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Abstract. Current processorgequirea large number of #iight instructionsin orderto
look for further parallelism and hide tivecreasing gap between memory latency and processor
cycle time. These iflight instructions are typically stored in centralized structuraled
reorder buffefROB), which is a centerpied® handleprecise exceptions armdcover a safe
state in the ewd of abranch misprediction. However,igtstructureis becoming so big that it is
difficult to fit it in the power budget of futurprocess® designsin this paper we propose a
novel ROB microarchitecturenamed CROB(Compressed ROB) that casompress RB
entries and thereforgive the illusionof having a larger virtual ROBan the number of ROB
entries Theperformancestudy of CROB showa tremendous benefit, wiin average speedup
of 20% and 12% for a 12&ntry and 25&ntry ROB respectively. Forome benchmark
categories such as SpecFP2000, speedup raise up to 30%.

1 Introduction

Modern outof-order processors typically employ a reorder buffer (ROB) to retire
instructions in programrder[1]. In-order retirement enables precise bookkeeping of
the achitectural state, while making eaf-order execution transparent to the user.
However, retiring instructions in program order increases the demand of some
processor resources such as physical registers or the ROB entries themselves. The size
of the ROB ncreases with every new processor generation. The reason is the
continuously increasing difference between processor and memory speeds. Long
latency operations delay the instruction retirement and therefore the number of
required inflight instructions isaugmented in order to keep the functional units busy.
Besides, larger ROBs increase performance by exposing more instruction level
parallelism.

Figure 1shows the performance improvements obtained by increasing the ROB
from 128 entries up to 1024 entriesa clustered microarchitecture. These numbers
have been obtained by assuming an unbounded issue queue and physical register file
to see the potentidlenefits of enlarging the ROBs it can be seen, allowing just 128
in-flight instructions is an importadimiting factor for performance. Nevertheless, it
is not straightforward for the designers to implement larger ROBs because of power,
area and cycle time constraints. As an example of the ROB size for a current
processor, the Intel®Pentium® 4 supportdad 26 inflight instructiong2].

There are a number of proposals to overcome the limitation th&Q@Beimposes
over the number of Hflight instructions [3][4][5].Thesetechniques periodically
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checkpoint the processor state in order to support precise exceptions allowing ROB
entries to be released out of program order, or even getting rid of the ROB. The

authors havelemonstrated great potential by using these checkpoint mechanisms as
an alternative to the conventional ROBs. However, whenever either a misprediction

or an exception arises a previous checkpoint must be restored and the instructions
between the checkpoiahd the offending instruction must beexecuted. This task

and the periodic checkpoints that must be done increase the processor activity as well
as the power dissipation of the processor.

In this paper we preseiat different approach to designingreorder buffer that
enablesthe processor to have many more instructionflight than the number of
reorder buffer entrie This is achieved by introducing a level of indirection similar to
the waythat virtual memory pages are mapped to physical memagegin modern
operating systemsWe propose that th&hysical Reorder Buffer (PROB) of the
processol(the traditional ROB) belivided into equally sized physical segments that
are dynamically mapped to logical segments by a mapping table called thelLogica
Reorder Buffer (LROB).A physical segmenis released (and allowed to be-re
mapped) when all instructions kept iratBegment are guaranteed to either atomically
commit or atomicallybe squashedOverall, the objective is to achieve high
performance wh a small reorder buffer with minimal extra activity. We refer to this
novel design a€ompressed Reorder BuffgROB).

speedup compared to the performance with 128 ROB size
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Fig. 1. Impact of the ROB size in adustered processor configuration with unbounded issue
queue, unbounded regisgeand unbounded memory order buffer

2 Related Work

Some hardware resources such as issue queues, physical registers, memory order
buffer and reorder buffer are cumbersome to enlft@e On the other handt has
been demonstrated that the processor performance is very dependent on the size of
these components. Hence, many researchers have proposed alternative designs to
better utilize these components. For instance, some previous [8]pTK 8][9][10]
propose splitting the baednd engineinto multiple processing units called clusters.
Moreover, decreasing the power consumption and the complexity of the issue queue
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[12][13][16][1[15][14][24] and the register fil§17][18][20][19] has been widely
addressed in the literature.

In [3], the authors propose a novel architecture named Cherry where ROB entries
and physical registers are recycled as soon as the instructions are considered safe (all
previous branches have been computed and all the previous loads haveshed),
instead of waiting until the instruction commits. The main important difference
between the proposal of this paper and Cherry, is that CROB does not require extra
checkpointing. Another advantage of CROB is that ROB entries can be released
earlier because it is not constrained by menreplay trajg or branchmispredictiors
as opposed to Cherry. By contrast, the early register release scheme def&jlad in
likely to be more effective than the omaglemented on top of CROB. The proposals
in [4] and[5] also rely on checkpointing.

Checkpointing has important overheads as describ§#|rso that the number of
instructions between checkpoints has to be quite large to reduce the cost of creating
them. However, in the event of a branch misprediction, exception or memory replay,
the instructions between the latest checkpoint and the offending instruction must be
re-executed, which incurs in extra power dissipation. CROB does not require re
executions at all.

In summary, we propose a scheme that increases the numberflafhtin
instructions and does not requireeneecution of instructions nor checkpointing. On
the dher hand, CROB could take advantage of some orthogonal techniques proposed
in [3][4] such as the management of the memory order buffer or the early register
releaseas well as the instruction group formation [B3]. These enhancements
however are not considered in this paper.

3 Description of the Architecture

The evaluation of the CROB has been done on top of adtébte-art clustered
processor. Nevertheless, the CROB can be used in any architecture as long as it has a
ROB that does not store speculative register results. We believe clustered
architectures are a good design for future processors because it allows hwitting
machines while controlling complexity. But, in order to keep wide machines busy we
need to have a lot of instructions in flight, which means that bigger reorder buffers are
required.

The baseline architecture is similar to the one propose@l.ir[block diagram is
shown in Figure 1. It consists of a monolithic frorend in charge of fetching,
decoding and renaming instructions and a clustered-&agdk This frontend fetches
x86 macreinstructions and translates them into miogerations that are stored in the
trace cache. The main components in the feort are the trace cache (TC) where
micro-operations are stored, the instruction TLB (not shown in the figtimeranch
predictor (BP), and the Macro Instruction Translation Engine (MITE) that translates
macroinstructions into micreperations before storing them into the TC. It also
implements the instruction decoding, steering and renaming logic. The MR@®M is
charge of decoding complex maasperations like string moves. A detailed
description of these components can be foung@]in [
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Decoded instructions are steered to one of the two clusters for executiovirfglio
the dependeneeand workloaebased algorithm described ir6]][ Inter-cluster
communication is performed via copy instructions that are generatdérand by
the rename logic. Every cluster includes an @ssweue and three register files
(integer, floating point and SSE). Once an instruction leaves the issue queue, it reads
its source operands either from the register files or the bypass logic and executes in
one of the functional units of the cluster. Hipaa shared memory order buffer and
memory hierarchy is used to process store and load operations.
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Fig. 2. Baseline architecture.

4 ROB Implementation

Conventional ROB implementations are managed like FIFO queues where the
entries are #&bcated at renaming and released at commit. However, from the time
where an instruction finishes execution until the time it either commits or is squashed,
the correspondinBROBentry is not used at all.

The proposedROB is based on the observation thatistquite common to find
sequences of consecutive instructions that have been executed but cannot be
committed (because of an older instruction that has not finished=jgtlre 3shows
the larger pool of consecutive executed instructions found in the ef/BOBfull for
the different categoriedAs it can be seen iRigure 3 almost 90% of the cycles that
the ROB is full there are chunks of more than 8 consecutive completed instructions on
average. Furthermore, scenarios where chunks of more thanet/&roB2 completed
instructions are found represent 80% and 73% of the cycles respectively. Besides, the
probability of finding chunks of consecutive completed instructions is very dependent
on the application. For instance, whereas there are chunks oftmaor&2 executed
instructions in 90% of the cycles f&P workloads, chunks of this size (or larger) are
only found in 65% of the cycles feerverapplications.

Consecutive executed instructions can be managed as an atomic block if all of
them are fre®f exceptions because all the branches in between have been computed
(and the prediction validated to be correct). Hence, all these instructions are either in
the correct path and therefore they will eventually be committed or in a wrong path
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and will all be squashed. A key observation is that the information required to either
commit or squash a whole chunk of instructions can be stored in a compressed
manner using a small number of bits outsideR&R Hence, the entries where these
instructions residean be released.

Consecutive executed instructions when ROB is full

B>=1
@>=8
B>=16
0>=32
8>=64
0>=128

% cycles sampled

categories

Fig. 3. Percentag®f cycles that we can find at least one sequence of consecutive completed
instructions larger than 1, 8, 16, 32, 64 and (&®wn by the different barg)hena ROB with
256 entries is full

Besides, itis possible to take advantage of the atomicity of these sequences of
executed instructions to implement a simple early register release mechanism.
Assume a logical registerX) that is mapped to two physical registers by two
different instructions A and pB, in this program order) inside a given sequence of
executed instructions. In this case, the first physical regisfgri¢ guaranteed not to
be needed by any other instruction and can be released without waiting until the
second instruction commitsn lother words, all physical mappings created and re

defined inside a sequence can be released once all the instructions are completed.

Therefore, caversely to other previous warkhis early register release is non
speculativg22][5]. Figure 4shows an example where some physical registers can be
released earlier. Assuming sequence 1 is older than sequence 2 amceegue
instructions from sequense2 and 3 will nbrelease any register until instructions
from segment 1 have committed in a processor with a traditional ROB. However, if
all the instructions in sequence 2 have finished and they are free of exceptions then
registers shaded in the figure could be relddsecause it is guaranteed that they

wondt be used any more. The same applies

t

o

seq!
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Pdest Instruction Pdest Instruction Pdest Instruction
10 |AX = LD(@AX) 42 AX = BX-CX 95 BX = BX-CX
20 | BX = CX+AX 44 |BX = LD(@AX) 1 |DX=LD(@BX)
30 CX=CX+AX 47 CX=CX+AX 5 SI=SI+DI
35 DX = DX-CX 80 AX = BX-CX 9 AX = BX-CX
40 | SI = LD(@AX) 85 |BX = LD(@AX) 11 [BX = LD(@AX)
41 DI=CX+AX 90 CX=CX+AX 14 DX=CX+AX

Sequence 1 Sequence 2 Sequence 3
Fig. 4. Example of physical registers that can be early released using a CROB. Pdest fie
the physical register allocated Hye instruction. Instruction field shows the instruction that

the entry.

5 Compressed ROB (CROB)

In this section we describe the main hardware components involved in the
implementation of this technique as well as the way these stesdbehave in typical
situations instruction allocationretirement, exagations andbranch mispredictions.

5.1 Hardware Components

The implementation of the compressedrder buffer is described below and a
block diagram is shown iRigure 5

PhysicalReorder Buffer (PROB)

This structure is an extension of a typieadorder Buffer (ROBR FIFO structure
implemented as a circular buffer with a head and a tail pointerPR@Bis divided
into N equal segmentd\N(> 1), each one having/ entries. MoreoverthePROBhas a
head and tail pointer that point to the oldest and youngest instructifiighin
respectively.

Conversely to what happen with other processorobutrder designs like the
processors based on the Alpha ISA, the x86 architectures liketéh@rocessors deal
with complex CISC operations (maeoperations) that are difficult to manipulate by
an outof-order engine. Therefore, as commented in se®jotte frontend cracks
these macr@perations into as many micoperations as needed inder to keep the
semantics of the original CISC operation. These migrerations (aka uopshay
comprise one destination operand and two sources as conventional RISC instruction
set architectures. This translation of maoperations into uops has sigodint
implications in the design of commd&OBs and therefore in the design of RROB
As an examplePROBentries are allocated per uop so that a maperation may
comprise multiplePROBentries. Moreover, since the processor must provide precise
excepiions at the macroperation level it is not possible to commit any ROB entry
belonging to a macroperation until all uops comprising the x86 instruction have
executed and they are free of exceptions. Once all uops of the-opmation have
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Fig. 5. CROB structure: Logical Reorder Buffer, Physical Reorder Buffer and Segment Fre

correctly conpleted execution theROBentries of the macroperation can be retired

in order in as many cycles as needed. Since we cannot reclaiRRDBentry until

the whole macraperation has completed we could only execute mapsrations

with a number of uopwer or equal than the numberPROBentries. However, the

definition of the x86 instruction set architecture solves this problem by allowing very
complex macrepperations like string moves that may imply hundreds of uops to be
partially committed. Thesfore, interruptions that occur while these mamperations

are executed could be served by using and architectural state as if theoperettion

would have been half executed.

Every uop stores ROB entry at the renaming stage including the following
fields:
1 Physical source register nam&SRC1, PSRGzre the identifiers of the
physical registers where the two source operands reside.
1 Physical destinationegister nameRDST) is the identifier of the physical
register where the value produced by dlog (if any) will be stored.

Logical destinatiofregister namelLDST).

Previous mapping of logical destinatioegister LASTMAR shows the

physical register identifier where the previous instance of the same logical

destination register in program ordesides.

1 Exception and control information. This information involves among
other control bitsa bitmask describing the exception that the instruction
should fire at commit time if anybits to identify the beginning and the
end of the macr@peration in oder to perfom the commit as commented
above;and the outcome of the branch predictor in case of branches.

E ]

Logical Reorder Buffer (LROB)

The LROB must havea numberof entries greater than the number RIROB
segments. The goal of this structure iséefkthe order in which tHeROBsegments
were allocated. Thus, a ndiROBentry is allocated every time a nEROBsegment
is allocated or reused. Note that the number of entries in this structure defines the
maximum number of instructions the processan bave inflight. This maximum
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number of inflight instructions is equal to the numberldROBentries multiplied by
the PROBsegment size.

The LROBiIs a FIFO structure managed as a circular buffer. Apart frorh @B
head and tail pointerd ROB_headand LROB _tai), the LROB manages th®ROB
headand tail pointersFROB_headcind PROB _tai), as will be described later. Each
LROBentry requires the following fields:

1 Valid bit (V)is set when the entry is in use.

1 Compressed bit (Cndicates if the segmémpointed by thed ROB entry
has been compressed.

1 PROB segment identifier (SIppints to aPROBsegment in thé®ROB
This field binds eachROBentry to aPROBsegment.

1 Physical register free mask (PRFMyhe PRFM is a list of physical
register identifies and logical register identifiers. It indicates which
registers should be edlocated when th®ROB segment pointed to by
SID is committed. For those register identifiers that were not allocated by
instructions in the segment the logical register thegeweapping is also
stored. This information is needed to rollback in the event of an exception
as explained in the exception handling subsection.

Segment Free List (SFL)

The SFL indicates whichPROBsegments are currently unused. It is used every
time theprocessomeedsto allocate a neWwPROBsegment and every timeRROB
segment is released (ddocated). It is implemented as a bit mask with as many bits
asPROBsegments (theth bit is set when theth PROBsegment is available).

5.2 Hardware Behavia

The CROBIis based on a segment&DB structureas commented beforehere
segments are allocated and released on denhartdis section we present the main
actions that take place in ti@ROBduring the execution of an applicatidb.works
very similarto a conventionaROB

Segment Allocation

When new instructions are allocatetew entries in th®ROBare needed. If the
currentPROBsegment holding the youngest instructions (pointetlR@B_tai) has
room for the new instructions, the allocation prhwe involves simply incrementing
the PROB _tailpointer. If the currenPROBsegment is full, a frePROBsegment is
obtained from the&FL If there are nd>PROBsegments available the allocation stalls;
otherwise aLROB entry is allocated by increasingROB_tail. The SID field of the
new LROB entry points to the newROBsegment returned b$FL and thePRFM
field is reset. Th@ ROBsegment is then removed from tBEL When thePROB _tail

! We use the terninstruction allocationto refer to the action of dispatching a
decoded and renamed instruction to the ROB and the issue queue
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reaches the end of a segment, tR©OBis checked to find the ne@RCB segment in
logical sequencandPROB tailis updated to point to the first entry of that segment.
Every time a new instruction is allocated, the physical register free (R&HM)
of the associateHlROBe nt ry i s updated WASTMAPPRGB new i nstruc
field. Moreover, IfLASTMAPwas not previously allocated by an instruction in the
segment, the logical register is also written inRiRFM

Segment Release

When aPROBsegment is full and all the instructions of tRROBsegment have
finished exeation without any exception the segment is released an@ thieis set
to true. Segment releagmplies adding thePROB segment identifier to th&FL so
thatit becomes available for tese.

Segment Retirement

I nstructi ons PROBsegmdantgeinted toebalROB_heall are
committed in the conventional way if the segment has not been released: each
instruction frees the register designated hASTMAP and PROB_headis
incremented. WhelPROB_headeaches the end of the currdfiROB segment the
following actions take place: (a) thROB_heads updated to point to the neRROB
segment iflogical sequencéi.e. thePROBsegment holding the oldest instructions)
and theLROBentry is freed, (b) theROB_heads updated to point to the first entry
ofthe newPROBs e gme nt fiheado, PROBskgnient s addel eothe el eas ed
SFL If the wholePROB segment can be committed, the following actions must be
taken: (a) the?PRFMis walked in order to dallocate the physical registers released
by the instrgtions in the segment, (b) thdROB_heads updated as above, (c) the
PROB_heads updated as above, (d) tRROBsegment is added to tisL

Branch Misprediction Recovery
During allocation of a conditional branch instruction, a copy oRREM entry of
the current segment is saved along with a copy
branch is mispredicted the Free List andRfiF-Mare copied back in order to restore
the correct logical to physical register mappings.

Exceptions handling

Exceptions rary occur so slow mechanisms can be implemented with no impact
on performance. Henc&ROB relies on traversing thROB to handle exceptions.
ROBcan be traversed either backwards (rollback) or forward (having an architectural
RAT). We chose rollback becasn architecturdRAT would have to be updated by
every committed instruction; on the other hand, rollback only requires updating the
speculativeRAT at the event of an exception. When an exception occurs, rollback is
performed as in a convention®OB for those segments that have not been
compressed. For the rest of segmdiROB is accessed.ROB stores the previous
mappings of the logical registers overwritten in the segnmeREM). Note that the
compression algorithm guarantees that exceptions newer atside a compressed
segment. Therefore, when a compressed segment is reached by the rollback
mechanism, this segment is atomically traversed. ThR§)B must only store the
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mappings that registers overwritten in the segment had before entering thensegm
Thus, the number of entries in that structure is the minimum between the number of
logical registers and the size of tRROBsegments. In our case we need between 4
and 16 entries.

ROB wrapping

Traditional reorder buffers are implemented using autrc buffer structure.
However, in the face of segment compression it is impossible to maintain correct
segment order using tHeROB structure if we allow each segment to be used as a
circular buffer. The reason is that in such a case we could have twonpressed
logical segments mapped to the same physical segment. Therefore, in our proposed
implementation #2ROBsegment cannot be used as a circular buffer. Assume entries
in a PROB segment are numbered fro to W-1. Our design requires that
PROB_headd P R O Bif ttiew both point inside the sanlRROB segment. This
means that in some cases we may not be able to allocate instructions although there
are free entries in theROB Assume the case where BIIPROBsegments are in use
(with logical order ofsegments same as physical)PROB_heads in the last entry
(W-1) of last segmentN-1), it cannot wrap around 8ROBsegment 0, even if it has
free entries in it (Sinc®ROB_tailpoints to this segment). Nevertheless, the number
of entries unused b¥is reason is minimal.

6 Early Register Release

Early register release can be easily included into the segment release mechanism. It
is an optional feature that enhances performance but it is not necessary for the correct
operation of theCompressed ReordeBuffer. Note that our early register release

proposal only releases registers that are guaranteed not to be needed any more.

Therefore, neither an extra recovery mechanism is required nor costly (in terms of
power and complexity) extra speculation is urred. We present two different
alternatives to implement the early register release mechanism.

Option A. Early Release via thePROB

In this implementation thBPROBhas an extra onbit field (EARLY for each entry
that indicates whether the physical régisdentified byLASTMAPshould be released
when thePROB segment is releasedl¢, early) or should wait until the segment
commits. Moreover, alienaming tableentries are augmented with a singie field
(WRITTEN that indicates whether the currenapping has been established by an
instruction in the current segment (¥#RITTENfields of allrenaming tablesntries
are set to zero whenever we allocate a new segment). When a new instruction re
defines a logical register, the correspondWRITTENDbit (before processing the
instruction) is copied to th&ARLY bit of the PROB entry of this instruction. At
segment release time, tRROBsegment is scanned and all entries with EARLY

bit set wildl update the pr odirgsegistarsis Fr ee

Li

st

t
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Option B. Early Release via thd.ROB

This implementation uses the same structaoferenaming tableas the above
scheme but the early release information is kept inLRR@B instead. EacitROB
entry is extended with aBarly Release MasiERM) field (with as many entries as
number of slots in the segment). TERM works similarly to thePRFM, but
specifying which physical registers are to be released early (at segment release as
opposed to segment commit time). As above, an instruction lgetedrly release
information from therenaming tablelf the register can be released ealyRITTEN
is set), then the corresponding bitERM is set. If the register cannot be released
early, then the corresponding bitRiRFMis set. At segment releame (a) theERM
is walked and all indicated registers are released, and (ERNEs reset. At commit
time theFree Listis updated by walking theRFMand theERM

7 Experimental Results

This section first describes our simulation methodology and presents the
evaluation of the CROB and the early register release. Since CROB can be
implemented with or without the early register release proposal we evaluate both
separately. We present results for both an ideal configuration to show the potential
anda realistic configuration.

Table 1. Benchmarks.

Category Description/Examples

DH Digital Home algorithms

FSPECO00 Floating Point benchmarks from SPEC2K

ISPECOO Integer benchmarks from SPEC2K

Multimedia | Mpeg, speech recognition

Office Power Point, Excel

Productivity | Sysmarks2K

Server TPC traces

Workstation | CAD, rendering

Miscellanea | Games and matrix algorithms

7.1 Simulation Methodology

The experiments have been conducted by using-Aouse simulator that models
the microarchitectre described in Sectidh The simulator is traecdriven but traces
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hold enough information to faithfully simulate wrong path executiora nutshell,

the trace contains the state of the memory and the registers before the captured
sequence of code stadt It also includes a dictionary with the static instructions
needed to execute the trace and the number of dynamic instructions retired before we
found an interrupt (DMA, etc)in the capturedtrace Then, the simulator uses the
memory state to executeethinstruction pointed by the IP pointer, executes it and
updates the memory and register state accordingly. Instructions in wrong path are
executed as any other instruction but the register and memory state are eventually
recovered. Finally, interrupts artriggered as soon as the number of retired
instructions matches with the one specified in the tfdeeOur pool of benchmarks
comprises 72 traces classified in 9 main categories (8 traces per category) based on
their characteristics as shown in Talle The processor baseline configuration is
described in Table 2.

7.2 Potential Benefit of CROB

The size of a segment is a traafé between performance improvement and
hardware overhead. Enlarging the segment size reduces the CROB cost because the
number & ROB slices is smaller. By contrast, implementing small ROB segments
increases the chances of compressing a segment and therefore, achieves higher
performance.

In this section, the potential of compressing the ROB s first studied. The goal is to
evaluatethe impact of the ROB compression for different number of segments and
ROB sizes. For this initial potential study, an unbounded register file, issue queue and
memory order buffer are assumed, to isolate the effect of ROB comprdsigiore 6
shows the ptential performance benefits in an architecture limited by the ROB size.
Configurations with 128, 256, 512 and 1024 ROB entries are considéoeGROB
shows the speedup obtained jbgt enlarginga traditional ROB. CROB 4 entries, 8
entriesand 16 entries show the speedups a CROB with segments of 4, 8 and 16
entries respectivehAll speedups are relative to a conventional ROB with 128 entries.

All the workloads benefit from enlarging the ROB as it can be seéiigire 6
However, two main groups ofategories can be differentiated. The first group
comprises DH, ISPECO00, multimedia, office, productivitand server The
performance curve for these groups flattensaiwtround 1024 ROB entries. There
are two main reasons why these applications do nwfthdrom larger ROBs: on the
one hand, some programs such as ISPEC contain a significant number of branch
mispredictions; on the other hand, some benchmarks such as server are extremely
memory bounded. These applications have many chains of dependermtimss that
consume values from loads that miss in ca€@ROB performance is always better
thanthe traditional ROBor all the configurations and categoriessaswnin Figure
6. CROB with 4 entries per segment typically performs about the same as a
conventional ROB with twice its siz&aCROB improves performance by 20% on
average for 128 ROB entries, 12% for 256 entries and 9% for 512 entries. For
FSPECO00Q the average speedup is 30% for 128 ROB entries, and 23% for 256 ROB
entries. Nevertheless, implemting 4entry segments is challenging because it may
require allocating instructions in more than one segment for those cycles where more
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than 4 instructions are renamed. For the remainder of this paper, we assume that
instructions renamed and dispatdhn a given cycle must be in the same segment;
otherwise an additional cycle is needed. We have experimentally observed that the
effect of this constraint on performance is negligible feen®y and 1&ntry
segments.

Table 2. Baseline pocessor configuration.

Parameter Value Parameter Value
Fetch width 6 Commit width 6
Misprediction 14 ROB size 1281024
pipeline length

Indirect branch | 4096 Gshare entries 32K
predictor entries

ITLB entries 1024 ITLB assoc. 8

Trace Cache size

32K micro-ops

Issue rate per
cluster

4 + 2 for Id/st

Issue queue sizg 32 MOB 128

per cluster

Int. registers per | 64-256 FP registers per| 64-256
cluster cluster

SSE registers per| 64-256 DTLB entries 1024
cluster

DTLB assoc 8 L1 ports 1 read/l write
L1 assoc 2 L1 size 32KBytes
L1 hit latency 1 cycle L2 assoc 8

L2 size 4MB L2 hit latency 12 cycles
Point to Point | 2 Point to Point | 1 cycle
Links latency

Data buses| 2 Memory Latency | 275 cycles

(between L1 and
L2)

It can be seen that the larger the segments the difficult to find candidates to
be compressed, and the lower the benefit. This is explained by several reasons. On the
one hand, by enlarging the segments, their number is reduced, as well as the
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probability of having a segment with all its instructiomsecuted. Moreover, free
entries of the oldest segment (the one pointedRyB_head) cannot be reused until
the whole segment is free. In spite of this, the benefits obtained by CROB with larger
segment sizes are still very important. The average spedu® and l1l6entry
segments is 10% and 5% respectively for a ROB with 128 entries. The average
speedup is 8.5% and 6.5% respectively for a-@aBy ROB. Categories such as
miscellaneaget very high speedups even with large segments. These benchmarks
achieve 20% and 10% average speedup for 8 entries and 16 entrisggmeent
respectively and a ROB of 128 entries (18% and td$pectively for 256 ROB size).
Finally, it can be seen that the potential of tBROB is very limited for
configurations with ROBsize greater than 1024 in all the categoriesvimrkstation

because the ROB is not a bottleneck any more.
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Fig. 6. CROB speedups for 4, 8 and 16 entries per segment and ROE
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Fig. 7. Potential study of early register release based on CROB.

7.3 Early Register Release

Another advantage of theROBimplementation is that it enables techniques to
perform norspeculative early register release, as described in Sdction

In this section the potential performance improvements of early register release
based onCROB is evaluated. For this potential study, mgessor with unbounded
issue queue, memory order buffer and ROB is assumed to isolate the impact of this
register release by using different segment sizes. Note that for the experiments of this
section, only registers are released early, as opposed tohttie ROB segment.
Figure 7 shows the average performance for the different categories normalized to the
performance obtained without early register release for a processor with 128 registers.
No CROBstands for the baseline processor whefea©B 8 16 and 32 entriesrefer
to the early register release with segments8,0f6 and 32 entries respectively.
Configurations withl28, 256and512registers are considered.

We can observe in Figure 7 that the configurations with either 8 or 16 entries per
segmenthave the highest potential. For 128 registers, early register release improves
performance by around 5% for all categories figcellanea for which the average
speedup is 20%. On average, the performance benefits are 5% for 128 registers, 4%
for 256 and2% for 512 registers.

The moderate benefits of early register release are due to the fact that it needs large
segments in order to increase the number of physical registers that can be early
released. However, the larger the segment size, the lower thabjity of finding a
segment with all its instructions executed. Therefore, the segment size is-aftrade
between the probability of finding a fully executed segment and the probability of
finding registers eligible to be released inside the segment.

Finally, the number of available physical registers is an important factor in the
effectiveness of this technique. As it can be seen in Figure 7, the average performance
improvement for 128 registers Workstation with 16 entriess 5% whereas for 256 it
grows up to 7%, and goes down to 1% for 512 registers. The reason is that limiting



