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Abstract� In this paper, we present a comprehensive energy
estimation framework for software executing on Very Long
Instruction Word (VLIW) processor cores. The proposed energy
model is used as an average energy estimator coupled to the
instruction set simulator (ISS) of the processor. The base energy
of an execution set is computed as the NOP energy added with
incremental energies of each instruction in the execution set.
The inter execution-set energy is accurately modeled with a new
approach as a linear equation of three factors - functional to
functional instruction switching; functional to NOP or pre�x
instruction swithing; and variability in the length of the execution
set. This reduces the characterization complexity of the model
to O(N), where N is the total number of instructions in the
instruction set of the processor. We have introduced the concept of
�functional separability� in the energy model, wherein the energy
of each high-level function of the processor core is distinctly
mapped to only one component in the model. The model is also
capable of handling control codes with branches and predicated
execution. The average error magnitude of the framework when
applied on the StarCore processor with a large suite of DSP and
control benchmarks is 2.5%, whereas the maximum error is less
than 6.0%.

I. INTRODUCTION

Low power is an inherent requirement for hand-held devices
like cell phones, PDAs and a host of other mobile apparatus.
The digital signal processor (DSP) has inceasingly become
an integral component of these mobile devices. Most of the
state-of-the-art DSPs are VLIW in nature, e.g. StarCore from
Freescale Semiconductors, TigerSHARC from Analog De-
vices, TMS320C64X from Texas Instruments, etc. Hence en-
ergy estimation of the DSP software on these VLIW machines
is key to designing low power systems. Different implementa-
tions of the same software can consume signi�cantly different
amounts of energy in the active mode. This variation in energy
can be due to the computational complexity of the algorithm
employed, usage of different compilers and compiler options,
and structuring and hand-optimization of the C and assembly
codes. Energy or power variation is more prominent in a
VLIW processor than a simple single-issue processor due to
the availability of high degree of instruction-level-parallelism.
Once the energy consumed by the software is estimated, the
software programmer can use several software techniques to
reduce the power consumption. Also energy estimation permits
software design-space-exploration based on cycles, code-size
and energy. Moreover accurate average energy prediction can
help us to perform battery life estimation of the portable
system. While energy is important for portable devices, power

is important from a thermal stability perspective.
There are several approaches to estimate the energy of a pro-

cessor viz., gate-level [1], microarchitectural level [2], [3] and
instruction level. The instruction level model is the most useful
for the software programmer, since he can clearly identify the
energy consumption with each individual instruction. It is also
easy to integrate with an ISS. The pioneering work in this �eld
is from Tiwari et.al [4]. In this work the authors identi�ed
a base energy cost with each assembly level instruction of
the processor. Apart from this, the energy of an instruction
is also in�uenced by the instructions preceding it. This is
termed as inter-instruction effect. In [5], the inter-instruction
energy for RISCs and DSPs is modelled as a table look-up
between each pair of instructions. To reduce the complexity,
the instructions are clustered to form a few groups and the
table is calculated between pairs of these groups. Based on
this work, several models for single-issue processors have
been proposed. However inspite of the fact that multiple-issue
machines like the VLIW core is more prone to higher degree
of power variation, energy models for multiple-issue machines
have not been investigated thoroughly. Sami et.al. [6], [7] have
proposed a basic model for VLIW processors. However this
model has several limitations when applied on practical VLIW
processors, as we discuss later.

In this paper, we propose a novel energy model for VLIW
processor cores which is accurate, comprehensive and easier
to implement in practice. This model is generic in nature as
it can be applied to most of the VLIW processor cores. The
proposed methodology is used in building an accurate energy
estimator from circuit-level simulation of post-layout netlist of
the DSP core with Nanosim [8]. An accurate pre-silicon energy
model is very useful for the embedded software developers as
they generally start application development well before the
silicon arrives. It is also useful for software developers who
do not have access to the silicon or the instruments needed
to accurately measure power. This energy model is primarily
meant to be used at run-time with the ISS of the DSP core.
With small modi�cations it can also be applied in non-runtime
environment, but with lower accuracy. In our methodology, the
energy for the memory sub-system as well as other peripherals
is separately calculated. The reason for separately reporting the
core and memory power is to provide the software programmer
better insight into the energy consumption of the embedded
DSP platform. In many cases, the user can trade-off between
memory and core energy consumptions. Further a separate



energy model for the DSP core will also enable reuse as the
same core is used in several platforms with different memory
organizations. In this paper we particularly concentrate on
estimating energy of the DSP core. The paper is organized
as follows - in section II, a generic VLIW DSP is described
in brief. In the next section III we describe the energy model
for the VLIW DSP. Later we describe our characterisation
methodology to obtain the energy tables. Finally we discuss
the results and compare it with previous works.

II. THE VLIW DSP

In a VLIW DSP, several instructions that execute simul-
taneously are grouped into an �execution set� (which is the
very long instruction word). The execution set can have �xed
or variable number of instructions. The former is a �xed
length VLIW processor, whereas the latter is referred as a
variable length VLIW processor. Fixed length processors use
no-operation (NOP) word padding to equalize the length of
all execution sets. In a variable length processor, the grouping
of individual instructions into an execution set is generally
done either with separate pre�x words or with a few bits
in each instruction to form a serial chain. VLIW DSPs have
multiple execution units for parallel execution of instructions.
For example the StarCore SC140e DSP [9] packs upto four
arithmetic instructions and two move like instructions in
a single execution set. The core typically interacts with a
memory sub-system comprising of the instruction cache, the
data cache and an optional SRAM memory.

III. THE ENERGY MODEL

Let us consider a VLIW processor core V. A group of
instructions, which are executed in parallel on V constitute
an execution set. We consider an assembly program P of m

execution sets. The energy of an individual execution set i is
denoted by Ei. Further let us assume that V has q different
types of pipeline stalls due to the memory sub-system - e.g.,
cache misses, memory contention etc. Let the energy per cycle
of stall type j be given by Ej

s . Let the number of cycles due
to stall type j while executing P be cj . If the total number of
stall cycles due to the memory-subsystem while executing P
is k, then

Pq

j=1
cj = k. The total energy while executing P

on V is then given by:

Etot =

mX

i=1

Ei +

qX

j=1

cj � Ej
s (1)

The execution set energy Ei can be further decomposed into a
base energy component Ei

b and an inter-execution set energy
component Ei

ies . The base energy of an execution set is the
energy consumed by the execution set itself, while the inter-
execution set energy is due to its change from/to neighboring
execution sets. Hence equation 1 can be re�ned as:

Etot =

mX

i=1

(Ei
b + Ei

ies) +

qX

j=1

cj � Ej
s (2)

Next we model the base energy of an execution set. Let the
ith execution set consist of Ni individual instructions denoted
by the set fI1; I2; : : : ; INi

g, which are executed in parallel.
The background energy of the execution set is de�ned as the
energy consumed by an execution set consisting of only NOP
instructions executing on V. This NOP background energy
of the execution set is primarily dependent on two factors
- the position of the execution set (si) and the length of the
execution set (Ni). It is denoted as ENOP (si; Ni). Examples
of position s are straight-line, normal hardware loops, special
hardware loops without instruction fetches operating from L0
buffer etc. Over and above the background energy, each of
the Ni individual instructions in the execution set contributes
an incremental energy per cycle denoted by �Ek for k 2
fI1; I2; : : : ; INi

g. The incremental energy �Ek is the average
energy of that instruction. For implementation ease it is
computed in such a way as to average out the energy variation
due to the data values of the instruction operands. For a more
accurate energy estimate, �Ek is a function of instruction
operand values and other parameters like instruction modes.
Let the execution time of the kth instruction be nk cycles.
Then the total execution time of the execution set is given by
max(nI1

; nI2
; : : : ; nINi

) = p cycles (say). The base energy
is then modeled as the summation of the background NOP
energy of the execution set and the incremental energies of
the execution set.

Ei
b = p � ENOP (si; Ni) +

X

k

nk � �Ek (3)

If the VLIW processor V supports predicated execution,
then equation 3 needs to be further modi�ed. For predicated
instructions, if the condition is true (i.e. the instruction is
executed) then the incremental energy is the same as given
by �Ek. But if the condition is false (i.e. the instruction is
not executed) then the incremental energy reduces to �Ekr ,
where �Ekr = reduced incremental energy of the instruction.
Further the execution time of the predicated instruction with
false condition should be considered as 1 cycle instead of nk

cycles.

Let �k = 1; if kth instruction is a predicated
instruction with false condition

= 0; otherwise:

Then the modi�ed execution time and incremental energy of
the kth instruction can be represented as:

n0

k = �k � 1 + (1 � �k) � nk (4)
�E0

k = �k � �Ekr + (1 � �k) � �Ek (5)

Hence the base energy of the ith execution set is given by:

Ei
b = p0 � ENOP (si; Ni) +

X

k

n0

k � �E0

k (6)

where p0 = max(n0

I1
; n0

I2
; : : : ; n0

INi

).
The inter-execution set energy Ei

ies is due to the change
of the execution sets in the controller part of the processor



like fetch, decode, and dispatch units. Actually there is also
an inter-execution set energy due to change of operand values
at the functional unit inputs. But we consume this data part of
the inter-execution set energy in the base energy calculation
of instructions. This is done by either averaging out the
change in operand values while computing the incremental
energy numbers or using a mathematical function based on
the operands to represent the incremental energy. Hence we
just concentrate on the control part of the inter-execution set
energy Ei

ies. The instructions in an execution set are executed
in parallel along several �lanes� or �ways� in the VLIW
processor. We divide the functional instructions into a few
clusters based on functional units like say multiply, ALU,
load/store, shifter and control. The NOP and pre�x instructions
form a separate special cluster of non-functional instructions.
Let the energy consumed when an instruction of functional
cluster c changes to another instruction of functional cluster
d in a lane of V, be denoted by k1(c; d). Also when an
instruction of functional cluster c changes to a NOP or pre�x
instruction in a lane of V, let it consume an energy given
by k2(c). For execution set i let, yi

1
(c; d) be the number of

changes from one instruction in functional cluster c to another
instruction in functional cluster d in all lanes of V; and yi

2
(c)

be the number of changes from one instruction in functional
cluster c to a NOP or pre�x instruction in all lanes of V.
Then the inter-execution set energy of the execution set i can
be modeled as:

Ei
ies = k0 +

X

c;d

k1(c; d) � yi
1
(c; d) +

X

c

k2(c) � yi
2
(c) (7)

Here the constant k0 primarily models the variability in length
of execution sets. In majority of VLIW processors the inter-
execution set energy is much smaller compared to the base
energy of an execution set. In such cases, with limited loss
of accuracy the inter-execution set energy model of equation
7 can be further reduced as follows: For all combinations
of functional clusters c and d, k1(c; d) = constant = k1.
Similarly for all functional clusters c; k2(c) = constant = k2.
Then equation 7 reduces to:

Ei
ies = k0 + k1 �

X

c;d

yi
1
(c; d) + k2 �

X

c

yi
2
(c)

= k0 + k1 � xi
1

+ k2 � xi
2

(8)

where for execution set i, xi
1

= total number of changes from
one instruction in a functional cluster to an instruction in
another functional cluster in all lanes of V; and xi

2
= total

number of changes from one instruction in a functional cluster
to a NOP/pre�x instruction in all lanes of V. Depending on the
implementation on the processor controller, in some processors
clustering based on functional units do not work well. In such
a case equation 8 can still be applied with xi

1
= total number

of changes from one functional instruction to any another
functional instruction in all lanes of V; and xi

2
= total number

of changes from one functional instruction to a NOP/pre�x
instruction in all lanes of V.

So �nally the energy consumed by the assembly program P
on the VLIW processor V is given by using equations 6 and
7 [or 8] in equation 2.

IV. MODEL CHARACTERIZATION

The model characterization step involves creating the NOP
energy table, the incremental and reduced incremental energy
tables, the stall energies and the inter-execution set energy
coef�cients. Our methodology involves circuit-level simulation
of post-layout netlist of the DSP core with Nanosim [8].
Speci�c assembly routines are used and the vectors corre-
sponding to these routines are used to excite the Spice netlist
in Nanosim. This gives very accurate energy numbers. In this
section we describe the methodology of creating the energy
values and coef�cients.

A. The NOP energy

The NOP energy signi�es the background energy consumed
while executing a series of NOP instructions on the processor.
It includes clock energy, leakage energy and instruction fetch
and decode energy. But since it fetches and decodes only NOP
instructions, it is only a part of the fetch and decode energy.
The NOP energy signi�cantly varies depending on its position
in the program. For a short hardware loop operating from a L0
buffer, the DSP does not fetch the instructions after the �rst
time. The long hardware loop has much higher energy as it
involves fetch of execution sets. The NOP energy in a straight
line sequence is similar to that of the long hardware loop, but is
slightly less as there is no control overhead and change-of-�ow
of the program. The NOP energy also increases with increasing
length of the execution set. This is primarily due to increased
rate of program address generation, as the processor has to
fetch more number of program words in the same number of
cycles. Since the program words are all virtually NOPs there
is no switching happening on the program data bus. In table I,
we plot the NOP energy of the SC140e processor as a function
of position and length of the execution set. For short hardware
loops, we have ignored the length effect as it is very small. We
compute the NOP energy table of the processor by running a
sequence of NOPs (packed in speci�c numbers corresponding
to the length of the execution set) placed in a speci�ed position
like hardware loops or straight line.

B. The Incremental Energy

Computing the incremental energy of each instruction is
the most important aspect of energy estimation. The most
common approach is to execute the same instruction in a
hardware loop for a large number of cycles, ensuring that
there are no pipeline stalls due to the memory sub-system.
The average current during the loop execution is measured
and converted to an energy value. If available, special short
hardware loops should be used for better accuracy as they
do not require a program fetch after the �rst time. For some
instructions that permanently change the destination register
at the �rst time (e.g., CLR R0), we still use a loop to keep the



TABLE I

NOP ENERGY(PJ) PER CYCLE ON SC140E

NOP Position VLES length
1 2 3 4 5 6 7 8

short loop1 98.3 98.3 98.3 98.3 98.3 98.3 98.3 98.3
short loop2 109.0 109.0 109.0 109.0 109.0 109.0 109.0 109.0
long loop 109.4 112.8 114.8 116.1 118.5 119.2 118.8 119.0

striaghtline 105.1 107.1 112.1 112.0 115.8 116.6 117.6 118.0

processorpipeline�lled upwith thesameinstruction.However
we measurethe currentduring the �rst executioncycle only.

Theotherimportantissuehereis thatfor incrementalenergy
calculationof mostinstructions,we needto considertheeffect
of the operandsthat are dispatchedto the functional units.
During a normalprogram�o w, the inputsto a functionalunit
in the DSPwill normally changeevery time its instructionis
executed.This is what we term here as the inter-instruction
data energy, as it involves the datapathof the processor. In
most modernday processors,the inputs to the datapathonly
changewhen it is required.Hencethe input switchingon the
addercan be due to two ADD instructionslocatedvery far
apartin the program.Calculatinginter-instructiondataeffects
can be done only at run-time, with detailedenergy models
of each datapathunit of the DSP. This is not practically
feasible.Also it can make the simulator very slow. Hence
as an engineeringtrade-off for normal DSP programswe
proposean averagemodel for incrementalenergy wherewe
consumethe inter-instruction data effect in the baseenergy
calculation.We canactivate the instructionwith randomdata
for a large number of cycles and measurethe incremental
energy value.However, we have followeda differentapproach
by using two or moreprecomputedsetsof inputsvectorsfor
eachdatapathinstruction.The switching betweenthesetwo
input vectorsis 50%. i.e. for 16 bit words8 bits toggle.Also
we accountfor the datapathcharacteristicsby assuming50%
effect. For example,50% of the bits during additiongenerate
a carry. For 16 bit multiplicationwith radix-4Boothrecoding,
all 8 combinationsof multiplier bits during Booth recoding
occuronce.We further incorporateboth positive andnegative
numbersequallyto accountfor theextra switchingdueto sign
changes.Thereare several advantagesof using this strategy
insteadof randominputs.
1. Most modernDSPsare load-storeprocessors.Henceif we
userandomvaluesthey have to be loadedfrom memoryinto
internal registers so that they can be usedas inputs to the
datapathunits. This somewhat complicatesthe incremental
energy calculation due to extra load instructionsused with
the datapathinstructionbeingcharacterized.
2. If weusepre-computedpairof input vectors,weneedto run
the loop only a few times(say20) to characterizethe energy.
We just needto wait for thepipelineto �ll up completelywith
the instruction to be characterized;then observe the average
energy for a few cycles. However if we use randomvalues
we must executethe loop several thousandtimes.Henceour
methodspeedsup the characterizationtime by a signi�cant
factor.

As an examplewe can use(0x5A5A + 0x0F0F) followed
by (0x9C9C+ 0xAAAA) for characterizingthe ADD instruc-
tion. Similarly we can use(0x5A5A * 0x2E74)followed by
(0x9696 * 0x74E8) to characterizeMPY. It requiresa one-
time effort to come up with a suitablepair of input vectors
which more-or-less satisfy the conditionsof 50% switching
andfunctionality, which is fairly straight-forward. In �gure 1
we show how we usea shorthardwareloop of two execution
setson the SC140eDSP with pre-computeddata inputs to
characterizetheADD instruction.We have usedthemaximum
numberof ADD instructionspermissiblein an executionset
i.e. 4, sothatany energy differenceacrosstheseveraladdersis
averagedout. Using multiple ADD instructionsis permissible
due to the additivity property of their incrementalenergies.
Also NOP word paddingis usedto ensurethat the intended
data values reach the correspondingfunctional unit (in this
casethey are all equal).NOP word paddingalso eliminates
unnecessarytoggles in the instruction register which can
otherwiseaddsomeinter-instructionenergy into thebasecost.

Fig. 1. Incrementalenergy calculationof ADD

However, it is to notedthat this model is not accuratefor
advancedDSPprograms.Theusercanuselow powersoftware
techniqueslike MAC input operandswapping,introductionof
a bias in the accumulatoretc. In suchcasesthis model will
over-estimatethe energy. Hence we built a linear run-time
model of the MAC unit of the DSP, basedon presentand
precedinginput values and the characteristicsof the MAC
itself (like Booth recodingand numberof zeroesor onesin
the MAC inputs). This model is invoked by the user only
for advancedlow power DSPtechniques.In practicefor most
DSP programs,the 50% input switching and functionality
assumptionis a safeapproximation.

The reduced incrementalenergy numbersare computed
in the sameway as incrementalenergy numbersshown in
�gure 1, but making the instruction predicatedwith a false


