys VCS 5.2. We used PLI routines from Synopsys to re-
trieve toggle information about the core cells and we used the
In this section, we describe how the energy model has bemsulting toggle file as input to Synopsys Design Power tool. En-
successfully used to characterize at the instruction-level the engy estimates have been obtained with Synopsys Design Power
ergy consumption of a VLIW-based in-house embedded systetwnl by assuming a 100-MHz clock frequency.

tt\wéough a load/store unit common to all the lanes. The VLIW

wherep(o¥|o};) is the probability, estimated by the ISS, tha
operationo} follows of; in lanek.

IV. EXPERIMENTAL RESULTS

A. Experimental Environment B. Design of Experiments

To validate the proposed energy model, we developed aThe experimental design flow has been decomposed in two
VLIW-based system-level design environment (see Fig. B)ain phases: the first phase is the characterization of the model
composed of to derive the energy parameters and the second phase is the val-

1) four-issue VLIW processor with six-stage pipeline chatfdation of the characterized model against the execution of real

acterized by an ISA composed of five operation classégbedded programs.

(see Table I); 1) Experiments for Model Characterizatiorfollowing
2) configurable instruction cache; (16), an automatic tool has been used to generate a set of 250
3) configurable data cache; experiments where each experimeris a program composed
4) 72 x 32-bit register file; of a sequence of 1000 pairs of instructiqv®s a, We ). The
5) main memory containing the object code to be executégtomatic tool satisfies the requirements imposed on the rank
by the VLIW processor. of the matrix of experimentX [see (16)]. In fact, gived’ = 5

The processor pipeline is constituted by six stages [fetch (IMe can easily reachank[X] = 15.
decode (ID), register read (RR), execute (EX), memory access he experiments have been generated by varying the fol-
(MEM), and write back (WB)] and four lanes; each lane cal®wing parameters:
execute an integer operation (with a dedicated ALU), a multiply 1) number and type of operations within the p&. .,
operation (with a dedicated multiplier), or a load/store operation ~ we 1);
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TABLE I TABLE I
CHARACTERIZATION RESULTS FOR THEMATRIX » SUMMED OVER THE COMPARISON RESULTS OFMEASURED VERSUSESTIMATED POWER VALUES
PIPELINE STAGES FORALL PAIRS OF OPERATIONSWHEN NEITHER PIPELINE FOR EACH PIPELINE STAGE AND FOR THEINTERCONNECTION

STALLS NOR I-CACHE MISSESOCCUR. ENERGY VALUES ARE GIVEN IN pJ

Pipeline Stage | Avg.Err. | Std. Dev. [ Max. Err.

DosegVs | NOP | AL | MUL | DT [ CNT F 1,21% 3.15% 13,60%
NOP 0 | 339 | 350 | 349 | 172 D 1,27% 1,13% 8,06%
AL {270 | 363 | 450 | 385 RR 3,54% 2,02% 11,17%
MUL - - | 429 | 424 | 467 EX 6,75% 4,16% 28,26%
DT - - ~ | 411 | 467 MEM 543% | 581% 26,19%
CNT - - - - 80 INTERC. [71359% | 14,33% | 11691%

2) registers used within the instructions (registers are ad-  3sof " " " y T T Z
dressed through seven-bit addresses);
3) values of the nine-bitimmediate operands used withinthe 300} .
instructions.

Finally, the energy consumption of the stages of the processor . 23°f o
during stalls and I-cache misses have been measured by directlyE.
gathering toggle information. g

2) Experiments for Model ValidationThe model validation
phase has been decomposed in four main steps.

» Step 1 consists of the validation of the model when nei- 100k i
ther I-cache misses nor D-cache misses occur. To perform
this step, we generated a set of 250 experiments, where  g,| .
each experiment is a program composed of a sequence
of 1000 pairs of instruction§we, a, We b)- 0 . . . . : : .

« Step 2 represents the model validation during pipeline o Tl e Pofvgcr’[mW] 20 300 390
stalls. In this case, a set of experiments have been gener-
ated such that the average stall probability per instructiéig. 6. Agreement between measured and estimated power values when
[forced byD(m, p)] ranges from 1% to 14% (accordingﬁlT;)r)l-cache misses nor D-cache misses occur. (Absolute maximum error

to [20], this is the typical miss rate range for a generic

cache). The parametet, in this case, has been fixed to
25 cycles. Note that, since the RF power consumption is not considered

« Step 3 consists of the validation of the model duringere (being the RF outside of the core) and the pipeline latch
l-cache misses. In this case, another set of experimefs?M/W B is contained in the module of pipeline stage

has been generated such that the average miss rate"of M, the power consumption due to th&'B stage is
I(1, q) ranges from 1% to 14%. The parametein this considered zero and therefore it has been omitted. Fig. 6 reports

case, has been fixed to 36 cycles. the agreement between measured and estimated power values

« Step 4 consists of the model validation against a set & the whole in-house VLIW core, when neither I-cache
kernels derived from embedded DSP algorithms. Thelusses nor D-cache misses occur. For the set of experiments,

. o i ' 0
kernels are characterized by several behaviors in termsﬂa? a_bsolute maximum: error 1S ll"_"/‘?' the absolute average
instructions composition and I- and D-cache misses. error is 3.19%, and the standard deviation is 2.07%.

For Step 2, Fig. 7 shows the agreement between measured
and estimated power values when pipeline stalls occur. For the
] given experiments, the absolute maximum error is 20.2%, the
~ The proposed model for the core has first been charactgsqiyte average error is 3.1%. The standard deviation of the
ized to derive the energy parameters. The measured energy bass is 2.79%. Note that the lower values of power consump-
cost U;(0|0) summed over all the pipeline stages is 1490.57, are associated with experiments with a higher data cache
pJ. Table Il reports the characterization results for the matiixiss probability. In fact, as the miss probability increases, the
v summed over the pipeline stages for all pairs of operatio Bwer consumption approaches the stall power consumgtion
when neither pipeline stalls nor I-cache misses occur. The va med over the pipeline stages.

of M, andS, parameters summed over the pipeline stages areConcerning Step 3, Fig. 8 reports the agreement between

200 4

150 -

Estimated Pow

C. Model Characterization

1400 and 110 pJ, respectively. measured and estimated power values when I-cache misses
o occur. The absolute maximum error and the absolute average
D. Model Validation error are 9.6% and 3.2%, respectively. The standard deviation

The experimental results derived during Step 1 have beehthe error is 2.2%. Note that, in this case, the lower values
reported in Table Il and Fig. 6. Table Il reports the comparisoof power consumption are associated with experiments with a
results of measured with respect to estimated power valdggher instruction cache miss probability. In fact, as the miss
for each pipeline stage and for the interconnection networpobability increases, the power consumption approaches the
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instruction cache miss power consumptibfi summed over
the pipeline stages. Fig. 10. Errors generated not considering D-cache miss events.

Finally, for Step 4, Fig. 9 reports the agreement between
measured and estimated power values for the given set of DSRs a final example, let us consider the error estimates gener-

benchmarks, where both pipeline stalls and I-cache missggéd when both D-cache and I-cache misses are not considered
parameters can vary. The given kernels (written is assemiythe model. In this case, the energy for each instructign

code for the target processor) are becomes the ideal enerdy,, thus we would expect underes-
1) anunoptimized DCT and IDCT transform applied to a 64mation on the power consumption. However, the total energy
half-word block; computed is divided by the ideal execution time that is much
2) an optimized version of the DCT; less than the real execution time giving an overestimation of the
3) an optimized version of the IDCT; actual power value.

4) afinite-impulse response (FIR) routine (32-tap, 16-bit); Fig. 10 shows the percentage errors between the predicted

5) an optimized (unrolled) FIR routine (32-tap, 16-bit);  power values and the measured power values when stall events

6) a Gaussian elimination algorithm. are not considered. Miss probability values are the same used

The maximum absolute error between the observed and tbethe characterization and validation of the model. Note that if
estimated power is 10%. The average absolute error is 4.88tall events are not included in the model, the predicted length
Full core estimation at the gate-level has been shown four ordefone instruction is ideal, and the predicted instruction energy
of magnitude slower than instruction-level simulation. In ouronsumption (even not considering the energy lost during stalls)
experiments, an underestimation has been shown that carisbeoncentrated in only one cycle giving an overestimation on
due to the approximation used in our characterization procgssver consumption almost proportional to the stalls per instruc-
to capture the data behavior of single instructions. tion rate.
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[12]

Fig. 11 shows the percentage errors between the predicted
power values and the measured power values when instruction
cache miss events are not considered. Miss probability valugss]
are the same used for the characterization and validation of the
model. If I-cache miss events are not included in the model, the
predicted length of one instruction is ideal, and the predicted inf4]
struction energy consumption is concentrated in only one cycle
giving, even here, an overestimation on power consumption al-

most proportional to I-cache misses per instruction rate.
(15]

V. CONCLUDING REMARKS AND FUTURE WORK
[16
In this paper, an instruction-level energy model for VLIW

pipelined processors have been proposed and validated ove
given set of DSP-based benchmarks. The choice of this partic-
ular set of benchmarks, with respect to general-purpose ones,
is justified by our analysis targeting high-performance multi-8
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