Improving Register File Banking with a
Power-Aware Unroller

Jo¢ L. Ayala, Marisa lbpez-Vallejo
Departamento de IngeniarElectbnica
Universidad Poliécnica de Madrid (Spain)
Email: {jayala,marish@die.upm.es

Abstract—The complexity of the register file determines the of the improvement in the compilation phase. The technique
cycle time of high performance wide-issue microprocessors due presented for reducing the complexity and number of ports
to the access time and size of this structure. Both parameters of the register file has also been combined with a low-power

are directly related to the number of read and write ports of i hich sh ti It : b
the register file. Therefore, it is a priority goal to reduce this PO!CY WNICh SNOWS oplimum results on energy savings by

complexity in order to allow the efficient implementation of Means of a simple and reduced extra hardware.

complex superscalar machines. The proposed banked register Finally, the effect of the loop unrolling mechanism is
file architecture, also supported with a design-specific compiler, extensively analyzed, and different approaches which modify
efficiently reduces both the complexity and the energy consump- this compiler optimization are proposed in order to take ad-

tion of this device. In particular, the loop unrolling mechanisms . : . -
devised modify this compiler optimization to take advantage of Vantage of the underlying architecture without compromising

the underlying architecture without compromising the system the system performance.
performance. The next section of the paper provides the motivation for

this work by presenting some previous works on the same
topic. Section Ill describes our proposed technique while

. o ) the unrolling mechanism is presented in section IV. The
In high performance wide-issue processors the register flg, o imental setup as well as the simulation results are shown

plays a critical role in determining the cycle time, directly, section v. Finally, section VI will draw some conclusions.
thorough its size. Furthermore, it accounts for a significant

fraction of the processor core’s power consumption. These
register files need to be large to support multiple in-flight Il. RELATED WORK

instructions and multi-ported to avoid stalling the instruction The energy complexity of register files has been carefully
issue. In the Alpha 21464, the register file design was seveggldied during last years. In [2], Zyuban et al. compare various
times larger than the 64 KB caches [1] and was split t@gjister file circuitry techniques considering their energy effi-
reduce cycle time impact. Both large size and high numbgiencies as a function of architectural parameters such as the
of ports result in slow access and high energy dissipatiofymper of registers and the number of ports. The dependence
This constitutes a very serious problem for the microprocessgr register file access energy upon technology scaling was
industry, unable to integrate such complex devices in the fingko studied by the authors. More recent approaches provide
integrated circuit. register file models for estimating delay, energy consumption

Current trend on superscalar machines is on designiggg area on complex implementations of the register file. The
multi-pipelined architectures. Recent improvements on teciork in [3] shows that partitioning the register file following
nology integration and computer architecture enable this growree axes (data-parallel axis, instruction-level parallel axis and
ing complexity. However, the bottleneck is clearly determine,ql,emory hierarchy axis) reduces the cost of register storage
by the access time to the multi-ported register file and thg,g communication but with some performance punishment.
unfeasible complexity of this device. Therefore, importanthis work also develops a taxonomy of register architectures
efforts have to be done on reducing the number of registgy partitioning and by optimizing the hierarchical register
file ports and energy consumption. organization to operate on streams of data.

The approach presented in this paper proposes a bankeédome previous works have proposed hierarchical and
register file architecture and a compiler support where thgked architectures for the register file but in these cases,
register assignment has been modified to allow the reductigRlike our, the only goal is to reduce the size and number
of the number of ports in the register file. Unlike previougs registers in the register file. Some examples are the works
approaches, this technique does not rely on additional memgyngd in [4], [5] and [6]. Some compiler approaches have
ries or complex logic that increase the total energy dissipatigiyg peen presented, like the work in [7] focused on VLIW
on the system. Moreover, the proposed approach avoids gjcessors.
penalty on the system performance by relying the complexity These previous approaches oriented to reduce area and com-

This work was supported by the Spanish Ministry of Science and TechnhIlEXity OT th? register file usually requ_ire substantial .Chgnges
ogy under contract TIC2003-07036 to the pipeline and have the potential to create significant

I. INTRODUCTION



complications as noted in [8]. In this work Park et al. propogsegisters and the sufficient read and write ports for enabling
to reduce the number of register ports through two proposatise normal functioning of the pipeline without performance
one for reads and the other for writes. The first approach negualty. For instance, a 22R/11W register file with 256 archi-
of an extra pipeline stage, while the second one perforrtectural registers, can be split into four 6R/3 banks with 64
bypass prediction. Both techniques can cause pipeline staishitectural registers per bank. Current architectures integrate
due to mis-predictions, punishing global system performana@milar number or even more registers in the register file.

The interest on banked register files arised years ago,The reduction of ports and size in the register file simplifies
when some partitioned architectures were proposed to redtice complexity of the design, reduces the energy consumption
the complexity of the monolithic register file [9]. Thoseper access and permits to follow the current trend on designing
approaches did not consider the energy implications of theulti-superscalar machines with a rapidly increasing number
technique and the energy overhead of the extra logic. Lateparallel pipelines.
works have improved former approaches using compile-time
techniques for clustered processors to exploit the tempoBal Register Assignment
locality of references to remote registers in a cluster [10]. To implement the improved register assignment policy we
But neither this technique considers the use of low powRave chosen the GNU compiler gcc 3.2 which is publicly
techniques and the design of power-aware logic to reduce #giilable, generates high quality code and supports multiple
energy consumption of the register file as well as the numhsmbedded and high-performance processors.
of ports. The compiler performs a first register assignment by trans-

An interesting work by Tseng et al. [11] achieves quite goddting the logical registers coded in the instruction word into
energy savings in a banked register file without compromisinige physical registers available in the hardware. This software
the IPC of the machine. However, the number of register filgssignment is later modified by the register renaming hardware
ports is not reduced and even increased since the main geaivoid hazards. The approach presented in the paper assumes
of these authors is not to reduce the register file complexitg banked register renaming hardware like the one proposed

Further, in [12] Kim et al. introduce techniques for reducingn [15] for saving energy. In this way, the compiler decisions
the number of ports in the register file by means of the additieme not destroyed by the renaming mechanism because it
of some auxiliary memory structures. This approach can effgestricts renaming to a single register file bank.
tively reduce the number of ports without noticeable impacting As was previously commented, this approach presents a
the system performance or IPC. However, the energy overheaaltic technique based on a modified compiler together with
of the extra hardware is not negligible. a dynamic technique based on modification of the register

Finally, the influence of compiler optimizations in powerenaming hardware. Both schemes will be explained in the
consumption has been previously studied at different detéillowing paragraphs.
levels [13], [14], supporting these works the main assumptionsGcc, when assigning an architectural register to the instruc-
made in our research. tion operands, retrieves the first available register from a list

To the best of our knowledge, no single approach hé&a FIFO) of free registers. The order of the registers inside the
considered both the banked architecture of the register fiist is not representative and depends on the specific hardware
as a low-power low-complexity mechanism, and the impact afchitecture. Since gcc does not consider any restriction on

loop unrolling in the efficiency of this technique. assigning the registers, these are selected consequently and,
therefore, all the operands in our approach would come from
[1l. APPROACH the same register file bank if no modification to the register

As was previously said, there are two main goals in o@sSignment algorithm is accomplished. y
approach. First, to reduce the number of ports of the registero_ur register assignment policy mod|f|e§ the Frad|t|or?al
file to decrease the complexity and the access time of ﬂzﬁ§5|gn_ment by p.romot[ng every o.perar?d In th? mstrucnon
module. Second, to reduce the energy consumption of the sdthé different reg_lster file bar.1k. W'.th this mod|f|cat|on, t-he
device. number of ports in every register file b.ank is reduced since

These goals will be achieved by means of a modified regisigﬁl:c,haccelsseshperfblrlamk ri\jrebperfﬁrmed m_lparallel. . h
file architecture split into smaller banks with reduced number e algorithm followed by the compiler to assign the

of ports, and a compiler support that modifies the registgFCh'teCtural .reg|s.ters IS _shown n Flgqre L. I.nltlally, the f|rsF
agallable register in the list of free registers is selected. This

assignment in order to efficiently use those banks. Morover, a”. ,
low-power policy turns unused banks into a low-power stafgdister is double-checked to be free and not system-reserved
d, after that, compared to the registers assigned to the other

to save as much energy as possible. The following sectio . . . .
y P : nQperands of the instruction. If the register file bank for the

will describe both architectural and compiler modificatio g .
: operand under assignment matches any of the other operands
proposed in our approach. . . . : :
of the instruction, this register is promoted to the next bank
) _ and the procedure is repeated. When the register is selected,
A. Banked Register File the liveness of the register is calculated and the annotation is
To achieve our goals, the register file is split into severgenerated. Once the register assignment is completed, every
sub-banks with reduced complexity, number of ports and inteperand of the instruction has been disposed in a different

grated registers. These banks must provide the same amountgfster file bank.
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The control logic only needs to attend to the operand labels
coded in the instruction to detect the unused banks (a detailed
explanation of this logic and such approach can be read
in [15]). The detection of the banks required by the instruction
has to be done with enough time in advance for turning
them on before the access happens. Given that a maximum
of three register file banks are accessed per instruction, the
unused banks are turned into the low-power state reducing
significatively the energy consumption.

During the fetch phase of the out-of-order pipeline, the
instructions are read from the instruction memory and placed

into one of the fetch buffers. If no fetch buffer is available,
then fetch stalls. During the dispatch phase, the instructions are
taken from one of the fetch buffers and placed at the tail of the
instruction queue. When an instruction is enqueued, it may or
The approach presented in this work is developed for thgay not have all of its operands, and it will wait in the instruc-
separate implementation of the rename buffers [16]. In otibn queue for the availability of the operands. Once all the
discussion about the implementation of register renamig@erands of an instruction are valid, its operands, opcode, and
alternatives we will consider only one aspect: the allocatian are sent to the input registers of the appropriate functional
of a free rename buffer to a destination register. Whenevgifit. Therefore, there is time enough for turning the registers

an instruction referencing a destination register is issuedoa before the access happens without any performance penalty.
new rename register needs to be allocated to the destination

register concerned. This allocation is performed by looking for
and reserving a free entry, and properly initializing its fields,
in a FIFO of free registers. Previous research and simulations conducted on this topic
In our case we split the 256-position FIFO of free registefiave shown how the presented approach can fail when the
into four 64-position FIFOs. The size of these FIFOs has fdimber of required registers cannot be satisfied by the register
be large enough to provide rename buffers to the destinatidg bank. In those cases, the pipeline has to stall, reducing the
registers but avoiding to become emptyn this way, the System performance. This effect is particularly notorious inside
problem of indetermination concerning the register renamit@eps when the compiler unrolls them.
process has been mostly solved. Instead of assigning freé00p unrolling intends to increase instruction level paral-
rename buffers from the same FIFO to the whole set of logidglism of loop bodies by unrolling the loop body multiple
registers, the first set of 16-logical registers is assigned to tfii@es in order to schedule several loop iterations together. The
first FIFO, the second set to the second FIFO, the third to thi@nsformation also reduces the number of times loop control
third one and the last set of 16-logical registers is assignedsi@tements are executed. As loop unrolling reduces execution
the last 64-position FIFO. time through effective exploitation of ILP from different
Summarizing, the banked register file architecture is suigerations, it has been presented in the past as an effective
ported for a banked FIFO of free registers which assuré@mpiler mechanism to reduce the energy consumption.
that the renamed registers belong to a specific register filesHowever, loop unrollers perform better for in-order archi-
bank, and for a modified compiler which spreads the intructidactures. Current widely-available compilers are not able to
operands among the different banks of the FIFO. Therefofploit the dynamic scheduling facilities found in out-of-order

the assignment of physical registers is partially controlled fropfocessors, and the ILP improvements are not so spectacular.
the compilation stage. On the other hand, the unroll of outer loops (or the unroll of

inner loops by large factors) exploits the register requirements
and increases the energy consumption on the register file.

C. Low-Power Polic
y Recent research in modern architectures has shown how loop

The implementation of the register file in several banks C%rolling proved to have little effect in terms of program
also be used to reduce the energy consumption in this devig;

. . ecution time [14]. Moreover, these works did not consider
The low-power policy turns into a low-power state those banlfﬁe increment on energy consumption due to the increased
not required by the current instruction.

Thi iso | i i it i register usage when the unrolling takes place.
tech IS pret0|se dow—pt?]wer poliCy app |est_a vof ?r?e SCaliNg g section presents a power-aware unroller mechanism to
echnique to reduce the power consumption o these unus ciently reduce the energy consumption in the register file

bar:rljs to at m||r|1|m_unt1. '3 (:uatl vc;l_tar?eb soliJrce;] IS Ir(ljesd?d asdw out-of-order processors. The modified unroller considers the
as the control logic to detect which banks should be turne llowing alternatives:

and when to perform this reconfiguration. The memory cells ) . . .
are turned into a low-power state which requires to reinstate® Selection of an unroll factor which fits the register
requirements into the available register file bank.

the cell contents one clock cycle before the actual access [17]. ) .
o Use of an unroll bank of registers to perform unrolling

1The correctness of the 64-position choice has been validated by simulation. in a safe, energy-controlled space.

Fig. 1. Register assignment algorithm

IV. DESIGN OF THELOOP-UNROLLER
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A. Selection of the Unroll Factor

Once register assignment is performed by the compiler and
before any loop unroll has taken place, the number of required
registers inside the ness. For that reasonuaroll bank of

registers will be considered.
This bank of registers consists of a bank with reserved \W

registers, whose size is bigger than any of the register file

banks, and that remains off during normal execution. Whéifg. 2. Loop unrolling mechanism

needed, the unroll bank of registers has to be explicitly turn

on by the compiler, switching off the rest of register file banks o . o

(i.e. the working register file bank is reconfigured to one biggé Deactivation of the Loop Unrolling Optimization

to be used during the loop). Previous compilation phases can return an error result if
In order to perform this operation, the registers currenttyhe estimated unroll factor remains below a threshold, or

used as inputs inside the loop have to be moved to the unrbié required registers inside a target loop cannot be fed by

bank of registers (the contents have to be copied). Also, whitve unroll bank of registers. In those cases, provided that

the loop exits, the output registers have to be moved to ttlee main goal is the power reduction, the loop unrolling

register file bank they belong to. This requires some extogtimization will be deactivated for the considering loop.

clock cycles to perform the operation, which negatively impai#¥hen the estimated unrolling factor is below the previously

the system performance. Therefore, this compiler optimizatiset threshold, the optimization will be deactivated. Therefore,

will be only allowed in long and frequently executed loopshe banked approach previously presented can perform with-

with strong register requirements (i.e. those loops which repi@it modification and the energy savings will correspond to

sent higher energy savings and the energy-execution tradetbfise unused register file banks. The complete picture of the

is justified). unrolling process is shown in Figure 2.

new unroll

factor

. V. IMPLEMENTATION AND EXPERIMENTAL RESULTS
B. Use of the Unroll Bank of Registers

) ) ) The architectural modifications proposed in the previous

The previous phase can result in the selection of an Wciions have been simulated with a simulator derived from the

roll factor too small if the loop requires a great amoungimnlescalar 4.0 tool suite [18]. SimpleScalar is an execution-
of registers. This reduced unroll factor could determine given simulator that implements a derivative of the MIPS-IV

penalty in the system performance because other optimizatiggyction set. The architectural details of this approach are
such as common-subexpresion elimination, induction-varialj@<ribed in [15] and [19]. The proposed loop unrolling mod-
optimizations, instruction scheduling or software pipelining;-otions have been performed modifying the implementation
loose effectiveness. For that reasonuaroll bankof registers ¢ tha GNU compiler gcc 3.2, which is publicly available,

will be considered. _ _ _ generates high quality code and supports multiple embedded
This unroll bank of registers consists of a bank with reservegq high-performance processors.

registers, whose size is bigger than any of the register filethe simulated baseline configuration uses a multi-ported
banks, and that remains off during normal execution. Whegyister file implementation with 256 registers and 6R/3W
needed, the unroll bank has to be explicitly turned on by g5 e g. it is configured for a 3-issue machine. The central

compiler, switching off the rest of register file banks (i.e. thinplementation of the register file will be splited into 8 banks
working register file bank is reconfigured to a bigger one Qi 32 registers per bank.

be used during the loop). . . Next sections will describe the experimental results col-
In order to perform this operation, the registers currentfgcteqd for every proposed compiler modification.
used as inputs inside the loop have to be moved to the unroll

bank of registers (the contents have to be copied). Also, when i i

the loop exits, the output registers have to be moved to the Selection of the Unroliing Loop

register file bank they belong to. This requires some extraAs was previously explained, the banked architecture de-
clock cycles to perform the operation, which negatively impastgned to reduce the complexity and energy consumption of
the system performance. Therefore, this compiler optimizatitime register file, fails on providing the required registers when
will only be allowed in long and frequently executed loopshe loop unrolling mechanism exploits the register demands.
with strong register requirements (i.e. those loops whicFhese failed cases are related to the specific register demands
represent higher energy savings and whose energy-executbevery benchmark as well as to the loop’s possibilities to be
trade-off is justified). unrolled.



Fig. 3. Percentage of failed loops Fig. 5. Percentage of failed loops after factor selection (post-compilation
estimation)
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Fig. 4. Percentage of failed loops after factor selection (worst case estimatibif): 6. Percentage of failed loops after the use of virtual registers

B. Use of the Unroll Bank of Registers

Figure 3 shows the percentage of failed loops (those that ex{or this set of experiments, the architecture is extended with
ploit the register demands and cannot be fed by the register fil¢ extra bank of 64 registers. Thisroll bank of registers
banks) for some benchmarks selected from the MiBench suifgill be used when the unroller factor cannot be conveniently
As can be seen, the behavior of every bechmark regarding Hfected. The post-compilation mechanism will be used to
percentage of failed IOOpS is qUite diﬁ:erent, ranging from tl’&“mate the factor selected by the Comp“er_

2.2% of thesusanbenchmark, to the 24.6% difitcount The use of an extra bank of registers requires to copy the

The selection of the loop unrolling factor mechanism hd€gister contents from the register file to this bank. In order to
been implemented in two different ways in this first stage @finimize the performance penalty incurred by this mechanism,
research. Firstly, as the loop unrolling factor can be hardlyst the most time-consumming loop inside the code will
estimated before the full compilation process has finishee selected. Previous profiling of the code has revealed this
the worst case estimation has been selected. The maxirﬂﬂdﬁrmatlon- _
unrolling factor used by gcc can actually be known from Figure 6 shows the percentage of failed loops after com-
the compiler internals before unrolling the loop. Using thigilation using the unroll bank. As can be seen, some of the
estimation, the unroller factor is selected in order to keep thenchmarks (those with a loop with represent a significant
register demands fed by the register file bank and, at the sap@étion of the execution time) present in this approach a better
time, select always an unroller factor above 2 (to allow furth&ehavior, while others (those where a significant loop cannot
compilation stages to increase the performance of the execugédfound) have increased the percentage of failed loops. In
code). average, the percentage of failed loops have been decreased

0,

Figure 4 shows the percentage of failed loops after tﬁ%a 5'5?/0' .

For this approach, the performance penalty incurred by the
unroller factor has been selected based on the worst case ;
o . extra clock cycles needed to use the unroll bank of registers
estimation. As can be seen, the percentage of failed Io%)s ; .

. as also been measured (Figure 7). In average, this does not
has been reduced for every benchmark, moving the averageresem more than a 3%
from 8.69% to 8.23%. The remaining failed loops respond {5P o
the wrong estimation made by the worst case estimation case,

and the impossibility to find a loop unroller factor above th€. Deactivation of the Loop Unrolling Optimization

threshold. Some of the benchmarks’ loops cannot be fit in the register
Secondly, the loop unroller factor is estimated after a podite banks by tuning the loop unrolling factor and meeting at
compilation stage. In this approach, the compiler is allowdtie same time the defined threshold. For those loops, the loop
to finish the compilation process and, after recovering tharolling optimization is deactivated. The size of the register
selected unroll factor, recompiled with the new selectiofile banks (32 register) has been selected in the way that they
Figure 5 shows the percentage of failed loops after the untoltzan feed the register demands for every benchmarks when
factor has been selected on the post-compilation estimation.#s un rolling is applied. Therefore, the percentage of failed
can be seen, those failed loops due to the wrong estimation@dps after the deactivation of the unrolling is very reduced
the unroller loop are corrected, and the average count of failgeigure 8).
loops is decreased to 5.96%. However, the unroller factorAlthough the deactivation of this compiler optimization
cannot always be effectively tuned and some failed loops stilbuld seem that strongly compromises the system perfor-
remain. mance, recent research for modern architectures has shown
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Fig. 7. Performance penalty after the use of the unroll bank of registers
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Fig. 8. Percentage of failed loops after deactivation of the loop unrolling[15]

. . , 16]
how loop unrolling proved to have little effect in terms ot[
program execution time [14]. [17]

VI. CONCLUSIONS [18]

Partitioned register organizations of the register file dramat-
ically reduce delay, area, and power dissipation in comparis@a]
to the traditional central implementations. Moreover, banked
implementations of the register file scale better when designing
high-complexity high-performance superscalar architectures.

Common compiler implementations usually increase the
quality of the code as well as the execution performance.
However, they can turn inefficient when the underlying archi-
tecture has been modified attending to area, delay or energy
considerations. In this way, when the register file is partitioned,
the traditional unrolling mechanism can exploit the register
demands of internal loops, stalling the pipeline execution if
the register file bank is not able to feed them.

In this paper, the proposed banked architecture for the reg-
ister file is supported by a design-specific compiler where both
the register assignment task and the loop unrolling mechanism
have been modified to take advantage of the complexity-aware
power-aware register file with a low performance impact.
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