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Abstract—In this paper, we propose a low-power approach to sign techniques are widely adopted during microprocessor de-
the design of embedded very long instruction word (VLIW) pro-  sign to meet the stringent power constraints, while avoiding per-
cessor architectures based on the forwarding (or bypassing) hard- formance degradations. For high-performance processors, such
ware, which provides operands from interstage pipeline registers . . '
directly to the inputs of the function units. The power optimiza- aSVL!W' Some lOW'powe_r solutions targ.et the reduction OT the
tion technique exploits the forwarding paths to avoid the power €ffective switched capacitanoéeach logic gate. The effective
cost of writing/reading short-lived variables to/from the register switched capacitance of a logic gate is defined as the product
file (RF). Such optimization is justified by the fact that, in appli-  of the load capacitance at the output of the gate and its output
cation-specific embedded systems, a significant number of vari- switching activity.

ables are short-lived, that is, their liveness (from first definition While th ducti f the effecti itched it .
to last use) spans only few instructions. Values of short-lived vari- lie the reduction of the efrective switched capacitance IS

ables can thus be accessed directly through the forwarding regis- Suitable for the combinational and in-core sequential part of the
ters, avoiding writeback to the RF by the producer instruction and  processor, custom modules need special techniques for power
successive read from the RF by the consumer instruction. The de- reduction. Multiported register files (RFs) represent the ma-
cision concerning the enabling of the RF writeback phase is taken jority of such processor modules (apart from instruction and

at compile time by the compiler static scheduling algorithm. This dat h d it f fact th "
approach implies a minimal overhead on the complexity of the pro- ata caches) and, as a matter of fact, they consume a portion

cessor control logic and, thus, no critical path increase. The ap- Of the power budget that can reach up 20% [3]. Zyubaal.

plication of the proposed solution to a VLIW embedded core has [4] compare several RF power optimization techniques aiming
shown an average RF power saving of 7.8% with respect to the un- at the reduction of the power consumption of such RFs and pro-
optimized approach on the given set of target benchmarks (patent pose a model for the RF energy consumption in each clock cycle

pending owned by ST Mlcr08|eCtro_n'CS)' _ that is a weighted sum of the energy of a read and write opera-
Index Terms—tow-power design, microprocessors, VLS| {ign

design.

Ecyclo(t) = Ny (t) * Ewritc + nr(t) * Ercad (1)
|. INTRODUCTION
where E.,.1.(t) is the RF energy consumption during clock

HE embedded processor market is growing rapidly, anSclet, nw(t) (n:(t)) is the number of write (read) accesses

the complexity of embedded applications is growing eVell the RE during clock cycle andEysite (Fread) is the energy

faster. Recently, very long instruction word (VLIW) arCh'teC'consumption per write (read) access.

tures have been proposed for high-performance embedded SYs can be noted, energy consumption is modeled by software-

tems as an interesting alternative to more conventional CP t%'pendent parametes, (1), n. ()) as well as circuit/architec-

tq _balance performance with hardwa_re complexity and sca Aral level parameter(sE:ritcjEzoad).WhiIe various techniques
bility. A.VUW processor can e>fec-ute, in each cIo_ck cy_cle, a.s%to exist for the reduction of the circuit-level parameters (see [4]
of explicitly paralleloperations;this set of operations is Stat'.' for a comprehensive overview), software level parameters have
cally scheduled to form a VLNVZ The performgnce/complexn}ﬁot yet been directly addressed in the low-power literature.
tradeoff of such architectures is made possible by a SOph's'The aim of this paper is to propose an energy optimization
ticated instruction-level parallelism (ILP) compiler infrastruc:

¢ hich ai t scheduling hiah-perf el %chnique consisting of the reduction of the number of reads and
ure, which aims at scheduling high-performance parallel oo accesses per clock cycles exploiting thevarding net-
atcompile timerather than atun time

L dissipation i . inal | ¢ . work of a VLIW processor. Such optimization can be applied to
ow-power dissipation 1S an increasingly relevant requirey oot jiveq variableswhose value can be retrieved from the

ment for such embedded processors [1], [2]. Low-power dFo'rwarding network without writing back (or reading) to (from)

the RF. The approach that we propose is tailored to specific em-
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microprocessor pipeline [5]. The forwarding hardware bypasses Cycle | Instruction
the results of previous instructions from the interstage pipeline I, $r2 — .. ;
registers directly back to the function units that require them. To Inyi | oo

implement the bypassing mechanism, the necessary forwarding Iyo | ... $r2;
paths and the related control logic must be included in the Inys | $12 ¢ ...;

processor design [5], [6]. In general, this technique requires _ _ _
an interconnection topology and multiplexers to connect afip-1- Fragment of code showing a short-lived variable.
output pipeline register to the inputs of any function unit. Data

bypassed from an instruction to some function unit in eartsrwarding paths. No writeback to the RF is performed by the
pipeline stages are then stored in the RF when the instructig@ducer instruction, and no read from the RF is affected by the
reaches the last pipeline stage (i.e., writeback stage). consumer instruction.

In general, forwarding paths for VLIW processors presentan|n oyr approach, the decision to enable the RF writeback
implementation complexity that can impact the processor Crifase is anticipated at compile time by the compiler static
ical path. In [7], the authors show such design issues and presgiiaqyler. This approach requires a small modification to the

different bypassing interconnection networks that can be us trol logic of the processor, i.e., additional decoding logic

for increased levels of connectivity among the functional unitg 4 one-gate delay to control the write enable signal of the RF
of the processor. The analysis includes both frequency of st apply this optimization to a generic registeythe compiler

and cycle time penalties and shows that a bypassing network tm%tst compute théiveness lengthL, of the nth assignment to

completely connects all of the function units does not provide : . . . .
improvement in performance when the cycle time penalty azg defined as the distance betweensits assignment and its

the area of the chip are taken into account. last use. This information allows the compiler to decide if it

The concept of taking advantage of register values that are %—"_St be _stqred in the RF for further use or if its use is n fact
passed during pipeline stages has been combined with the inf ited w'|th|n few glock cycles. In the latter case, the variable
duction of a small register cache in [8] to improve performancts Short-lived,and its value can be passed as an operand to
In this architecture, called “register scoreboard and cache,” AgXt instructions by using the forwarding paths, thus avoiding
RF is replaced with a register cache and a suitable backing stéfaving to write it back to the RF. _
If the normal bypass mechanism supplies a sufficient fraction ofAS an application example, let us consider the fragment of
all register operands, the register cache can be very small. SGefe in Fig. 1. In this example, the writebacksaf2 in I,, can
cache can reduce the critical path delay due to the RF of typi€4 avoided, and the successive us€,in, can be performed
processor, enabling frequency improvements. directly from the forwarding network since tfieenessof § r2
For superscalar processors, a scheme that includes a comg#i@qual to two instructions.
analysis and an architecture extension to avoid the useless conFhe proposed architectural optimization becomes partic-
mits of short-lived variables has been proposed in [9]. The adlarly attractive in some classes of embedded applications,
vantages provided by this approach have been evaluated bywiiere the register liveness analysis (see Section IV-A) has
authors, mainly in terms of reduction of write ports to the RBEhown that more than half of the total register definitions are
and decreasing the amount of spill code needed, thus improviimgited to the next two instructions.
execution time. Performance improvements of this solution alsoTo evaluate the proposed approach, we have set up an exper-
have been reported, while the power impact has not been cithental methodology to evaluate the power savings on a set of
sidered. multimedia applications executed by an industrial VLIW em-
The concept of dead value information (DVI) in the RF hasedded processor, jointly developed by Hewlett-Packard and
been introduced in [10], where dead register values can be eXMicroelectronics [11] for which an optimized compiler has
ploited to aggressively reclaim physical registers used for f§een developed to exploit the architecture parallelism. Prelim-
naming architectural registers. This allows the physical RF #Rary evaluations of the proposed approach have been reported
be smaller and faster and potentially increasing the Procesgpf1 o).
clock rate. The authors propose also to use DVI to eliminate un—pis paper is organized as follows. The proposed low-power
necessary save/restore instructions from the execution Strea%ﬂkarding architecture for VLIW processors is presented in
procedure calls and across context switches. Section IV. Section V discusses the problem of exception han-
dling. Section VI shows the results of the analysis of the reg-
IIl. MAIN CONTRIBUTION OF THIS PAPER ister liveness on a set of embedded digital signal-processing

The main goal of the paper is to define an optimization tecﬁqgorlthms and the power savings achievable on an industrial

nique that exploits data forwarding for short-lived variables tXLIW processor. Concluding remarks and future directions of

save power in VLIW pipelined architectures. The basic ide%urwork are reported in Section V.
consists of reducing the RF activity by avoiding power-expen-
sive writing of short-lived variables trough the exploitation of

interstage registers and forwarding paths. Short-lived variabledn this section, we show the hardware and software issues in-
are simply stored by the producer instruction in the interstagelved in the proposed low-power optimization technique, out-

registers and fed to the consumer instruction by exploiting thining the problems addressed and their solutions.

IV. Low-POWER FORWARDING ARCHITECTURE
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Fig. 2. The proposed low-power five-stage pipelined VLIW forwarding architecture.
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time of instruction set architecture (ISA) definition, at

the expense of an increase of the instruction encoding
length. For each operation in the bundle, we add 1 bit for
each source (destination) register to indicate whether it
is a read (write) inhibited register or not. For example, a
bundle composed of four 32-bit ternary operations (one

A. Hardware Support

To analyze the hardware support needed by the proposed low-
power optimization technique, let us introduce a generic four-
way VLIW processor architecture with a five-stage pipeline pro-
vided with forwarding logic (see Fig. 2). The pipeline stages are:

IF instruction fetch from I-cache; L . i
. . . destination and two sources) would require 12 additional
ID instruction decode and operands read from RF; . . . 4 . .
. ; S . . bits. In this case, the dimensions of the instruction cache,
EX instruction execution in one-cycle latency arithmetic : . : ;
. ) ) instruction buffers, etc., must be increased to take into
logic units (ALUSs); I~ X . .
. account these additional bits, and this could lead to in-
MEM load/store memory accesses; creased power consumption to be accounted for durin
WB writeback of operands in the RF. P P 9

the evaluation of the power savings. For such bundles,
we can roughly estimate that the additional cache energy
consumption can be limited within the 10% (12 bits over
128 bits).

Three forwarding paths (EX-EX, MEM-EX, and MEM-ID)
provide direct connections between pairs of stages through the
EX/IMEM and MEM/WB interstage registers. Given the for-
warding network of Fig. 2 and considering a sequelice=

C . 2) To exploit unused instruction encoding bitéis solution
wi, ..., W, .., w, 0f VLIWS, a generic instructionu; can . . ) .
. S o is suitable when the ISA has been already defined; it saves
read its operands from the following instructions: . . ) . o
instruction length, but it restricts the application of the

* wy,_1 through the EX/EX forwarding path (used whep
is in the EX stage);

* wi—o through the MEM/EX forwarding path (used when
wy, IS in the EX stage);

* wy_3 through the MEM/ID forwarding path (used when
wy, is in the ID stage);

proposed approach only to the subset of ISA operations
with unused bits in the instruction format. In general, un-
used operation bits are very few. If we assume one unused
bit per operation, we can consider using it to avoid only
useless writes. Note that, in this case, there is no power
overhead at all.

e wi_, Wheren > 3 through the RF.

The proposed power optimization requires a dedicated logic
in the ID stage to decide whether or not the source/destination
registers must be accessed in the RF. The instruction format
must encode dedicated Read/Write Inhibit bits to enable RF ac-
cesses. The Write Inhibit bit of the instruction format is decoded
to deassert the Write Enable signal (see Fig. 1) in the RF write
port. The Read Inhibit bit is used to maintain unchanged the
values on the input read addresses of the RF. This action reduces
the switching activity of the read ports in the RF. Globally, the
hardware overhead is equal to one-gate delay added on the pro-
cessor writeback cycle.

3) To implement directly in hardware the control logic of
the Read (Write) Inhibit bitln this case, the hardware
provides a more limited window for the application of
the basic idea. In particular, the hardware must check
Write-After-Write dependencies, because the last read on
aregqister, if it exists, is recognizable by the hardware only
by monitoring two consecutive writes to the same register.
On an in-order five-stage pipeline such as that depicted
in Fig. 2, the window is between the decode stage and
the writeback stage, thus individuating up to three cycles
to check Write-After-Write dependencies. The hardware
solution implies a power overhead due to the introduced

To encode the Read (Write) Inhibit bit, we propose three dif-  control logic, to be accounted for during the evaluation of
ferent approaches. the power savings.

1) To add specific operation bits in the encoding of the long To quantify the register liveness that can be exploited by

instruction format.This solution has to be adopted at théhe proposed approach, Section IV-B describes the adopted
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methodology. The methodology allows us to evaluate thn shr $ri6 = $ri6, 8 # shift right $r16 by 8
maximum power savings within a basic block. This is useful t 533 :2?{ = :23’ :ﬂg : :ﬁg < :ﬁ? . :ﬁg
. . . . a = > -
determine the exact power savings for the first two implemer sub $r19 = $r19, $ri15 ;
tation approaches cited above. For the hardware approach, t
analysis must be seen as an upper bound because the hardv n+1 shr :ns = :rig» g
i icihili ; shr $r17 = $ri7,

has a more limited visibility than the basic block. shr $19 = $r19. 8
B. Redqister Li Analvsi mul $r20 = $r20, 181 ; # $r20 <- $r20 * 181

. Register Liveness Analysis

. . .. . n+2 sub $r10 = $r10, $r8
In a VLIW architecture, all scheduling decisions concerning mul $rii = $rii, 3784

data, resource, and control dependencies are solved at com| sub $r5 = $ri2, $r9 ;

time during static instruction scheduling [13]. Thus the decisiol

on whether the destination (source) register must be write (rea 2*3 sub $r10 = $r10, $r3

N . . L. add $r20 = $r20, 128

inhibited or not can be determined by the compiler, limiting the brf $r26, label.232 ; # branch to label 232 if
hardware overhead. # $r26 is false

To set specific write/read inhibit bits at compile time, the _
compiler must compute the liveness length of each assignmg#qt 3. Example of a segment of a four-way VLIW assembly execution trace

. L Lo . of a DCT algorithm.
to a register and compare it with the limit implied by the archi-
tecture to exploit the forwarding network.

For this purpose, let us define thigeness lengthl of the assignment tér18 performed in clock cycle:+1 must have
nth assignment to a registér as the distance (measured as thée write inhibit bit set tdalse
number of instructions) between théh assignment and its last  Note that for processors with more than five pipeline stages,
use we can have more than three forwarding paths, so we can ex-

tend the application of the proposed low-power optimization to
Ln(R) = U,(R) — Dy(R) (2) variables whose liveness length is higher than three.

Note that our analysis is carried out within basic blocks of the
whereD,,(R) is the instruction fetch clock cycle of the instruccompiled code and that the compiler used was not aware of the
tion that performed theth assignment t@2; andU., (R) is the  power optimization introduced. However, it becomes evident
instruction fetch clock CyCIe of the last instruction that used thﬁat the ear|y app"ca‘[ion of the proposed idea during the sched-
nth assignment tdz before the redefinition of? during the yling and register allocation phases of the compilation would
(n+1)th assignmenD,, 1 (R). provide larger power savings. This could be done by modifying

To simplify the analysis that the compiler has to perform, We scheduler and register allocator cost function in order to
assume a valid.,, (12) when the following conditions hold:  prefer schedules that present shorter register liveness.

» U, andD,, are in the same basic block;
* D41 andD,, are in the same basic block.

These rules force us to consider only liveness ranges that
do not cross basic block boundaries. However, this assumptiodn this section, we analyze the problem of exception and
does not represent a major concern, since most modern VLA&che miss handling in the proposed low-power VLIW for-
compilers tend to maximize the size of basic blocks, thus ge\ﬁarding architecture. For our analysis, we assume that the state
erating a relevant number of intrabasic block liveness range<f the processor can be decomposed in:

To clarify the concept with an example, let us analyze 1) apermanentrchitectural state stored in the RF;

a portion of a four-way VLIW assembly trace executing a 2) anonpermanenarchitectural state stored in the registers
discrete cosine transfrom (DCT) (see Fig. 3). The analyzed between the pipeline stages from which the forwarding
code is composed of four long instructions (namelyn+1, network retrieves source operands.

n+2, andn+3) where each long instruction is identified by the The nonpermanent architectural state is handled as a first-in,
instruction fetch clock cycle, a set of one to four operations théitst-out memory, whose depth is equal to the number of stages
is terminated by a semicolon. In this example, we can obsemyaring which the result of an operation can be stored in the
a basic block terminating boundary at instruction-3 (the pipeline (in the proposed five-stage pipeline architecture, the
conditional branch operation). depth is equal to three).

Let us consider the liveness of the assignmen$xf8 in In general, a pipelined processor assures that, when an ele-
n(D,,). This definition is used for the last time 11, since ment exits the nonpermanent state, it is automatically written
there is another definition o$r18 in the same cycle (i.e., back in the RF. On the contrary, in our low-power optimization,
D, +1). L, of $r18 is thus equal to one clock cycle. Note thatvhen an element exits the nonpermanent state and is no longer
we cannot computd.,, ;1 of $r18 because there are neithewused, it can be discarded, avoiding the writeback in the RF. This
last used/,, 1 or redefinitionsD,, 1, in the same basic block. behavior can create some problems when an exception occurs.
Considering the architecture of Fig. 2: one can see that thethis section, we analyze how exceptions can be managed to
architectural maximum liveness length to be exploited is thremaintain data consistency.

Thus, the write inhibit bit of the assignment$n18 performed In our architecture, an exception can occur during the ID, EX,
in clock cyclen can be set to true by the compiler, while theor MEM stages, and it can be serviced in the WB stage.

V. EXCEPTION HANDLING AND CACHE MISSES
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Pipeline Stage The proposed low-power architecture shown in Fig. 2 sup-
Cycle EX MEM WB ports both exception handling mechanisms.
X W (Exec_“’gi—glnale 4 k-2 1) When the exceptions aexactlyhandled, the supported
1 o P register liveness is less than or equal to two clock cycles
(Exec. Served) (through the EX/EX and the MEM/EX paths).
x+2 Deleted Deleted Deleted 2) When exceptions armexactly handled, the exploiting
register liveness can be extended to three clock cycles
Exec. Handler | Exec. Handler Exec. Handler (through the EX/EX, MEM/EX, and MEM/ID paths).
ey o Fvec Handler | Txec Handler Let us briefly consider the case of interrupts and cache misses.
Due to the asynchronous nature of interrupts, they can be treated
Fig. 4. An example of exact mode exception handling. as inexact exceptions by forcing each long instruction in the

pipeline to write back the results before interrupt handling. In-
. . . struction cache misses produce bubbles/stalls flowing through
Accordmg o the exceptlon taxo_nomy n [6], USEr-Tecoveiy, pipeline. Therefore, whenever a miss signal is raised by the
able exceptions can be either precise or |mpreC|se._We assUliEhe control logic, we force the writeback of the results of the
that the processor ad(_)pts the precise moqe excepnpn handliigyctions in the pipeline. We assume that data cache misses
mechanism. Under this assumption, precise exceptions cansi§) the pipeline until the needed block is ready. In this situ-
in turn eitherexactor inexact An exactexception, caused by aiion, the normal write-inhibition mechanism can be tolerated

an instructionw, forces the visibility of the architectural stategince the relative timing of the instructions is not modified.
changes to all instructions issued afterFurthermore, all state

changes of instructions issued befarare visible to the excep-
tion handler. When amexactexception occurs, the instructions
in the pipeline are executed until completion, and the excep-To provide experimental evidence to our approach, we con-
tion is served afterward. In this case, instructions issued imnfédered thel.x family of embedded VLIW cores, jointly devel-
diately after the excepting instruction do not see architecturped by Hewlett-Packard Laboratories and STMicroelectonics

VI. AN APPLICATION EXAMPLE

state changes due to the exception handler. [11]. Lz is a family of customizable, multiclustered VLIW ar-
Let us analyze the behavior of the proposed solution in tibitectures, where eachxr cluster is a multi-issue six-stage
two cases of exact and inexact exception handling. pipelined VLIW core composed of four 32-bit integer ALUs,

Assume that exceptions are handledeiactmode. When two 16x 32 multipliers, and one load/store unit, with in-order
the excepting instruction reaches the WB stage, instructionséixecution and exact exception handling. The used version of the
the pipeline are flushed and reexecuted. Let us consider the xis a four-issue architecture with six pipeline stages: instruc-
ample shown in Fig. 4, where at cyatean instructions;, reads tion fetch (IF), instruction decode (ID), register read (RR), exe-
its values from a write-inhibitea, _» instruction through the cution 1 (EX1), execution 2 (EX2), and writeback (WB). The
forwarding network. Meanwhile, let us assume that instructid@rwarding paths are EX1-EX1 and EX2-EX1. The EX2-RR
w1 generates an exception during the MEM stage. The resut@th is the normal writeback path giving a total of three for-
of wy_o would have been lost, but we need these values to warding paths that can be exploited for our low-power opti-
used during the reexecutionf,. Since neither the forwarding mization. The Lx ISA is a RISC integer instruction set that sup-
network nor the RF contains the resultsiaf_», the architec- ports speculative execution and prefetching. The RF provides 64
tural state seen during the reexecutionwgf(at cyclez + nn) 32-bitgeneral-purpose registers and eight 1-bit branch registers.
will be incorrect. A commercial software toolchain supports the development of

To guarantee that instructions in the pipeline are reexecu@@bedded software for the Lx architecture and provides a so-
in the correct processor state, write-inhibited values must pbisticated compiler, based on the trace scheduling [14]: an in-
written in the RFanytime an exception signal is generated istruction scheduling method consisting of high-level optimiza-
the ID, EX, or MEM stageand read-inhibited operation musttions and aggressive code motions best exploiting the ILP.
read operands from the register file after the exception. Thus, the
Read/Write Inhibit bits can safely be ignored by the microarchf. Results of Register Liveness Analysis

tecture in the case of an exception. To evaluate the impact of the proposed low-power optimiza-
In the previous example (whete,_, generates an exceptiontion on the Lz architecture, we set up an experimental envi-
in the MEM stage), the proposed solution forces the writebagnment to analyze the liveness length of registers in a set of
of the results ofwy._1 andwy_» in the RF; similarly, we need multimedia benchmarks and embedded real-world DSP algo-
to force the read of the operands from the RF for the successiitBms written inC for which the Lz-architecture is targeted.
read-inhibited instructions. Therefore, during the reexecution @lur main goal is to measure the dynamic percentage of register
wy, at cyclex + nn, the operands are read from the RF. definitions in the application code that can be directly read from
Let us now assume that exceptions are handlemhémract the forwarding network, without being written in the RF.
mode. In this case, to guarantee a semantically correct execuAlthough the register liveness analysis could be performed
tion, all instructions in the pipeline must be forced to write bacétatically by the compiler, we decided to perform a dynamic
the results in the RF. analysis, consisting of the inspection of an execution trace of
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Fig. 5. Average cumulative distribution of register liveness.

the program, because it provides us accurate run-time profilingeven with our simplifying assumptions, we can observe that,
information on how many register accesses can be inhibitedon average, 28.6% of register definitions havg € [1-2],

It is clear that the application of the proposed idea during t¥.8% of register definitions have,, € [1-3], and moving
early phases of scheduling and register allocation of the comfm-a [1-4] interval does not change significantly from the case
lation flow would provide greater power savings. This could bg,, € [1-3]. The peak percentage reaches 71.8% in the case of
achieved by modifying the scheduler and register allocator al{1-3] cycle interval, which represents the interval of interest
gorithm in order to prefer schedules that present shorter registarour architecture.

liveness. In our analysis, we do not take into account the case where
Each benchmark program has been compiled withfthe a register is never read between two successive definitions. In
compiled simulator, which is part of thier toolchain. fact, register overwriting can occur, for example, across basic

In our analysis, the compiled simulator source has been #locks or during context switches. Analysis of this type of reg-
strumented by in-house automatic tools to trace, each timéster overwriting is out of the scope of our approach.
very long instruction is executed, the following profile informa-
tion: register definitions, register uses, basic block boundariBs Results of Power Analysis

encountered, and cache misses occurred. To derive the power savings implied by our optimization, we
Once the simulator has been compiled and executed, the g§ifhulated at the transistor level the eight read-ports and four
erated traces are used to perform the register liveness analygige-portsL= RF characterized by 64 registers. We then mod-
To perform such analysis, we selected a set of DSP algorith@gq the RF with an extension of the linear model proposed in
(written in C) that represent a significant set of target appliz] that takes into account also a base power cost independent

cations for the embeddefz-architecture. Most of these al-from the number of accesses that are performed during a clock
gorithms are part of the Mediabench suite [15], while the reycle

maining part of algorithms are in-house optimized versions of
classical transforms (see [16] and [17] for an overview). Prr = BaseCost+ n,, Py, + 1. Py, ®3)
The average behavior of the register liveness for the interval
[1-20] is depicted in Fig. 5, where each point represents tidnerePrr is the average RF power consumption during a clock
percentage of definitions of a given liveness averaged on all thycle, BaseCost is a constant power value due to the overall
benchmarks. Note that for liveness lengths greater than four, 8wtching activity due to the clock signad,, is the average
cumulative percentage does not increase significantly. number of simultaneous write accesses to the RF (from zero
The behavior of the register liveness for the analyzed algm-four), Py, is the average power cost of one write access,
rithms is reported in Fig. 6, where, for a fixed benchmark, eaththe average number of simultaneous read accesses to the RF
bar represents the percentage of register definitions whose liffeem zero to eight), and’.. is the average power cost of one
ness is comprised within a fixed interval. For example, the blackad access.
bar represents the percentage of definitions that have a livenessrom simulations of the given RF implementation during dif-
length between one and four clock cycles. ferent and simultaneous RF accesses, we derived the averaged
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Fig. 7. Average power consumption of RF read/write accesses (values are normalized to BaseCost).

and normalized power results shown in Fig. 7. We can note thatFig. 8 reports the power saving by applying the proposed low-
when the RF is heavily stressed (eight reads and four writes jpemwer solutions to registers whose liveness length is less than or
cycle), the power consumption is 2.5 times the base power casjual to two (3) clock cycles. In the case of two clock cycles,

The power analysis of the proposed forwarding optimizatiadhe average power saving of the RF power for the given set of
has been derived by combining the power figures of our R¥enchmarks is 7.4%, while the saving can reach up 25%. In
model and the savings in the average number of RF accessedipeicase of three clock cycles, the average power saving for the
cycle, obtained by profiling each benchmark program througfiven set of benchmark is 7.8%, while the saving can reach up
the instrumented.zz compiled simulator. to 26.1%.
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Fig. 8. Register file power savings percentage of our approach applied to registers li@n@ssl<3) clock cycles for the selected benchmarks. The average
value for two (three) clock cycle is 7.4% (7.8%).

As expected, higher power savings have been obtained byeven considering the target architecture, the limited power
simulating algorithms whose kernel is composed of instructiosaving must be considered in conjunction with other techniques
that tend to reuse, as much as possible, available registersomlow power that can be orthogonally applied to the core and
the short term. This leads to very short register liveness thhe RF, globally providing a more considerable power savings.
can be exploited by our approach. In this scenario, the proposed
idea can be further exploited by changing the register-picking
algorithm in the register allocator as well as by modifying the
scheduler. In this paper, an architectural solution to reduce the power

The algorithms whose power savings are very low are chaensumption in VLIW pipelined embedded processors has been
acterized by a large amount of instruction cache misses grm@posed. The proposed technique exploits the forwarding net-
control instructions (such as branches) that tend to limit theork to save transition activity in accessing the RF. This paper
application of our optimization, even if they present a signifidiscusses how the low-power solution can be implemented at
cant amount of short definitions with respect to total definitionsompile time. An industrial application example demonstrates
This justifies the fact that the power savings of algorithms witthe effectiveness of the proposed technique from the power
similar register definition behavior can be very different (e.gstandpoint by reaching a maximum power saving on the RF of
adpcm encoder anddct & idct). 26.1% at a cost of relatively few architectural modifications to

Globally, the obtained results suggest us that the highelsé processor forwarding network. We are currently working on
power savings can be achieved for embedded systems chagdarger set of benchmark programs to provide a more extended
terized by a high register reuse on the short term and a limitegperimental evidence of the advantages of our approach.
number of instruction cache misses and control instructiondoreover, our ongoing work aims at extending the proposed
instead of general-purpose systems. approach by introducing a new level on the memory hierarchy

Concerning the overall power budget of the core plus the Rfonsisting of the pipeline microregisters level. This extension
we estimated that, forthe given architecture, the percentage of{sid Virtua”y increase RF space and, thus, reduce register
power ConSUmption due tothe RFis 19.9% [3] Thus, for an F'g‘_p”“ng code and their related power cost.
power saving of 26.1%, the corresponding overall power saving
is around 5%. However, in the case in which we add some bits
to encode the Read/Write Inhibit bit, we could consider a power
overhead that could compromise the obtained power savings. [1] ﬁi' ?tglaggz g'?;?é‘uflitgd E;ifﬁ%eéze\;‘&“'\gg‘iwgizg POVZZFBC%”Z%UTSSEH in

However, it should be noted that the target core is not Op-[2] K.gRoyand S.C.Praéauow:PowerCMOS’VLSIbri)r?:hit Design’NeW .
timized for power. Thus, this modest value is expected to be  York: Wiley-Interscience, 2000.
increased if we would have considered a low-power processof3] L.Benini, D. Bruni, M. Chinosi, C. Silvano, V. Zaccaria, and R. Zafalon,

. “A power modeling and estimation framework for vliw-based embedded
architecture where the percentage of the core power consump-

! . systems,” irProc. Int. Workshop Power and Timing Modeling, Optimiza-
tion is much more reduced. tion and Simulation (PATMOS'01%ept. 26—28, 2001.

VII. CONCLUSION
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