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Abstract

In this paper, we propose a system-level power ex-
ploration methodology for embedded VLIW architectures
based on an instruction-level analysis. The instruction-level
energy model targets a general pipeline scalar processor; sev-
eral architectural parameters such as number and type of
pipeline stages as well as average stall/latency cycles per in-
struction and inter-instruction effects are taken into account.
The application of the proposed model to VLIW processors
results intractable from the point of view of both spatial and
temporal complexity (which grow exponentially w.r.t. the
number of possible operations in the ISA). To reduce this
complexity, the basic model has been extended by assuming
that the energy associated with a long instruction is given
by the sum of the energy associated with the single opera-
tions of the long instruction and the single pipeline stages.
The instruction-level energy model has been applied to a
simplified VLIW architecture to demonstrate the validity of
the proposed approach. !

1 Introduction

Low power is an increasingly relevant requirement for wide
classes of embedded systems [1]. A reasonably efficient
approach to power estimation at the highest levels of ab-
straction is of fundamental importance for system-level de-
sign. Early availability of such figures will make it pos-
sible to guide the subsequent design choices, from hard-
ware/software partitioning down to technology mapping.

The overall goal of our work is to define a general power-
oriented system-level optimization methodology suitable for
embedded systems based on VLIW cores. We envision the
possibility to introduce power optimization and architec-
tural exploration during the high-level phases of system de-
sign: the compilation phase (through a power optimizing
compiler), the definition of the target system architecture,
the definition of the processor micro-architecture and the
mapping of instructions and data to the memory address
space. This system-level methodology is based on power
models for each module composing the target system archi-
tecture, mainly one or more processors, the memory sub-
system, the system-level buses and the co-processors.

This approach requires the definition of a suitable
instruction-level power model [2] that enables us to eval-
uate the software power consumption for a pipelined VLIW

1This work is partially supported by CNR (Project MADESS II)
and ST Microelectronics.
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core in both single-cluster and multi-cluster configuration.
The model must be general and parametric to allow the ex-
ploration of the power budget by considering different ar-
chitectural solutions for the VLIW core, given a specific
application. Typical parameters are: number of clusters,
instruction formats, number of registers, number and type
of functional units, interconnection buses, type and number
of operations in the long instruction, and so on.

Research on the basic problem of instruction-level power
estimation started only recently. As a consequence, only few
proposals have been made on this subject, that yet lacks a
rigorous approach. The major contributions found in lit-
erature are based on empirical approaches. Tiwari et al.
[3]{4] explore instruction-level power estimation using sim-
ple models such as average energy per instruction, which is
derived from experimental measurements. They partially
include an average inter-instruction effect energy.

The instruction-level power model proposed in [5} con-
siders an average instruction energy equal for all instructions
in the ISA. More specifically, this model is based on the ob-
servation that, for a certain class of processors, the energy
per instruction is characterized by very small variance. In
[6], the authors propose a new processor power model by
considering possible inter-instruction effects as well as data
statistics. Although the developed power model is quite ac-
curate, it lacks general applicability, being developed only
for a specific embedded processor. In [7], inter-instruction
effects are measured by considering only the additional en-
ergy consumption observed when a generic instruction is ex-
ecuted after a NOP (the proposed power model is also called
the NOP model). This model could be an effective solution
to the problem of spatial complexity proper of instruction-
level power models.

In general, inter-instruction effects play an important
role being highly correlated to the gate-level switching ac-
tivity of the functional units of processors. In RISC and
VLIW architectures [8], these effects can become partic-
ularly evident. Conversely, in complex architectures like
CISCs, the heavy use of caches and microcode ROMs ef-
fectively increases the average instruction energy, reducing
inter-instruction effects. Other authors [9], [10] introduced
a power optimization methodology from a user perspective,
by operating purely at the software level, by pre-processing
and restructuring the source code to reduce the power con-
sumption of the executed code.

In this paper, our main focus is the definition of a instruc-
tion-level energy model to guide system-level exploration.
The goal is to provide information on the energy consumed
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by the processor core during an instruction-level simulation
with minimum overhead. The simulation is based on a de-
scription of the micro-architecture of the processor, that can
be either accurate or statistically approximated.

In the accurate simulation mode, stalls length and op-
erations latency are dynamically computed by using a pro-
cessor model functionally equivalent to the target one. In
the statistical approximation mode, the stalls length as well
as the operations latency are statically averaged values de-
rived from an accurate off-line profiling of the application.
In both cases, instruction-level power is accurately calcu-
lated by looking at the constituent blocks of the processor
by taking into account the effect that the single instruction
can produce on them. This level of detail cannot be achieved
by using a simple black-box instruction-level energy model
such as those presented in the literature so far.

Considering scalar processors, the model decomposes the
energy associated with a single instruction into the energy
contributions due to each processor macro-block involved
into its execution. These macro-blocks are the pipeline
stages, the inter-stage connections and the instruction and
data caches.

For a VLIW architecture, the analysis can be pushed
further by decomposing the energy contributions of a single
macro-block in the energy contribution of the macro-block
functional units that work separately on each operation of
the long instruction (bundle). This property, introduced as
the spatial additive property, has been fundamental to deal
with the complexity of the instruction-level power model for
VLIW cores, which grows exponentially with the number
of possible operations in the ISA. The proposed decompo-
sition provides a way to create a mapping between bundles
and micro-architectural functional units involved during the
simulation. This instruction-to-unit mapping is used to re-
trieve energy information for each unit that is elaborated
together with the stall and latency information to obtain
run-time power estimates.

The paper is organized as follows. The overall archi-
tecture of the system is described in Section 2. Section 3
introduces the general instruction-level energy estimation
methodology for pipelined processors, while Section 4 de-
scribes how the proposed model can be extended to VLIW
architectures. Experimental results demonstrating the va-
lidity of the proposed approach applied to a simplified VLIW
architecture are reported in Section 5. Finally, Section 6
concludes the paper by outlining some research directions
originated from this work.

2 Target System Architecture

A power-oriented methodology at system-level is manda-
tory for architectural exploration during the first phases
of a HW/SW co-design flow. The methodology should be
tightly related to the characteristics of the system archi-
tecture, mainly in terms of target processors, memory sub-
system, system-level buses and co-processors.

Figure 1 shows the block diagram of our target system
architecture, which is a shared memory multi-processor sys-
tem that can be implemented by using either the System-
On-Chip approach or the multi-chip approach. The system
includes one or more processors, the instruction caches (I-
caches), the data caches (D-caches), the memory controller,
the main memory, the I/O controllers, the peripheral units,
and the co-processors to support specific applications (such
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IF ID RR EX WB

Figure 2: Architecture of a node including the VLIW pipelined
processor, the I-cache and the D-cache.

as MPEG encoding).

All these building blocks are connected through ad-
dress, data and control buses implemented by using different
topologies. HW/SW communication occurs either on the
sub-system-level buses, such as the processor-to-cache buses
(which have been coloured in dark grey in Figure 1) or on
the system-level buses (which have been coloured in light
grey in Figure 1). A modified version of the proposed archi-
tecture may include a D-cache for each node, but a common
I-cache for the different nodes.

The target processor architecture included in each node
is a pipelined load/store VLIW core processor (see Figure 2).
The processor pipeline is composed of five stages 2:

e Instruction Fetch Stage (IF);
Instruction Decode Stage (ID);
Register Read Stage (RR);
Execute Stage (EX);

Write Back Stage (WB).

In our VLIW architecture, we assume that the branch
prediction scheme adopts a predict-unteken scheme, i.e.,
the processor continues to fetch sequential instructions from
memory until a branch, decoded in the ID stage, is taken.
A taken branch nullifies the instruction in the fetch stage by

2The pipeline has been modified with respect to the MIPS archi-
tecture presented in [8]; in particular, the memory access stage has
been included in the EX stage.



substituting it with a NOP and redirects the execution flow
to the branch target.

Furthermore, the considered VLIW architecture does not
support predication, because this mechanism could waste
power while executing instructions that will not be commit-
ted back to the architectural state.

3 Energy Model for Pipelined
Architectures

The existing approaches to software-level power estimation
do not analyze the contribution of each pipeline stage. In
fact, characterization of a single instruction is performed
by considering the processor as a black box, without ana-
lyzing the power behavior during the flow of the instruc-
tions through the pipeline stages. This paper presents an
extension of the work proposed in [2] addressing instruction-
level power estimation based on an accurate characteriza-
tion of the data-path of the pipeline stages. The proposed
instruction-level energy model accounts for the energy con-
tributions due to each pipeline stage, inter-stage connections
and I- and D- caches.

The control blocks of the processor are not modeled ex-
plicitly because of their relative invariance in power con-
sumption w.r.t. the type of instruction executed. For these
blocks, accurate power estimates can be derived using power
models developed for finite state machines [11].

Let wn be the n-th instruction of a program execution
trace W. We assume the energy associated with w, to be
strictly dependent on the properties of wr (e.g., type of in-
struction, registers accessed and data dependencies) as well
as on its erecution contert, i.e., the set of instructions con-
tained in W near to wn.

The ezecution contezt of w, can be split in two contri-
butions. The first-order contribution is due to the preced-
ing instruction wy_;, while the second-order contribution is
given by other instructions wy present in the pipeline dur-
ing the execution time of w,. We consider here only the
first-order contribution of the execution context, while the
second order contribution is indirectly taken into consider-
ation in terms of stall/latency cycles introduced during the
execution of instruction wn.

As basic assumption, we consider the data stationary in-
struction code type, which has been proposed for the com-
pilation of ASIP cores [12]. Furthermore, we assume the
pipeline stages enjoy the temporal additive property, i.e. the
energy consumption associated with an instruction flowing
through the pipeline stages corresponds to the sum of the
energy contributions of each pipeline stage.

Given the processor pipeline composed of a set S of
stages (where S={IF, ID, RR, EX, WB}), we propose to
estimate the average energy associated with wy, as follows:

E(wn) ~ Z Ay (Wolwn1) + I{wa) + T(wy) (1)

Vs

where A, is the e;sergy consumed by stage s when execut-
ing instruction w, after wn_1, I(wy) is the energy consumed
by the connections between pipeline stages (inter-stage con-
nections) and I'(w,) is the energy consumed by the I- and
D- caches. In turn, we decompose the average energy con-

sumption per stage in two terms:
As(wnjwn_1) = Ux(wnlwn—l)"'Ta(wn) (2)

where U, is the energy consumption of stage s during
an ideal execution of w, in the absence of any hazards or

exceptions, thus assuming one cycle execution per stage.
U, depends on the current instruction word executed and on
the preceding one in the trace; it represents the contribution
of the individual stage only and therefore can be evaluated
independently. U, includes an energy base cost, independent
of instruction type and switching activity; it mainly depends
on the clock buffers contained in the processor sequential
elements (registers and latches) which imply an energy cost
at each clock cycle, independently of the switching activity
of the register outputs.

T is the incremental average energy consumed by stage
s whenever either the number of cycles needed by stage
s to elaborate w, (latency cycles) exceeds one or stage s
stalls while executing wn because there is a data-path con-
flict (stall cycles due to resource conflicts, data hazards, or
control hazards). In this case, w, has to wait in s until
the conflict is resolved and the average energy consumed
depends only on w,. In the rest of the paper, we denote
by stall/latency probability the probability that stage s is
in one of the above stall/latency states. This parameter is
quite important because term T depends on the probability
that the processor stalls the pipeline:

To(wn) & ma(wWn) * ps(wn) * Ss(wn) 3)

where m; is the typical number of stall/latency cycles oc-
curred while executing wn, ps is the stall/latency probability
while executing w, and S; is the stage energy consumption
for each of these stall/latency cycles. Note that p, and m;,
have to be experimentally measured by profiling a given ap-
plication on a cycle-by-cycle basis. Existing simulators (such
as Trimaran [13]) can produce instrumented VLIW code to
record this type of statistical values. Finally, S; can be de-
rived in the same manner as U,, i.e., by simulating a gate
level description of the processor.

A special remark concerns the overall energy of the RR
stage. We propose to approximate Arr with the following

expression: B
Rpp * (1 4+ mrr(wn) * prR(Wn)) (4)

where Rgrr is the average energy consumption per cy-
cle of the entire pipeline stage. We take an average value
because the register file energy consumption is influenced
by inter-stage effects (such as writes generated by the WB
stage) which are very complex to model. Obviously, by con-
sidering all register file energy consumption here, WB energy
parameters must account only for the remainder of the WB
logic (e.g., stage buffers).

The model for the energy consumption due to inter-stage
connections I(w,) is given by:

I(wn) % 0.5 * Vag> * ferx * CL * Qave (5)

where V4 is the power supply, fe is the pipeline clock
frequency, C, is the capacitive load of the inter-stage buses
and gyve is the switching activity of the inter-stage buses
averaged with respect to the number of pipeline stages and
the number of bit per stage N;. Term gve can be estimated
by the following expression:

Z H.(B("), B("_l))/N,

Vs€ES

(6)

Qave =

S

where H, is the Hamming distance between the inter-
stage bus lines B at time n and n - 1.

The cache energy contribution I'(w.) depends on the
cache hit and miss ratio of both the I- and D-caches. During
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execution of w,, the I-cache is accessed once, while the num-
ber §(wn) of D-cache accesses depend on instruction type
and pipeline structure. In our pipeline model, the value of
d(wn) can be either 0 or 1 depending on the instruction type.
The cache energy contribution I'(w,) can be approximated
as:

P(wn) ~ (Hr * Ernie + (1 = Hr) % E1 miss)+

8(wn) * (Hp * Ep hit + (1 — Hp) * Ep miss) (7)

where Hy, Ernic and Er miss are, respectively, the hit
ratio, the average hit energy and the average miss energy
consumption per instruction of the I-cache. Similarly for
the D-cache. The average hit and miss energy for caches
have been derived by applying the model proposed in [14].

4 Energy Model for Pipelined VLIW
Architectures

In a VLIW processor, long instructions (or bundles) are com-
posed of one or more explicitly parallel operations. After
a bundle is fetched from the I-cache, each operation is dis-
patched to a specific functional unit (see Figure 2). Unlike a
superscalar processor, which can be considered an atomic in-
struction architecture [15], a VLIW processor does not check
for any data or control dependency, thus the compiler must
assure that the flow of operations does not present any type
of intra or inter-bundle dependency. Thus the stall cycles
in pure VLIW processors are only due to control hazards.

As already noted in [7], the challenge of each instruction-
level power model derives from the complexity of the spatial
and temporal correlation of the instructions in the execution
trace W. In fact, for each parameter we must maintain an
n-dimensional array where n depends on the type of inter-
instruction effects that we are considering. For example,
parameter U,(wn|wn—1) takes into account only the inter-
instruction effect between adjacent instructions and can be
maintained in a bi-dimensional array whose size is propor-
tional to the number of instructions in the ISA. In the case
of a RISC machine this problem can be solved by clustering
instructions [4], thus reducing the parameter’s array length.

In contrast, for VLIW architecture, the power model
should account for all possible combinations of operations in
a bundle, thus the problem complexity grows exponentially
with the bundle size. As for the RISC case, instruction clus-
tering can be effective to reduce the problem complexity by
trading off power estimation accuracy and spatial complex-
ity.

In this paper, we propose to reduce the problem complex-
ity by introducing the temporal and spatial additive prop-
erty of VLIW pipelined architectures. The temporal addi-
tive property is the same property stated in the previous
section for pipelined processors. The spatial additive prop-
erty states that the energy consumption of a single pipeline
stage corresponds to the sum of the energy contributions
due to the single operations in the current bundle, given the
operations in the previous bundle. This property enables
us to decompose the energy associated with a pipeline stage
into the sum of the energy contributions due to each func-
tional umnit active in the stage. In our approach, we apply
this property not only to the EX stage, for which this con-
cept seems to be more intuitive, but to all pipeline stages.
An energy base cost, common to all executable bundles, has
also been considered, as introduced in the pipeline energy
model shown in the previous section.
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Let us consider a simplified VLIW architecture with an
ISA composed of three operations (ADD, MUL and NOP),
a set of two FUs (an adder and a multiplier) and a bun-
dle size equal to two. We derive the model to estimate
the energy consumption of the EX stage while executing
a < ADD,NOP > bundle that follows a < MUL, NOP >
bundle. The first component is the energy base cost: this
contribution can be estimated by measuring Ugx during
an execution of NOPs (namely, Ugx (NOPs|{NOPs)). The
second contribution is due to the behavior of the ADD oper-
ations in the current and in the previous bundle. In our ex-
ample, the current bundle uses the adder, while the previous
one does not use it. We indicate this case as (ADD|@) and
the energy contribution associated to it as vex(ADD|@).
The third contribution is due to the behavior of the MUL
operations in the current and in the previous bundle. In
this case, we see that the previous bundle used the multi-
plier, while the current one does not use it. We indicate this
case as (Q|MUL) and the energy consumption associated to
it as vEx (@Q|MUL). We assume these two cases can be con-
sidered orthogonal to each other, thus the spatial additive
property holds. The total energy consumption:

Upx(< ADD;NOP > | < MUL; NOP >)

can be expressed as the sum of the three contributions
described above:

Ugx (NOPs|NOPs) + vex (ADD|®) + vex (B|MUL)

In the general case, given a sequence of bundles
(wn|wn—1) and a stage s, the energy associated with w, de-
pends on the behavior of each operation d included in one or
both the current and the previous bundle: d € (w, Uwn-1).

The presence of operation d in the current bundle and/or in
the previous one can be summarized in three cases:

o (dID): d € wn, d ¢ wn;
o (D|d): d € wn—1, d & wy;
o (dld): d € wn,d € wa-1 .

Let us indicate one of the above three cases, as ©(d) €
{(d|9), (?|d), (d|d)}. The additive property enables us to
affirm that:

Vd€(wnUwy, 1)

U, (wn|wn-1) =% U,(NOPs|NOPs) + v,(©(d)) (8)

where:

e U,(NOPs|NOPs3) is the energy base cost estimated by
executing a sequence of bundles composed of NOPs;

e v, is the energi' contribution due to ©(d).

The additive property can also be applied to the per
stage stall energy consumption S,:

S.(wn) ¥ S(NOP)+ ) 0.(d)
Vd€Ewn

where S;(NOP) is the stall energy consumption of a

NOP and o is the additive energy contribution due to the
stalls of operation d.

In this way, the problem complexity has been reduced

from O(NF) to O(N) (where N is the number of operations

in the ISA and k is the number of operations in the bundle).
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Globally, if we assume temporal and spatial properties
hold for the pipeline stages as well as for the operations in
the stage, the average energy associated with with w, is
given by:

E(wa) ¥ Y {Us(wnlwno1) + ma(wn) * pa(wn) * Sa(wa)} (10)
Vs€S
where U, is given by equation (8), ms(ws) is the typical
number of stall/latency cycles occurred while executing wy,
ps(wn) is the stall/latency probability while executing wn
and S, is given by equation (9).

5 Experimental Results

To validate the proposed energy model, we considered a
simplified VLIW architecture (SVLIW for brevity) pro-
vided with data forwarding and operation latency equal to
one cycle with in-order issue and in-order completion. The
SV LIW architecture (shown in Figure 3) can execute a two
operation bundle < 01;02 > without any stall. The opera-
tions taken into account in our experiments are ADD and
MUL functional operations and NOP operations. The pro-
cessor architecture is composed of:

o A register file of 64 registers with 4 read-ports and 2
write-ports;
o Two FUs (adder and multiplier) each one statically
linked to 2 register file read-ports and 1 write-port;
e A direct mapped 16-bundle I-cache with 1-bundle line
size and 100% hit rate .

The SVLIW processor has been described in VHDL,
synthesized as multi-level logic by using Synopsys Design
Compiler and mapped into a commercial 0.35um and 3.3V
technology library. Energy consumption estimates have
been obtained with Synopsis Design Power by assuming a
50 MHz clock frequency. The Design Power tool has been
used to obtain a breakdown of the power values into their
single contributing elements with a user-defined granularity.

In this section, all reported results are energy values nor-
malized to a clock cycle of 20 ns and given in [mW].

Our main goal is to demonstrate that the proposed
instruction-level model achieves results very close to the
black-box power estimates while providing major efficiency
due to its inherent simplicity.

A first set of experiments have been carried out to
demonstrate the validity and the accuracy of the tem-
poral additive property for the pipeline stages of the
SV LIW processor executing a sequence of bundles of
the same type, i.e. wn = wp-1 =< 01,02 >, where
01,02 € {NOP, ADD,MUL}. Due to resource constraints
of the SVLIW processor, we do not consider bundles <
ADD,ADD > and < MUL,MUL >, while for the pairs
of energetically and functionally equivalent bundles (e.g.
< ADD;NOP > and < NOP;ADD >), a single case
has been studied. Globally four cases have been analyzed:
< NOP;NOP >, < ADD;NOP >, < MUL; NOP > and
< ADD; MUL >. Table 1 reports the normalized energy
consumed by each stage s of the pipeline, where the energy
consumed by the W B stage accounts only for stage buffers,
while the energy due to write operations in the register file
are taken into account in the energy associated with the

3 The considered I-cache size is small w.r.t. commercial VLIW
processors, thus the related power contribution reported in Tables 1
and 4 is quite reduced compared to the RR stage.
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Figure 3: The simplified VLIW Pipelined Processor Architecture.

RR stage. Row |E(wn)| reports the normalized energy esti-
mated by applying equation (1), while row |E(w,)| reports
the average normalized energy estimated by considering the
processor as a black-box executing a trace of identical bun-
dles (computed by Design Power). The percentage error

of |E(wn)| with respect to |E(wn)| is equal to 0.34% for
< NOP;NOP >, 5.61% for < ADD; NOP >, 5.05% for
< MUL; NOP >, and 5.99% for < ADD, MUL > respec-
tively.

The second set of experiments aims at providing the nor-
malized energy consumed by the SV LIW processor by us-
ing the temporal additive property. Each possible pair of
bundles: (wn|wn-1), has been considered, as reported in
Table 2. Each column of Table 2 reports also the mean
(or unconditioned) normalized instruction energy as well as
standard deviation. The results show that the standard de-
viation is less than 3.68.

A third set of experiments has been carried out to demon-
strate the validity of the temporal and spatial additive as-
sumptions for the SV LIW processor for a selected set of
bundle pairs (wn|wn—1), shown in Table 3. For brevity,
we used the following shortcuts to indicate bundles: A
for < ADD; NOP >, M for < MUL; NOP >, AM for
< ADD; MUL > and N for < NOP; NOP >. The col-

umn |E| represents the energy values estimated by applying
equation (10) (i.e., by using both temporal and spatial addi-
tive properties), while column |E| represents the energy val-
ues estimated by considering the black-box processor model.
Note that the percentage error is at worst 1.34%.

A fourth set of experiments has been carried out to val-
idate equation (1) in the presence of stalls. Table 4 shows
the percentage errors between effective and estimated power
consumption of three types of traces, where control hazards
have been inserted to produce stalls (p, = 1,m, = 1Vs).
Note that in a VLIW processor stalls are reduced with re-
spect to a scalar or superscalar processor, being due only
to control hazards. For this reason, the percentage errors
shown in Table 4 do not represent a main concern.

As a conclusion, the experimental results show that we
can advocate the proposed energy model as a methodology
for exploring the architectural trade-offs in the processor
design from the energy perspective.



Wn Wn Wn Wn
01=NOP | 01=ADD | 0;=MUL | 0;=ADD
02=NOP 02=NOP 02=NOP 02=MUL

L (mW] [mW] [mW] [(mW]
I-cache 1.59 1.79 1.78 1.99

IF 1.81 1.81 1.81 1.81

1D 1.10 1.40 1.40 1.71
RR 18.47 32.84 32.15 45.05
EX 3.90 6.20 37.91 40.15
WB 2.14 2.34 2.34 2.54
Interconnect 7.7 10.32 10.60 13.15
E(wn)| 36.77 56.70 87.99 106.39
LTEwn)] ] 3664 [ 5352 | 83.54 100.02 ]
[Perc. Error | 0.34% | 561% | 5.05% | 5.99% |

Table 1: Normalized energies consumed by the SVLIW processor
executing a sequence of bundles of the same type wn = wn_1 =<
01,02 >.

Wn Wn Wn Wn

01=NOP | 01=ADD | 0,=MUL | 0;=ADD
Wn—1 02=NOP | 02=NOP | 02=NOP | 0,=MUL
03=NOP
04=NOP 36.77 57.05 88.35 107.10
03=ADD
04=NOP 41.13 56.70 92.80 106.76
03=MUL
04=NOP 41.41 61.79 87.99 106.74
03=ADD
04=MUL 45.76 61.45 92.44 106.39
Mean[|[E(w,))] | 41.27 59.25 90.39 106.75
Std[|E(wn)|] 3.68 2.74 2.58 0.29

Table 2: Normalized energies consumed by the SVLIW processor
executing the possible pairs of bundles (wn|wn—1)-

6 Concluding Remarks

The overall goal of our work is to define a power-oriented
system-level optimization methodology suitable for embed-
ded systems based on VLIW cores. We presented a new
instruction-level energy estimation method which accounts
for several architectural parameters such as number and ty-
pology of the pipeline stages as well as the stall probability
and the latency of operations. We applied it to a simple
VLIW processor to show its effectiveness and to demonstrate
how to reduce the complexity associated with this type of
processor architectures. ;

Up to now, our model supports sequential code execu-
tion. Our work is now oriented to extend the model to sup-
port control instructions (such as jumps, calls and returns)
and to estimate the energy cost of the accesses through the
memory hierarchy. The extended model aims at the energy
assessment of commercial VLIW processors executing real
instruction traces.
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