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Abstract a large IPC penalty as each branch misprediction requires
the mispredicted branch instruction to reach the head of the
In recent years, processor manufacturers have convergédootypes of ROB pefore recovery can start.

register file architectures. Both IBM with its POWER seriesl éntel with Lo . .
its Pentium series are using a central storage for all itifiglues, which An _altematlve 1S j[O make the WhOI_e set of phyqul regis-
offers a high performance potential. AMD, on the other harsés an opti- ters directly accessible at each pointin execution witlirout
mized implementation of the Future File for its line of Opterprocessors. plementing an architectural register file. This is the applo
Both approaches have limitations that may preclude thegpbcagion in fu- taken by the MIPS R10000 and many later processors. The
ture processor implementations. The centralized rediis¢escales poorly ... . S . .
in terms of power-performance. The Future File may be lichiby the difficulty is that this single register file has to be accedsed
requirement of distributed reservation stations and byothach mispredic- supply values for computation and for misprediction recov-
tion recovery scheme. ery. Itis typically accessed after an instruction is schediu
This paper proposes to give processor designer teams awbiiee by 1 ayacyte, even if source operand value(s) were available
combining a traditional future file architecture with thencept of a cen- - L
tral physical register file. This new register file is usedtia tfront end” Much earlier. As a result, this file needs to be both large and
in combination with value storage in the instruction quedaurther, it is heavily multiported, which drives the energy consumption
shown that, contrary to what happens with a centralized Rik8larchitec- high.

ture, the proposed architecture can use banking that sselewith the size : : _
of structures in the processor. Only a 0.3% IPC degradatas abserved Recent work has focused mamly on reducmg the num

when using this technique. The energy savings due to barddagully P€r Of ports and the number of registers. The approach pre-
utilized in our proposal. Further, the implementation iswh to integrate sented here proposes to increase the total number of negiste

well with a technique to early release short lived values Weacallwrite-  /ig replication while heavily reducing the number of ports.

back filtering Overall, the resulting energy delay product is lower than i . - .
previous proposals. Repllcatlng registers can be done in several ways. One op-

Keywords: Register File, Reservation Stations, Register Distrﬂon IS to |mplement multiple copies of thg reglsterlflle. g_-h'
bution. IPC. Low Power has been used in the Alpha21264 [1] or in the register file of

the Netburst microarchitecture [2].
An alternative is to replicate registers depending on their
1 Introduction status. With status we refer to several register propesties
as whether it has a calculated value or whether it has been
Memory-based structures in modern microprocessor havergpramed.
creasingly large energy requirements. This is especialby t In an approach based on a future file, we can distribute the
if access rates to such structures are high. One such confpgisters among several register files using the registierst

nent is the register file. : . . .
One approach is to use an architecture based on the future ng|cal registers, not renamed by Ia.ter mstrucﬂon;, and
with a calculated value can be kept in the front-e(id

file, which uses an architectural register file and the future '

: L . . . a future file).
register file in the front-end and reservation stations i th
back-end. The future file is not very large and is thus quites All other registers that do not have a calculated value
energy efficient. In case of branch misprediction, old r'egl":llnthis paper we consider the front-end to include all stames insertion
ter Va_lues need to be repovered from th§ reorder buffer. IN-inyg the issue queuesireservation stations. The queuesmsiered to
creasing memory latencies can cause this approach to suffese part of the back-end




must wait in reservation stations or be sourced from tttee processor can determine that no new instruction egterin
bypass network. the CPU will read the value from the front-end register file.
. . _ . While not exactly the sam&\riteback Filteringis strongly

e Athird register file is needed to source registers that A8 ted toEarly Releaseéechniques such as [7].
necessary in the case of branch misprediction recovery

or an exception [3]. We will make use of this idea in

our proposal, but the registers will be kepttogetherwi? Related Work

the future file registers by assigning physical register

numbers to all registers. The body of related work on register file energy optimization

The approach proposed here uses a single register file ddfarge. Many recent papers have proposed mechanisms to
taining all physical registers. Restarting executionraéte reduce the number of the ports by means of modifying the
mispredicted branch can then be done using a map recoveggister file architecture, such as [8] [9] [10] [11]. A reedc
assuming the processor stores the current rename map iwi@ber of ports may be more efficient both in terms of en-
rename stack on each conditional branch. Thus it perform@rgy and access time, which can improve performance. The
faster recovery then the typical future file which requirks anechanism proposed in this paper is completely orthogonal
previous instructions to commit before the architectutaties to these, and can also benefit from a reduced number of ports.
at the time the branch was decoded has be recovered. A differentapproach is to reorganize the registers inte sev

The new approach proposed here starts by taking a futaral files, concentrating most activity on small files with i
file architecture and replacing the future file by a physicé#é power consumption. [12] is an example of this approach
register file. As source operand registers are renamed, it based on the isolation of narrow operands. Hierarchical reg
be determined if a source register has a computed value. Tter files, such as those presented in [13] [14] [15] and-clus
front-end physical register file is only read in such casg, stering techniques such as [16] [1] [9] are another example
nificantly reducing the access frequency. Combined wit this technique, which effectively trades size, speed and
the higher IPC due to faster branch recovery, it improveswer consumption.
the energy-delay product compared to the two traditional ap Another research direction has focused on changing the
proaches as will be shown later. register allocation algorithm to reduce the register resui

A new structure to hold such "early read” values is createtents of the architectur&arly Releaséor Early Recycling
in the instruction queue payload RAM. Its function is simildrees registers before the commit stage of the next indtnuct
to that of reservation stations. It is smaller than the ptaisi that writes to the same logical registers [7] [17] [18jrtual
register file and thus consumes less energy. It is writtem imegisters[19] try to delay the allocation of the physical reg-
by each completing instruction, if the produced value is bister until the writeback stage of the instruction. Another
ing waited for by one instruction. approach to reduce registers is to exploit repeated vatues i

This architecture has some similarities with the Powhe registers [20] [21].
erPC620 [4]. The main difference is that PPC620 imple-Our approach is somewhat based on fhuture File or-
ments the set of physical registers as two separate regiggenization. The Future File dates back to 1985, when it
files (the logical registers plus the rename buffers) and ouas proposed by Pleszkun and Smith in their work on pre-
baseline allocates both types of registers in the same meise exceptions [22]. The original proposal only provided
ory structure. operands to instructions via a logical register file in tromfr

The contribution of this paper is not only an architeend which receives the namelediture File Modern Future
ture with a physical register file in the front-end that hdsles have the capability of reading operands from both the
a better energy-delay product. The analysis presented disture File and the Architectural Register File [23]. This
shows that this particular configuration is well suited fog t is specially useful after an exception/misprediction, whe
application of power-performance optimizations that impprecise instruction state needs to be recovered. The main
power-performance trade-offs. This is a result of the tegisdifference with the Future File is that the our architectigre
distribution on which the architecture is based. As a resulesigned around the concept of physical registers to igenti
the best energy-delay product is achieved. the state of the processor. Thus, while a Future File archite

We investigate the use of two optimizations with our fronture can only recover from a mispredicted branch by drain-
end physical register file architecture (FPRF). The firdtés ting the ROB, our proposed architecture can recover directly
well known technigue of register file banking. We will comfrom the physical registers. Future File architecturestille
pare our front-end banking proposal with a recent bankihging used in the form of the AMD K7 and K8 microarchi-
proposal in the back-end [5] where all operands are readtafstures [24].
ter issue. The second is writeback filtering, a technique toThe future file can be extended with rename buffers to pro-
eliminate unnecessary writebacks into the register file; covide access to the full processor state at once. This has been
ceptually similar to [6]. Writebacks are unnecessary whanplemented in the PPC620 [4] and POWERS3 processors.



However, these two processors still require the architatt : : :
state to be copied from the rename buffers during retirement=—= | ... ... Lo Lo
Having an architectural register file in the front-end sost AP | P
the pipeline one stage (access can be performed in pawallel t
rename stage) but increases the number of register transf
in the chip. -
A directly related work is the research by Tseng et al. 0 stack | .
banked register files [5]. This work discusses in detail an “""'""F'F;F;F’ """"" i
efficient implementation of banking for the register file of a l LR \ '—‘
R10000-like architecture. As our proposal implements bank H ]
ing of the register file in the front-end we are interestec® s T T Mhemvermonnow /
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how it compares to a proposal that uses similar techniques smecTione
for a back-end physical register file. A
Finally, the Writeback Filteringtechnique that we eval- .

uate is tightly related to other research in microarchitec-

ture. Freeing registers before the commit of the instructi&igure 1: The Front-End Physical Register File Architeetur
that renamed the corresponding logical registers is gpera

known asEarly Releasdn literature. This technique was

first described by Moudgill et al. [7] and has been used Lurce and destination registers get renamed. Using this in

tensively since. Our proposal, based on the release of-shprt” ~ " : X
. N rmation the instruction accesses the FPRF, a two stage pro
lived values, is similar in concept to other work performe - o .

: : cess consisting of arbitration and data access. After taié av

in the context of out-of-order architectures such as [6] and, . o ave been given to the instruction, it is ingerte
also in the context of VLIW architectures [25]. However 9 '

. o . ihto the instruction queue.
as will be seen there are significant differences between Ouﬁ'he back-end pipeline works as follows: When the func-
proposal and these two papers. PP '

tional units generate a result, this value is sent to all depe
dent instructions in the queue. In case there is an instnucti

_ ; ; waiting, the value is written into the corresponding entfy o
3 F!’Oﬂt End PhySICal ReQISter the Value Register File (VRF) which is part of the payload
File RAM of the instruction queue. The VRF is driven by the

wakeup logic signals and thus works like a register file that
This section describes thigont-End Physical Register File does not require a decode stage. The value also gets written
Architecture(FPRF). The FPRF pipeline tries to provide ininto the FPRF, as indicated by its physical register designa
structions with their operands as soon as they are availabbe. There is also a possibility that a value is bypassed to a
Further, it implements a banked central physical regideer filependent instruction.
in the front-end that allows for fast recovery with limited
complexity. . .

The FPRF Architecture, like a Future File, reads availaﬁe:L FPRF Pipeline

registers in the front end. However, in our approach the rese pipeline of the FPRF Microarchitecture adds one stage
isters are accessed via a mapping into a centralized regigie, typical 8-stage pipeline consisting of fetch, decode, r
file that contains all registers. This has two implications: 5 me queue, issue, execute, operand read, writeback and

1. Access to computed values in the front-end needs tot':\é\%n Qc;tdit%unealt ostt;lgeeZPiEFthéil;Cs;i 'th?r?efﬁggﬁ:g thIErzan'zthaere
delayed until the rename stage has completed : i
yedunt 9 P back-end the operand read stage disappears. This reduces

2. The number of registers in the front-end, being equaltf ength to a single additional cycle.
the total number of registers, is much larger than it is in The FPRF access consists of two stages. In the first stage
a Future File Architecture. the source registers are analyzed to check for conflictsein th
access of the FPRF. Since we are aiming for a banked FPRF,
For this reason this file is now called tReont-End Physical there can be conflicts if too many registers try to access the
Register File As will be seen, maintaining this file in thesame bank in the same cycle. Whenever this condition oc-
front-end instead of the back-end has several benefits.  curs all stages until the FPRF stage halt.
Figure 1 shows the full microarchitecture of the FPRF ar- We will also be comparing our banked FPRF against a
chitecture. It can be seen that the instructions, after-pasisigle-banked configuration that is fully ported and theref
ing through the decode stage, enter the rename stage whlees not require an arbitration stage.



Figure 2 shows the pipeline modeled in this research. The
main additions are the stages ARB and FPRF. The ARB
stage represents the arbitration stage. During rename; an i
quiry is made to know if the source registers that are being.
requested have computed values. This is implemented via &
bit vector with as many entries as logical registers. In theé
case of the Alpha ISA, which we are modeling, this requires %
maintaining two 32-bit vectors, one for the integer dathpat
and another for the floating point datapath. Each entry of
this bit-vector indicates whether the corresponding laljic
register has a computed value or not. In case the computed
value is available a read to the corresponding integer arfloa
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ing point FPRF is started. The ARB arbitration stage logic CBYPASS T WRITEBACK e FPRE EEE
checks if access to the FPRF can proceed during the next cy-
cle. The front-end, starting from the current instructian, Figure 3: Distribution of Integer Operands

stalled if some value cannot be read the next cycle.

During the arbitration cycle, priority is given to older in-
structions to access the operands. This makes sure that the
front-end does not dispatch instructions to the instrunctio
gueues out-of-order.

The number of ports for each bank has some constraintsg
The most notable is that there need to be at least two read
ports per bank. Some instructions will obtain both operandsz
from the FPRF. It's clear that the processor needs to be ableé
to handle the case in which both these operands are in the
same bank. If there were only one read port per bank, the
registers would need to be obtained in different cycles. Al-
though this can work, it increases considerably the complex £
ity of the design.In the future we plan to evaluate mech-
anisms which would allow us to work with single-ported [ BYPASS WRITEBACK Bt FPRE S
banks in the register file.

Once the arbitration has been done and the arbiter has Figure 4: Distribution of FP Operands
granted access to the FPRF, in the next cycle the FPRF read
occurs.

After the instruction has read the necessary values it is
serted along with them in the instruction queues. This h
pens during th€Queuestage. The register values are insert%

into a payload RAM associated to the instruction queue In the event of a branch misprediction our architecture be-

This file is called the{alqe Reg|§ter '.:'kéVRF)' .., haves exactly like the R10000. If a prediction turns out to be
There are no special issues in this stage. However, it’s in-

teresting to note that the access rate to the FPRF is Iowertna(g orrect, the processor lmmedlately aborts all instarcii .

. . : etched along the mispredicted path, restores the mapping
a back-end physical register file. Lower access rates m r%rr]n the branch stack and starts fetching instructions from
that less conflicts will occur in the front-end and also thﬁ% 9
I . . e correct path.
it will have less energy consumption. In particular we ob-
served that the number of integer operands that are obtained
from the FPRF is about 40% of the total while for floating 2 Read Sharing
point operands this number decreases to around 20%. This
has been measured over Spec2000 using the configurafiooesses to the same logical registers are often clustered d
presented in Section 4. Figure 3 and Figure 4 show the &g program execution. For example, many instructions have
act distribution of integer and fp operand sources averadhd same logical register for both register sources. On the
over 100 million instructions for each Spec2000 benchmadkther side it is also common that the same register is used
In these figures, the box labeledBRF accounts for those by several instructions. For example, instruction segegnc
operands that have been read in the front-end from the FPRRBt manipulate objects on the stack will normally source

The box labeled a8VRITEBACKrefers to those operandghe stack pointer register. These register accesses caanot
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{Rat are obtained via writeback into the VRF. Finally, the la
| BYPASSefers to those values that are sourced from the
pass network.
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Figure 2: The Pipeline of the FPRF Architecture

distributed among different banks. When they appear thégethe rename stage. However, the operand itself will not be
is a high probability that a register access will result in @roduced until the execution stage has completed, whidh is a
bank conflict. This suggests that conflicts in the accesslgéast 5 cycles in the future. In general we can delay the com-
the FPRF can probably be effectively reduced by using thetation of the filter mask a number of cycles equivalent to
technigue known as read sharing [14]. Read sharing allotlue distance between rename and writeback. However it has
multiple reads of a same register to happen using a singlédbe noted that delaying this computation will allow many
port which issharedamong the instructions. Previous workinnecessary writebacks to happen because a physical regis-
on banked register files by Tseng et al. [5] has also used tigisthat is no longer necessary may appear as mapped in the
approach. Read sharing will be evaluated later in the contéiker mask even though it does not belong anymore to the
of the FPRF architecture. current mapping.

This lazy writeback scheme allows the designer to pro-
. . . pose slower but pipelined hardware structures to compute
3.3 Writeback Filtering the filtering mask. For example, one proposal would be to

In the FPRF implementation described so far all values &g a slow multistage OR structure to compute the OR of the

written back into their physical register in the FPRF durirtgveral checkpointed rename maps, assuming that a CAM-

the writeback stage. However recall that a future file arciiyle renamer is being used. We expect such a structure to

tecture is being used. The front-end of such an architect@feslower, but also less power-hungry compared to precise

needs only to maintain copies for those physical registé¥§posals based on counters such as [7].

that may be needed in the future. There are two types ofn section 5 we will provide performance results on write-

such registers_ First, all Computed registers be|0nginb&o back fiItering for a scheme that computes the filter mask im-

current architectural state must be in the FPRF. Second,"a@idiately. We have not evaluated the lazy scheme but expect

registers that may be needed in the case of a misspeclii® have very similar performance.

tion or exception recovery need to be in the FPRF as well.We will present some preliminary results in Section 5.

The total number of registers that are generated by write-

back is larger than these two numbers combined. Many reg- .

isters that are renamed twice in a short interval do not app£1 Experimental Setup

in any of the current mappings and thus the first result will

not be needed in the future. If this can be detected in tink@r the evaluation of the FPRF architecture we used a mod-

then the writeback can be filtered and the write to the FPHied execution driven simulator based on SimpleScalar that

can be eliminated. To implement this strategy the processwrdels an out-of-order processor. The simulator executes

needs to analyze the mapped registers in all rename chdakaries compiled for the Alpha ISA. Our benchmark suite

points plus the current mapping and decide if the registamsists of all benchmarks of the Spec2000 suite compiled

that is being written back is necessary. Checkpoints neednvith Digital cc using "-O2”. We simulated 100 million of

be taken at all instructions that may cause a replay. Themmmitted instructions.

are many such instructions but the vast majority are condi+irst a baseline out-of-order microarchitecture was simu-

tional branches and load operations. Registers that arelated and then we extended it using the enhancements pro-

referenced anywhere are candidates to be filtered out dugwged in this paper. Finally, we implemented the model de-

writeback. scribed in [5] for comparison. The common parameters of
One very interesting property of the writeback filteringll configurations are shown in Table 1.

concept is that lazy implementations can be built that areTo evaluate our proposal with the read sharing technique

out of the critical path. The information whether an operamek simulated the 6 configurations summarized in Table 2 and

needs to be written back or not can be computed right described below.



Fetch/Issue/Commit Width 4 instructions/cycle

Branch Predictor Combined bimodal + 2-level

I-L1 size 32 KB, 4-way, 1 cycle latency

D-L1 size 32 KB, 4-way, 2 rd/wr ports, 1 cycle latency
D-L2 size 256 KB, 4-way, 2 rd/wr ports, 10 cycle latency
Memory Bus Width 32 bytes

Ports to the Register File 8 Read & 4 Write

Reorder Buffer Size 128

Memory latency 100

Integer Physical Registers 160

FP Physical Registers 160

Load/Store Queue 128 entries

Integer Queue 32 entries

FP Queue 32 entries

Integer Functional Units 4 (latency 1)

FP Functional Units 4 (latency 2)

Table 1: Common parameters for all configurations

1. Base-SHORTS our optimal baseline configuration. We

have used two baselines to benchmark our proposal.
Both Base-SHORT and Base-LONG simulate an out
of order configuration with a full-ported centralized
physical register file in the back-end. This architecture
is based on the MIPS R10000 microarchitecture [26].
Base-SHORTsimulates an architecture with a three-
stage front-end and a six-stage back-end. This con-
figuration has a pipeline that is one stage shorter than
our FPRF pipeline. The performance will be better not
only because it does not have conflicts in accessing the
register file, but also because the branch misprediction
penalty is smaller than in our proposal. This is the rea-
son why we introduce Base-LONG.

. Base-LONG s an architecture identical to Base-

SHORT, but with an additional stage in the pipeline.G-

This modelis identical to our model in number of cycles
paid when a branch misprediction happens. We intro-
duce this model to evaluate how much IPC our proposal
loses when the only difference lies in the front-end con-
flicts and subsequent stalls of our architecture.

. FPRF-8B2R2Wis the first configuration based on our
proposal. It features an FPRF consisting of 8 banks,

mization described in Section 3.2. Comparing con-

figurations Base-LONG, FPRF-8B2R2W and FPRF-

8B2R2W-RS we will be able to measure how effective

the read sharing technique is when applied to our FPRF
architecture.

5. BMRF-OPT is an optimistic implementation of the

banking strategy described in [5]. This proposal needs
to speculatively issue instructions to the functional
units. If later a conflict occurs when the instruction
wants to read its operands, a bubble is inserted in the
pipeline while the correct state of the microarchitecture
is recovered. We call this model optimistic because it
assumes that there is no need to kill the next issue group
and that the architecture can recover at once.

BMRF-STALLis the same implementation &VIRF-
OPT but in this case we take into account that a bub-
ble is inserted in the pipeline when a conflict occurs in
the access to the register file and the following issue
group is killed. This configuration approximates the
work done in Tseng et al. [5] but, as will be verified
later, it is still optimistic because some constraints have
been left out of our architecture.

2 read ports and 2 write ports each. We have chode®r the evaluation ofvriteback filteringwe used the FPRF-
these numbers to match configurations that Tseng et&832R2W-RS architecture.

present in their paper on banked register files [5]. This
configuration is the base case where no optimizations
are implemented. The pipeline depth is equal to Baé—
LONG.

Performance Evaluation

In this section we're going to focus on the two main metrics:
. FPRF-8B2R2W-R& identical to the FPRF-8B2R2WIPC and EnergyWriteback Filteringwill be analyzed later
configuration but featuring the read sharing optin section 5.3.



Configuration #Banks| Read Portg Write Ports| Read Sharing Bubble?| Pipeline Length
per Bank | per Bank
Base-SHORT 1 Unlimited | Unlimited NO - 9
Base-LONG 1 Unlimited | Unlimited NO - 10
FPRF-8B2R2W 8 2 2 NO - 10
FPRF-8B2R2W-RS 8 2 2 YES - 10
BMRF-OPT 8 2 2 YES NO 10
BMRF-STALL 8 2 2 YES YES 10
Table 2: Main differences between configurations
102 —— - - - - - , is because stalls in the back-end have higher impact on per-
100 formance than stalls in the front-end. These configurations
used the read sharing optimization. Compared to our FPRF-
T 1 8B2R2W-RS implementation, the BMRF implementations
S gl 1 lose 1.6% and 2.3% IPC. Our values for the BMRF-STALL
:g: wl | implementation are 1.5% better than the values reported by
e the original paper. This variation is small and reasonable
e o2 1 considering the differences between the modeled architec-
g ol | tures: different numbers of physical registers and no parti
tioning between right and left register ports in our model.
®r il Comparing the plots for SpecINT and SpecFP we observe
8 - 4 that there is much more IPC loss for integer benchmarks
T OMCF MESA  ART  GAP  SpecNT  Specp  Specak than for floating point programs. There are many reasons
Sase-SHORT == FPRE-SEIRIWRS W SVRECPT e for this. For the specific case of Base-SHORT and Base-
Base-LONG @zzzoen FPRF-8B2R2\W BMRF-STALL wwesssm

LONG, the high rate of mispredicted branches in integer ap-
plications is the cause for the IPC loss. FP programs have
fewer branches and they are more predictable. If we com-
pare the other columns of the plot we see similar behavior.
For this case, the reason FP programs have less IPC loss is
5.1 IPC because many more instructions are in the instruction qieue
and stalls in the front-end can be easily absorbed by the-back
First we evaluate the amount of instruction level paratali end. The fact that FP programs perform simultaneously FP
that our technique is able to exploit. On average, our arcaird integer calculations helps to reduce the conflicts lscau
tecture should be slower than both Base-SHORT and Balseth types of instructions access different register files.
LONG, because these architectures never stall and, in thginally, we have selected four specific benchmarks (MCF,
case of Base-SHORT, the pipeline is shorter which mak@gSA, ART and GAP) to show how much the performance
branch recovery faster for this architecture. is dependent on program characteristics. The selectedhbenc
We simulated the entire SPEC2000 benchmark suite foarks show the most extreme variation we observed across
each of the 6 proposed configurations. For simplicity, on#l of the SPEC benchmark.
averages and a few selected benchmarks are shown.
Figure 5 shows the results. First, let us focus on the fil
SPEC average (rightmost column). Our FPRF architectu?é,2 Energy performance
with no optimizations, performs only 1.1% worse than Bas@ne of the main benefits of implementing banking is to re-
LONG, our target architecture. Applying the read sharinflice the power consumption of the register file. The bank-
optimizations we get as close as 0.3%. Both differences &g technique has long been known as a means of reduc-
small. However, as can be seen, the behavior shows aifetenergy, but the complexity of control logic and poteintia
of variance across benchmarks. For many applications Ibss in IPC, have precluded its use in high performance mi-
improvement if far from incremental. croprocessors. So we have proposed a banking scheme for
The BMRF-OPT and BMRF-STALL implementationghe FPRF taking advantage of the reduced access rate to this
that model the banking strategy described in [5] perforsiructure when it is located in the front-end.
1.9% and 2.7% worse than Base-LONG, respectively. Thisin this section we evaluate the energy requirements of the

Figure 5: Relative IPCs



register files of our architecture. To perform the energy-eva e T T Ve
uations we model the register file as proposed by Rixner et_ ‘
al. in [27]. This paper establishes equations to compute,
the dissipation of register files. We compute energy val- 3
ues by multiplying with the number of accesses to the reg-<
ister file. We present values averaged over all benchmarks
of SPEC2000. We will evaluate only the banked architec-
tures here but using two different organizations for theéss
gueues. The first type of back-end uses a centraNizdae
Register File This is a heavily multiported structure (4 read
ports and 10 write ports are needed). The results for this con
figuration are shown on the left side of Figure 6 relative to
the power consumed by the centralizéalse-SHORRrchi-
tecture. The energy is given for both the FPRF and the VRF.
The results show that our register distribution and bankifigure 6: Relative energy with a centralized VRF (left) and
techniques effectively reduce the energy consumed. Up to a distributed VRF (right)

94% of the Base-SHORT energy can be saved by combin-

ing our banked FPRF architecture with read sharing. On the

other side, although the VRF has fewer accesses and only 32 )
entries, its large number of ports increases the energy copmewhat smaller as only some writes but no reads are re-

sumption compared to [5], which lacks a VRF. A detaile@oveq- For the fgll SPEC suite, the energy due to accesses
study of the VRF is left as future work. to the integer register file is reduced by 12.1%. For SpecFP
For this work we also modeled an alternative organiz&® €nergy due to accesses to the floating point registesfile i
tion based on multiple queues as is done in the POWEFgAluced by 13%.
microprocessor [28]. This microarchitecture uses mugtipl These improvements are not very good. The main reason
small issue queues instead of one large centralized quési#e way load misses are handled. The need to replay load
Each queue has smaller issue capabilities and less entfréisses forces us to add those registers that appear in load re
which considerable reduces the number of ports (only 1 ré?@me maps to the rename stack where writeback filtering is
port and 6 write ports, one for every source functional un@nalyzed. The number of loads is large and so is the num-
are now required). We evaluated our scheme using 4 is&é of additional maps. Not all implementations force loads
queues of 8 entries for both integer and FP datapaths. Théeplay starting from architectural state. Some proassso
energy of such a distributed scheme is shown on the rigt$e @ scheme in which instructions that depend on a load are
side of Figure 6. Using this approach the energy of the VREPt in the instruction queues until the load resolves ircas
is reduced by 82% and the total energy is now 18% beldgy have to be reissued. This allows the processor to recove
the power consumed by the BMRF model. Applying this oglirectly from the issue queues in case of a load scheduling
timization to the BMRF model is without effect as, like théniss. In such a scheme less registers will be written back int
Power4, this model still requires the presence of a centrdli the FPRF because many checkpoints will be gone. We eval-
register file and cannot be distributed. The new distributédted the impact of this alternative implementation on the
scheme will have some IPC loss, but this will affect all aFPRF. With this new model up to 55% of all integer write-

chitectures equally. A detailed analysis of this techniiguebacks and up to 67% of all FP writebacks can be filtered out.
outside the scope of this paper. These values are much closer to the expected gains. In terms

of energy, this means that up to 30% of the energy can be
. . . saved in the integer FPRF and up to 47% can be removed
5.3 Writeback Filtering from the floating point FPRF. These values may seem very
The energy of the FPRF can be reduced even more by lggge but it has to be reminded that the FPRF provides only
ing writeback filtering This technique has no effect on IPC20-40% of the operands, so the bulk of accesses to this regis-
but it can have an impact on the energy because it redugdile are writes. This is what makes the writeback filtering
the number of writes into the register file. We measured tigghnique so attractive. On the downside, maintaining-load
number of writebacks that can be filtered out from Spec20dependentinstructions in the queue until the resolutidghef
and observed that about 22% of all integer writebacks col@d will have a negative impact on IPC because the queues
be filtered out using this technique. The number of floamll fill sooner.

ing point writebacks is somewhat smaller, with 18% of all The use ofwriteback filteringis interesting because it al-
floating point results being short-lived values, candiglfde lows us to attack the energy problem from two perspectives.
writeback filtering. The energy reduction is expected to BRmsitioning the physical register file in the front end akow
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to reduce the number of read accesses because many &j-D. Levitan, T. Thomas, and P. Tu, “The powerpc 620
isters don't have computed values at this point. Writeback microprocessor: A high performance superscalar risc
filtering, on the other side, reduces the number of writeback microprocessor,” inProceedings of COMPCON'95
accesses. Thus this combination of techniques allows simul
taneous reduction in both read and write accesses.

6

(5]

Conclusions

In this paper we have analyzed the energy properties of[g\]
simple architecture based on traditional concepts liké-the
ture File and the centralized physical register file. We have
shown that this architecture is well suited for the appiarat

of optimizations that involve power-performance tradés.of
The reason behind this is that registers are distributessacr
the pipeline and less pressure is applied on a single regis{&]

file.

We applied two optimizations to our architecture: register
file banking with read sharing and writeback filtering. We
observed minimal IPC loss when using a banked registerfiIE3
considerably less compared to a previous proposal where t é
physical register file is in the back-end [5]. Only 0.3% of
IPC was lost due to the banking conflicts, down from 1.6%

in [5].

9]

We then applied th&Vriteback Filteringtechnique. We
first discussed the different implementation options arat an
lyzed two configurations. The first one used the architettura
state to replay loads while the second replayed the loads di-
rectly from the instruction queues. We observed that the sec
ond configuration is able to remove about 60% of all writé10]
backs, while the first only removed about 20%.

In the future we plan to analyze how our approach can
be used to support large processor configurations with many

more in-flight instructions.
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