Journal of Instruction-Level Parallelism 6 (200422 Submitted 6/2004; published 9/2004

A New Address-Free Memory Hierarchy Layer for Zero-Cycle Load

Lu Peng LPENG@CISE.UFL.EDU
Jih-Kwon Peir PEIR@CISE.UFL.EDU

Department of Computer and Information Science Engineering
University of Florida
Gainesville, Florida 32611

Konrad Lai K ONRAD.LAI@INTEL.COM

Microprocessor Research Lab, Intel Corporation
Hillsboro, Oregon 97124

Abstract

Data communications between producer instructiond aonsumer instructions through
memory incur extra delays that degrade processdorpgance. In this paper, we introduce a new
storage media with a novel addressing mechanismvtdd address calculations. Instead of a
memory address, each load and store is assign@ghatise for accessing the new storage. A
signature consists of the color of the base regateng with its displacement value. To represent
distinct register content, a unique color is assijto a register whenever the register is updated.
When two memory instructions have the same sigeattirey address to the same memory
location. This memory signature can be formed earlyhe processor pipeline. For fast data
communication, a small Signature Buffer, addressethe memory signature, can be established
to permit stores and loads bypassing normal meimienarchy. Performance evaluations based on
an Alpha 21264-like pipeline using SPEC2000 benckeahow that an IPC (Instruction-Per-
Cycle) improvement of 12-17% is possible using alkBtentry signature buffer.

1. Introduction

Program execution obeys a sequence of instructions that operate dactiotobf data. Data
communication among instructions usually goes through storages teaingawnediate values
from a producer instruction for future consumer instructions. Two typsi®rages, registers and
memory, are available in a processor. A small number of architeewisters can supply data for
operations seamlessly. Memory, on the other hand, is large and slow, even withticachaable
fast accesses for recently used data. Due to the disparipeefis modern processors permit
instructions to only directly operate on data from registers, antbade and stores to move the
data between memory and registers. Therefore, data communicatioy amstructions may go
through an indirect pathproducer - store - load 2 consumer.

In spite of mapping as many program locations to limited regisasr possible by the
compiler, it is inevitable to use memory for data communication.tBadoad often encountered
right before the consumer needs for efficient usage of regiatatsits inherent delays in
generating the address and accessing large storages, loadwittiahgir dependent instructions
are likely located on the program’s critical path [24]. The peréorce penalty of load latency
will worsen in future processors. As the feature size continueshiok and clock speed
approaches 10 GHz, it is estimated that the access time ofBafédilevel cache (L1) will take
three to seven cycles according to different clock scalingrfaasing a 35nm technology [1].
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Simulation studies show that each additional cycle in accessingltbata cache degrades the
overall IPC by about 3.5% on an Alpha 21264-like pipeline running a set of SPEC2000 programs

To achieve azero-cycleload, i.e. the load and its dependent instructions can be fetched,
dispatched and executed at the same time; we introduce a newe sttmagjure that can be
accessed in early pipeline stages [20]. The new storage haty amall physical structure to
enable fast access time. In addition, it uses a novel addressat@nism to avoid any address
calculation. Each load and store usesignaturefor accessing the new storage. A signhature
consists of theolor of the base register along with ttisplacementalue. Each color represents
a unique instance of the base register. A new color is assigneéwvenehe content of the register
is updated. When two memory instructions have the same color, thegsaduzeory locations
with the same base address. In this case, the displacementmakaly identifies the data item
with respect to the base address. A sn@gnature Buffer (SBaddressed by the memory
signature can be established to provide data for memory opematinrgpeculativelyAccessing
the SB is initiated early in the pipeline after a memoryrision is fetched and decoded since
the signature can be formed directly from the encoding bits of the instruction code.

Memory dependences aorrelations of store-load or load-load are preserved with
signatures. This property exists in many program constructs suamtcessing global and local
variables, saving/restoring registers during procedure/function eflsencing structure records
using pointers in linked data structures, or accessing arrayerienin loop iterations.
Performance evaluations based on the selected SPEC2000 benchmarnkg aimiain Alpha
21264-like processor model show that 70% of the loads can benefit feomalb8-entry SB to
reduce access latency. This latency reduction translates to Ebdir®o IPC (Instruction-Per-
Cycle) improvement.

The remaining paper is organized as follows. The motivations and ampotiservations for
the proposed method will be described in section 2. This is followed by discussions of design and
related issues for establishing the SB in Section 3. In Settiperformance evaluations of the
IPC improvement as well as the SB hit ratios are givener@éwesign parameters and
alternatives for the SB are also evaluated. In addition, an eotensithe coloring scheme to
handle constant increment/decrement of base registers will loeibges and evaluated. The
applicability of the SB on Intel's x86 instruction set architecture will be disdlissSection 5. A
few related works on hiding cache latency will be given in Secti&m@lly, Section 7 concludes
the paper.

2. Memory Reference Correlations

Store-load and load-load memory dependences can be correlated dhyetiysignature if they
use the same base register with the same displacementigdbrgg as the base registers have an
identical content (i.e. the same color). Memory references alsibiestrong spatial locality
using the signature as nearby memory references often differogrd small quantity of the
displacement value. In this section, we provide two programming eganfigim SPEC2000
integer programs to describe qualitatively the existence ofsaofload and load-loaignature
correlationsandsignature reference locality real programs. In Figure 1, an example function
copy_disjunctfrom Parser is given. This function is invoked many times tallauitew copy of a
disjunct list. The second exampieWis extracted from Bzip (Figure 2). This function is also
invoked multiple times to perform bit-stream 1/0s. The stord/lsmnature correlation and
reference locality can be observed in several program constructs.
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Di sjunct * copy_di sjunct(Di sjunct * d) {
Di sj unct * di;
if (d == NULL) return NULL;
dl = (Di sjunct *) xall oc(sizeof (D sjunct));
*dl = *d
dl->next = NULL;
dl->|l eft = copy_connectors(d->left);
dl1l->right = copy_connectors(d->right);

return di;

copy_di sj unct :

addi u
SW
addu
sw
SW
beq
addi u
j al
addu
I w

I w

I w

I w
sw
SW
SW
sw

I w

$sp, $s

$sl

$s

$s1, $0, <copy_di sj unct >
$a0, $0, 20

<xal | oc>

$s0, $0, $vO
$vO

$v1 I

$a0 Regi st er save/
$ail] restore
$vO

% I

$ag Access | i nked
$al records

$vO
$vO
$0,
$a0

<copy_connect or s>

$ra
$s1
$s0
$sp, $sp, 32
$ra

Figure 1. Example | — Source and Assembly Codes of Furaijmn disjuncfrom Parser

Access Records in Linked Data StructuresAs shown in Figure 1, the pointeds d1 are

used to copy and construct a

new node in the linked structure. Diffecamtls (also pointers in

this case) in each node of the old and the new linked structurascased using pointedsdl

In the assembly code, the two pointers are loaded in registers $stndsre used as the base
registers to access these variations of records with shisgllacement values. The signature
correlation and reference locality among these memory accesses Hyedeswnstrated.

Register Save and Restore in Functionsin example |, strong spatial locality exists when
restoring register contents in function copy_disjunct. In addition, stodesigaature correlations
exist with matched base register $sp and displacement valuaviog sand restoring register
contents without intervening function calls. The invocationsatiboc andcopy_connectorsay
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change the color of the $sp, but the original content of the $sp isaastioer returning from the
function calls to address caller’s stack frame.

Access Array Variables: Similar store/load correlations are also observed in accessigg arra
data structures in other program code. For example, intensive autagses are observed in
several functions, such asvord_fwd_aligned()in wordcopy.cin Gece of SPEC2000. Nearby
references to the same or different elements of the same arraheviéame base address provide
signature correlations of stores and loads.

INLINE void bsW( Int32 n, Unt32 v )

{ #defi ne bsNEEDW nz)

bsNEEDW ( n );
bsBuff |= (v << (32 - bsLive - n));
bsLive += n;

while (bsLive >= 8) {
spec_putc (
(UChar) (bsBuff >> 24),

bsStream ) ;
() bsBuf f <<= 8§;
bsLive -= 8;
bW 1w v, T byt es0ut o+
addi u $sp, $sp, - 32 }
sw $s0, 16( $sp) }
addu $s0, $0, $a0
sw $s1, 20( $sp)
addu $s1, $0, $al
SwW $ra, 24( $sp)
St $v0. V0. B Cal l er (SendMrFVal ues) of bsW
bne $v0, $0, <L2>
L1: | bu $a0, <RSI OIS g
- sl \‘i}\,‘}%,\\\\. | bu $v0, O($sl)
j al <spet_putcs> .00
lw $v0, | bu $v0, O0(%$v0)
: W $vi, I'w $al, 0($v1)
w $a0, R jal <bsWs
beq $v1, $0, <L1> | bu $vl, O0(%$sl)
L2: addi u $v0, $0, 32 N """
L s20, NSRS
subu $v0, $v0, $s0 (c)
I'w $vl, RN J q
AT NSSSRAN Il|
sllv $vO0, $s1, $v0 .
or $v1, $v1 $vO Access global variables
addu $a0, $a0, $s0 I:I
sSw $vi, \I"&\‘\'{I‘i}i
Sw $a0, \}v:\ g Callee save/restore
I w $ra, 241 $5p)
Iw $s1, 20( $sp)
lw $s0, 16( $sp)
addi u $sp, $sp, 32
jr $ra

(b)

Figure 2. Example Il Source and Assembly Codes of Function bsW from Bzip. (a) £
Code; (b) Assembly Code; (c) Caller of bsW

Access Global Variables: As shown in Figure 2, three global variablesBuff, bsLiveand
bytesOutare accessed when the functios\Wis invoked. Due to the limited registers, these
variables are loaded/stored multiple times based on the samé gbattar $gp with a constant
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base address. Obviously, the access of global variables exhibitsidgpoditure correlations and
spatial locality.

Access Local Variables: In thebsW the callee-saved registers $s0 and $s1 are freed up for
local usages to avoid saving parametera ahdv from registers $a0 and $al to the local stack
frame and retrieving them later for computations. However, in ifametthat involve more
complex computations and/or more temporary local variables, it isabé¥ito increase the local
stack accesses using the stack pointer $sp and/or the frame fieitas base registers. Such
accesses to the small stack frame usually display signature conglatid spatial locality.

General Save/Restore Base Registersthere is evidence that even if the base register has
been updated between two memory accesses, the content of thegisee may stay the same.

A base register may be freed up for other usages and the oliggekddress is restored before
the next memory reference. In Figure 2, we also include a passaimbly code from a caller
SendMTFValuesf thebsW In this caller, $s1 is used as a base register beforegctiebsW
After returning from thdsW $s1 is restored and continues to be used as a base register.

Passing Pointers among Multiple Functions:We also observe in other programs, e.g. Mcf,
that register class $a is sometimes used to pass pointers amangl levels of function calls.
The pointer in $a is used as the base register in severaloimetithout any save/restore the
content of $a. As a result, the same color for $a is maintaimedsamultiple functions to keep
the signature correlation alive.

3. Establishing A Signature Buffer

Load R2,100 (R1)

RO
R1 ﬁ Signature
R I Color [ Displacement l
R3
l
Color Register ‘
v
@g
Current Color
Table (CCT)

Signature Buffer (SB)

Figure 3. Memory Signature and Signature Buffer

In Figure 3, a load is used to illustrate the basic design dsiteature buffer (SBBesides a
small, fully-associative SB, correct signatures for memuasyriictions can be established using a
Color Register (CR) and a Current Color Table (CCT). The CR keeps the agabkevcolor and
the CCT records the current color of each register. InitiahgheCCT entry is set to the
corresponding ID (from 0 to 31) of each register, while the conte@Roik set to 32 (assuming
32 registers). When a load is decoded in-order, the current color @ateeregister (R1) is
fetched from the CCT. The color is concatenated with the displaterakie from the encoding
bits of the load to form the signature. Meanwhile, the new color of the destinajisteréR2) is
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updated from the CR and the CR is incremented afterwards. Thi€alewassignment takes
place for all instructions that involve a register update. Toagiee correct data access, all
assigned colors along with the SB are flushed when the color hasdé@cmaximum value and

is wrapped around to the initial value. Essentially, a base eéedgstenamed to a new color upon
an update to the register. When two memory moves have the sametley always have the
same base address. This coloring technique conservatively assigitgie color to represent the
register content without accessing the register file to aamjcstall due to data dependent on base
register updates.

The signature buffer is always accessed in-order afteriginatsre is formed. When the
signature of a load matches the signature of a line in the SRJatiaecan be obtainetbn-
speculativelyfrom the SB. This is similar to a virtually addressed cattudh that a match of the
virtual address guarantees the correct data found in the cacfidn¢6EB can be thought as a
virtual cache using the signature as the virtual address. BiaceB is accessed right after the
load is decoded, it is conceivable that load dependents can also be fetched and issuedwithout a
delay. Several design issues of the SB will be discussed in subsequent suissecti

3.1. Data Alignment

The low-order bits in the signature, i.e. the offset bits within a signaturerisnenot be the same
as the offset bits in the real memory address. In order to ekpodpatial reference locality, the
cache line fetched from the first-level cache (L1) needs tedeanged in the SB to align with
the memory signature. The basic alignment algorithm works lasvilWhen a memory request
misses the SB, the target cache line is fetched. The target bytednymaced in the SB according
to offset bits of the signature. For example, assume theréghtairits in a cache line as shown
in Figure 4. The signature offset of the target unit is 001, but teetaif the real address is 100.
In this case, the target data 100 is loaded into unit 001 in the SBeraadthing units are loaded

according to their relative position to the target unit. Eachis® rhay contain a part of two

consecutive L1 lines. We refer these two parts aslite and theLow partitions. In the example

in Figure 4, the partial SB line fill is located in thew partition of the SB line.

Unfilled Data SB Line (partial)

111 | 110 | 101 | 100 | 011 | 010 | OO1 | OOO

1 Alignment

111 | 110 | 101 | 100 | 011 | 010 | 0O1 | OOO

L1 Cache Line Extra Data

Figure 4. Data Alignment in Signature Buffer

Due to the alignment, there are two options to fill an SB line. The straighttbogéion is to
fill only a partial SB line and drop the extra data from thediakd line. Other options include
fetching the second L1 cache line to fill the entire SB line,artd/place the extra-unaligned L1
data into the 2nd SB line to further benefit spatial locality.

3.2. Handling Signature Synonym
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One essential issue in designing the SB is to handle the synonym of memomyrsgnditen two
distinct signatures are mapped to the same memory addressymbisym problem has some
similarity with that in virtual caches. In addition to the sigmattag, the corresponding L1
address tag is also saved in the SB directory. After the nyeawloiress is generated upon an SB
miss, a match through L1 address tags in the SB can identifygamatige synonym. A synonym
hit occurs if the line is located in the SB under a signatutte avlifferent color. In this case, the
line is invalidated from the old and moved to the new locations. Ghagnthe proposed SB is
fully-associative with small number of lines, the SB synonym siamply be managed by
snooping the SB on every replacement. Virtual caches with smtiai$ee design require extra
hardware to resolve synonyms.

However, signature synonym is complicated by the fact that égohtsre line may be
aligned to have a portion of two consecutive L1 cache lines. Qastlbma taken to distinguish a
synonym hit and to invalidate the line from two possible SB locatiims.detailed procedure is
described as we walk through the following example.

SB Directory SB Data Array
SB tag L1 tag| Valid Bound
A C V-V 101
B D -V 101
L1 Tag Array L1 Data Array // / N
Tag ’ \\\
N\
\
c Y
000
D
Reguests (Signature): A-001 A-101 B-010 X-000
— —  —
(Real Address): C-100 D-000 D-101 D-000

Figure 5. Tag Arrays and Data Alignment between SB and L1 Cache
Consecutive Rguests; A, B, X Are Signature Lines; C, D Are L1 Cache L
Three Binary Bits Are Target Unit; “Bound” is Boundary of High / Low Partii

In Figure 5, the contents of the SB along with the data alignmentéetthe SB and the L1
cache lines are illustrated. The SB directory records theatige tag, the L1 address tag, the
validity bits, and the boundary of High and Low partitions. An SB hidesitified when the tag
matches and the target High/Low patrtition is valid. The boundatyeopartition determines the
High/Low partition. Recall that due to the data alignment, the Hagh/partitions indicate two
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data regions from two L1 cache lines. These two lines must beadi® because each L1 line
cannot exist in the SB with two different colors (i.e. a synonym case). Theerefdy a single L1
address tag is recorded in the SB directory. Note that forisitygf address comparisons, two
L1 tags may be maintained for each signature line in the small SB.

Assume that three consecutive memory requests with signafuféxt, A-101, and B-010
are issued, where the binary bits represents the target uadhirsgnature line. All three requests
have an identical color, and A, B are two consecutive signahes. [These requests are mapped
to the corresponding L1 lines: C-100, D-000, and D-101 in the L1 cache, ®@hane D are
adjacent lines. Based on the data alignment, the most significaits®f line C are loaded to the
SB for the first request. A simple 2's compliment subtractiom@fLtl unit ID from the SB unit
ID can determine the High/Low partition and the correct boundarythediirst request(0,001 -
0,100 = 0,001 + 1,100 = 1,101}he result sign bit ‘1" indicates the partition is ‘Low’, and the
magnitude ‘101’ is the boundary. The L1 address tag, the correspondidgbitaliand the
boundary 101 are recorded in the SB tag array.

The second request is also a miss even though tag A matchesehtheatasget unit 101 is in
the invalid partition. Only the less significant 3 units of L1 lideare loaded to the most
significant 3 units of signature line A. Both valid bits of the High/Lmanrtitions of A are now set.
The third request addresses a different signature line B, andscansther miss. Again,
according to the alignment, the most significant 5 units of lineeDoaded to the lower 5 units of
line B in the SB. Next, the fourth request to a signature linei¥sieed and misses the SB. This
request is mapped to D in the L1 cache with a different color tthe@tnof A and B. Now, a
synonym hit is detected and D must be invalidated from the SB. Mvatidations are needed,
one on the High partition of A and the other on the Low partition of B.

3.3. Memory Dependence Disambiguation and Data Forwarding

The SB and the L1 cache are updated when stores are committed. To stwornery dependence
latency, the stored data can be forwarded to dependent loads befdmdlie sommitted. This
store-load forwarding through the Load Store Queue (LSQ) has beendajophigpass the L1
data cache. The store-load dependence can be resolved based on thecadgrasson. This
dependence resolution is more critical with the SB for two rea&nss, upon an SB hit, a load
may have to wait for any uncommitted store ahead of the load ibS®e The uncertainty of
memory dependences may hinder the load and degrades the advantgkirg flata from the
SB. Second, early resolution of store-load forwarding allows bypashmgSB. Using the
signature instead of the address, certain memory dependences caivee iagarallel with the
SB access. Several steps using an expanded LSQ to allewsateetiiory dependence delay are
summarized below.

* Early store-load forwarding: When a load has an identical signature with an early store in
the LSQ, and there is no intervening store in between, the load byghaesSB and gets the data
from the early store. An intervening store has a different coldrisa potential synonym to the
load.

* Early SB access with memory disambiguationThe SB is accessed after a load is fetched
and decoded. The data obtained from the SB can trigger dependentimrstrudthout delays if
there is no intervening store ahead of the load in the LSQ.

* Delayed SB accessThe SB is successfully accessed after memory dependenhéioss
because of an existence of intervening stores

» Forwarding from early SB misses: When consecutive SB misses are to the same SB line,
the later miss gets the forwarded data from the early iigs forwarding can happen before the
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load address is computed. (This case is considered as a partial SB hit.)

» Handling multiple SB misses to the same L1 line: When multiple SB misses with
different colors to the same L1 line are detected through the L&Ghsdater misses are blocked
from accessing the L1 cache and the requested data will bededvahen the first miss data is
available from the L1. (This issynonyntase.)

* Normal store-load forwarding: When a load or a store address is computed, a search
through the LSQ to identify the store-load forwarding is performeddh®e as the normal store-
load forwarding.

For better performance, aggressive early store-load forwaatidgpeculative use of the SB
data are possible by predicting the existence of memory dependeititdse cost of recovery
upon mis-predictions.

3.4. Integrated Pipeline Microarchitecture

The SimpleScalar pipeline is modified and expanded to accommodatanzeréer studies of the
SB [4]. Figure 6 shows the baseline microarchitecture, whichoi® rim-line with the Alpha
21264 [14]. The dispatch stage in the SimpleScalar pipeline is @aetti into a

Decode/Dependenand aRenamestages. In th®ecode/Dependenctage multiple instructions
are decoded, and dependences among instructions in the decode/issuarpad&ticted. The
decoded instructions (micro-ops) are renamed to reorder buffer (RbXdes at theRename

stage. The original issue/execute stage becontgshadule a Registerread, and arkExecute

stages to reflect the delays in scheduling, operands fetching, and execution.

Bypass |

I v

I-Fetch —»Dec/Dep —»Rename —»Schedule—»Register—>Execute—>Memory—»Writeback—»Commit

| I 1

Access SB, Achieve Zero-Cycle Load Bypass |I

Figure 6. The Pipeline Stages and Bypas

A zero-cycle load can be achieved as long as the load da&iadig on or before thRegister
stage. Therefore, even with a 4-cycle SB, the load canrgjer the dependents without any
delay. The two fast paths in the figure illustrate advantagéssan integrated SB. A load can
jump to theWritebackstage after thRenamestage on an SB hit or an early store-load forwarding
as indicated by the Bypass |I. Here we assume the SB acsessmipleted in the
Decode/Dependenceand the Rename stages. The Bypass Il denotes normal store-load
forwarding. An SB miss may get the data from an early S ffiair the same L1 cache line, or a
successful SB access may be delayed until intervening storexddee is cleared. Such
bypasses, not shown in the figure, could be fromStigedulestage all the way to tHdemory
stage.

The proposed SB can be integrated in the baseline microarchitastsh®wn in Figure 7. In
the Decode/Dependencand theRenamestages of the baseline design, a load is decoded, the
signature is formed, and the SB is accessed. Meanwhile, a skeanabh the LSQ for memory
dependences with early stores is carried out. If store-load firvggils found based on matching
load signature with an early store without any intervening stobetween, the SB is bypassed
and the stored data from the LSQ satisfies the load. Similarly, if thesteduwgata is found in the
SB and there is no intervening store, the load will jump toWhigeback stage to trigger
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dependent instructions.
A load is moved to thé&chedulestage when the load misses the SB without store-load

‘ I-Fetch ‘
I-Fetch Stage ¢

Instruction Fetch Queue (IFQ)

Decode / Issue Packet Signature Formation

Decode Stage Dependences ¢ +
: Access SB ngﬁ:rs d|Sn|Z
Decoded Microps ‘ from LSO

Q \\\\\\\

\ \\

<
RUU/ LSQ <
<
+ M Backend St
Commit Register / Memory acken ages
Scheduler
A
h 4 h 4 h 4 h 4
Addr. Generation Data Forwarding Data Access Other Functions
(Integer Unit) (LSQ) (L1 Cache) (Function Units)
\\\\\\\\\
SQ N
-
\ 4 ¢ Y

Figure 7. Pipeline Microarchitecture with an Integrated SB

forwarding, or an uncertainty of memory dependence exists. The load moveth detebiing the
base register (thRegisterstage), and generating the memory addressEtkeutestage). After
resolving memory dependences, the data may be obtained from thénildsi@h forwarding. In
cases of memory dependence free, the load may catch the data fangdadugarly SB access,
or access the L1 cache normally. A load may also wait in tlg@ foSan early miss to the same
L1 cache line with the same or different signature.

At the Writebackstage, the SB is filled with the target L1 cache line daaddirectory is

10
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updated in response to the SB load miss. A backward invalidation 8Btigeperformed upon a
synonym hit, or a replacement of a L1 cache line. Finally, attmemitstage, stores will lookup
both the SB and the L1 cache. The SB and the L1 cache are updated accordingly.

4. Performance Evaluation

TABLE 1
SIMULATION PARAMETERS
Fetch/Decode/lssue Width 8
Branch Predictor Bimodel, 8K-entry, 8-way BTB
RUU/LSQ Size 64/ 32
SB/LOSize 4 to 16 64-byte line
L1 Instruction/Data 64KB, 4-way, 64-byte Line
L2 Cache 2MB, 4-way, 64-byte Line
Access Latency:
SB/LO/L1/L2/Mem 2/2/5-10/10/200
Cache Port 4
Integer ALU: Add/Multiply 41/2

Performance evaluations of the proposed SB are carried out on a euhodiit-of-order
SimpleScalar model [4] as described in Section 3.4. This Alpha 21&6f4Hdcessor is capable
of issuing 8 instructions per cycle. Table 1 summarizes siroolggarameters. Note that we
assume the SB or a small LO has 4 ports with a single-port Lth&draseline model, a 4-port
L1 is simulated. Nine integer programs, Bzip, Gap, Gcc, Gzip, Magdp, Twolf, Vpr, Vortex,
and three floating-point programs, Art, Equake, Mesa from SPEC2000 asndbosur studies.
Due to high L2 misses for Art, we quadruple the L2 size only irsiémtilation. A version 2.7.2.3
sshig-na-sstrix-gccompiler with option(funroll-loops -O2)generates the binary codes. With the
optimization level *02’, register allocations based on graph coloring techniques are applied. For
each workload, we skip certain instructions based on studies done imaf2Rthen collect
statistics from the next 200 million instructions.

The out-of-order SimpleScalar pipeline is a functional-driven tingingulation model [4].
For studying the SB, we add value checking in the timing modela@tual value is loaded into
the SB from the simulated memory. The value of loads and storasfdinctional simulations is
attached throughout pipeline stages. For loads, the functional valisedsto verify the value
obtained from the SB. For stores, the functional value is used to upda®&B after the store is
committed.

Several design parameters are considered for the SB. Firsthuwlats 16-bit, 24-bit, and 32-
bit colors. Their results are very similar. Secondly, prelinyirsudies show that the option of
fetching the second L1 cache line to fill the entire SB line,@rtd/place the extra-unaligned L1
data in to the 2nd SB line, slightly improves the SB hit ratios.design simplicity, we only
consider to fill a partial SB line and drop the extra L1 data.dihithe L1 topology is fixed at
64KB, 4-way set-associative, with variable delays from 5 t@yiles. We simulate small SBs
with 4 to 16 lines. The SB access takes 2 cycles as desariBadtion 3.4. We also verify that a
3- or 4-cycle SB has virtually the same performance improverhastly, for comparisons, we

11
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simulate a LO cache with equivalent size and access tithatof the SB. The SB, LO, L1 and
L2 all have 64-byte line size.

4.1. IPC Improvement

In Figure 8, the IPCs of the twelve programs and their aritermtians are plotted. Three
mechanisms are compared: the original baseline m&ele(ing, the pipeline model with an
integrated SB but without any speculation on memory depende®Basospe); and the pipeline
model with an integrated SB and a perfect memory dependence pré8Btperfedt A perfect
predictor allows loads to bypass any stores in the LSQ as |dhgrasis no dependence between
them. In this set of simulations, an 8-entry SB with 2-cycteesg is reported and the L1 cache
latency is 5 cycles.

2.0 m Baseline

1.8 0O SB-nospec B u
O SB-perfect

1.6 - -M----

i4+---@|t---------\—"-"----"---"-"-"gq7tr-——"""+=—=""""MWW|r—-———-

1.2 +

210

0.8 +
0.6
04 +
0.2
0.0 -

2
&'Z;j‘"
<

Q

Figure 8. Comparison of IPCs: Baseline without SB; SB without Memory
Dependence Speculation; and SB with A Perfect Memory Dependence Predictor

On the average, the&B-nospeand theSB-perfecimprove about 12% and 13% of IPCs over
the Baseline Among the twelve programs, Gap and Gzip have the most improvabaurit 30%
and 20% for the SB schemes, while Art, Mcf, Parser, and Vortex showmpmvement about
4-7% over theéBaseline The impact of a perfect predictor is very limited becauséntieevening
stores can be resolved quickly. Mcf has low IPCs due to its Heawyisses for pointer-chasing
references [8].

To understand the impact on IPCs, we show the distribution of loads daseten and
where the load data is ready in Figure 9. There are six caegdrioads that match the classes in
Section 3.3: (1) the data forwarded from a prior store in the L®@s8ing the SB; (2) the data
obtained from the SB without intervening stores; (3) the data fdegldirom an early SB miss to
the same signature line or obtained from the SB after memoryndiepes resolutions of
intervening stores; (4) the data forwarded from a prior SB toid®e same L1 line with different
colors; (5) the data from a normal store-load forwarding; and (6) the data fromal héroache
access. The first four categories are the beneficiaridgd@B. Among the four, the first two can
obtain the load data in tiRenamestage to achieve a zero-cycle load. The category (3) loads may
get the forwarded data before their addresses are computed, atedpry (4) loads can only
receive the forwarded data after the load address becomes available.

12
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Figure 9. Distribution of Loads (Six Categories from Bottom to Top in Each Bar): i(¥) Ea
Store-Load Forwarding; (2) Early SB Data Access; (3) Forwarding EarMiS8or Delayed
SB after Memory Dependence; (4) Forwarding from Prior SB Miss to Same L1(E)ndormal
Store-Load Forwarding; (6) Normal L1 Cache Access

We can make several observations from the figure. First, tlsn§B, the normal store-load
forwarding and the L1 access are reduced to about 30%. In other wordsf #®4oads benefit
from the proposed scheme to obtain data sooner than accessing ihéravh data cache. The
perfect predictor improves the category (2) loads, i.e. the datatfre SB in th&Renamestage,
from 9% to 26% due to bypassing the intervening stores. Gzip is muefidial using a perfect
predictor with close to 50% of category (2) loads. Detailed arsailgdicates that about 52% of
the loads in Gzip are accessing global variables with rarely any moayy cases. Gap has 40%
category (2) loads with 35% global accesses.

Second, from th&B-nospec40% of the loads (category 3) obtain data either from an early
SB miss to the same SB line (and the same High/Low portiorijpr the SB after resolving
intervening memory dependences. Memory references exhibit strongl $pedlity such that
misses to the same SB line are often close to each otherxarople, in Figure 1 and 2, many
adjacent loads’ signatures differ only by a small quantity otiteelacement value. As a result,
the later loads can receive data directly from an earlyaddess. A typical case is found in
function _word_fwd_aligned()in wordcopy.cof Gcc, where this type of consecutive loads
represents 54% of the total executed loads. UndeEBiperfect however, these category (3)
loads are reduced to 25% because of the reduction of delayed SBeacégssn, Gzip and Gap
have high percentage of global accesses with rarely any signature synonym.

Third, an average 20% of the loads belong to category (4) thattiesliceany short bursts of
SB misses to the same L1 cache line with different colors. Situation is encountered because
of signature synonyms among nearby loads. For example, in accesaynglaments, the base
register is incremented by a small stride for each acédfmugh the color changes, several
array accesses may still address the same L1 line and they all pgteniialthe SB. This access
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type represents pre-dominated loads we found in funBtiodint() in integer.cof Gap. A similar
case may also be encountered due to spilled codes with limiteteregBase registers are saved
and restored to the original base address before the next usag@edscalor is assigned on
each register update, nearby loads may miss the SB, but address the same L1 line.

Fourth, in general, the IPC improvements of Figure 8 are consisi#tnthe categories of
loads in Figure 9. For example, Equake, Gap, Gcc, Gzip, and Twolf haedaads that benefit
from the SB, while Art, Mcf, Parser, and Vortex have smalleowarhof beneficial loads. Note
that the overall IPC impact is beyond just the pure reduction ofl&tadcies. Improving load
latency may not help the IPC if the load is not located in the critical executior2géth [

4.2. SB Hit Ratio

We collect the SB hits/misses during cycle-based simulatidgtfis8aentry, 2-cycle SBs and 5-
cycle L1 access latency. The SB hit/miss is determinethatDecode/Dependenceycle
regardless an existence of any memory dependence. A load is considered dmtanitS®s the
SB, or it misses the SB, but an early miss to the samen8Bdnd the same High/Low patrtition)
is already in the LSQ. In Figure 10, we break down SB hits argemisith respect to the base
register IDs. We separate base registers into 5 groups: $8s$&t, $gp, and $sp+$s8. The
overall SB hit ratio is about 49%. Mcf is dominated by pointer-cigasgferences using $a as the
base. A portion of these references access records in linketustsuor pass pointers among
multiple functions. The SB scheme handles these type references bhasaibwith about 63%
hit ratio for $a.
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Figure 10. SB Hit Ratios Broken Down by Base Registers

The distribution and accuracy of individual groups are shown in Table &xpected, it is
quite accurate to access global variables and local stack frapnegh€r loads, the compiler first
picks $v and $a as temporary registers to hold base addressesnfiory accesses. The base
address is often updated right before the load that may results in a miss from the SB.
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TABLE 2
DISTRIBUTION AND SB HT RATIOS ACCORDING TOBASE REGISTERGROUPS

Base Regester $v $a $s+$t $gp  $sp+$s8
Distribuation (%) 26.2 28.6 11.1 18.2 15.9
SB Hit Ratio (%) 14.1 48.6 51.4 79.8 73.1

The average SB hit ratio of 49% matches well against the thistributions among 6
categories in Figure 9. It has shown that about 50% of the loads benefih&@B hit (category
(1) through (3)).

4.3. Sensitivity Studies and LO Cache Comparisons

The impact of the L1 cache latency is shown in Figure 11. The fBCthe three caching
mechanisms are plotted with respect to the L1 cache latency of 5 told®. &rom thd3aseling
each cycle reduction on L1 cache access latency improvesGhaylB.5% (slightly lower than
the original SimpleScalar pipeline). The performance benefit of the SB goethuihevi1 cache
latency as we expected. The IPC improvements foSBwospe@re ranging between 12-16%
for 5 to 10 L1 cache latency cycles. For 8&-perfectthe improvements are about 13-17% over
the simulated baseline model.

To prove the key advantage of early SB accesses, we alstatgicha LO cache with
equivalent size (8 lines) and access time to that of the SBhéwn in Figure 11, the SB out-
performs the LO by 6-10% without a perfect memory dependence prediftaran only be
accessed after the address is computed. Therefore, with ae2acgelss LO, a 3-cycle latency is
imposed to the dependent instruction. Furthermore, unlike the SB, LO amissscextra delay to

13

—— SB-perfect
—o— SB-nospec
ety —>— L0

—— Baseline

IPC

0.8 == == mm it m oo

0.7

L1 Data Cache Latency

Figure 11. Average IPC for Various L1 Cache Latencies

15



PENG, PEIR& LAl

access the L1 cache.

We simulate small SB and LO sizes with 4, 8, 12, and 16 lines. We also simulatedfa&iw
SB, LO and L1 caches. For fast caches, we assume 2-cycle 88dL8 5-cycle L1, while for
slow caches, we assume 3-cycle SB/LO and an 8-cycle L1. ThiesrigsFigure 12 suggest that
the SB size plays a very minor role in improving the IPC. Basically, the ngpdét between base
register updates is small with strong spatial locality. Altlolagger SB can keep the data longer,
frequent updates of base registers wipe out the correlated datachés, on the other hand,
show more IPC improvement with bigger size due to higher LO tidsteHowever, the SB still
shows superior performance with 1KB size. LO demonstrates ne¢faGvenprovement with 4
cache lines due to the high miss ratio and additional L1 access delays.

‘ @ Fast-LO O Fast-SB 8 Slow-LO @A Slow-SB I
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Figure 12. IPC Improvement for Various SB/LO Sizes with:
Fast: SB/LO: 2 cycles, L1: 5 cycles
Slow: SB/LO: 3 cycles, L1: 8 cycles

As expected, the SB is more beneficial with slower accessispaece both 2- and 3-cycle
SB achieve zero-cycle loads. For LO caches, it also shows adesntage with slow speeds
because of the slower L1 with longer latency.

Our simulations also show that the overall performance is insensit the color size.
Therefore, instead of using separate coloring hardware, it is possibse theenamed register
ID from the renamed-register table to provide unique colors. Howeveeduce frequent SB
flushes, it is necessary to search and invalidate the line i8&Bhalong with any outstanding
request using the old physical register ID whenever the register is reused.

4.4. Handling Constant Increment of Base Registers

A base register is often incremented or decremented by a somafant value in a loop-type
program construct. The updated base registers are used to atagsegadables or structure
records in the next loop iteration. Unfortunately, the update of a bgis¢éerechanges its color
and discontinues the signature correlation among loop iterations. thftebase register is
updated, the next load is always a SB miss due to the newly aksigloe. However, such an
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access often targets the same L1 cache line as the prev@mlsihce the base address is only
incremented or decremented by a small constant value. Many synaisywehe observed from
our simulations due to constant increments of base registers.

The proposed coloring mechanism (Figure 3) can be extended to handlecensiint
increment/decrement of a register without assigning a new tol@rolong the signature
correlations. The basic design of the extended coloring scheme atbrigewsignature formation
is illustrated in Figure 13. A separaiffsetfield is attached to the current color of each register
and is used to adjust the displacement value when a signature is formed.

Load R2,100 (R1)

Addi R1, R1, #4
—

R1
| Color | offset |

o
+
A 4

| Color | Displacement |

Signature

Figure 13. Extended Coloring Scheme and Signature Formation

In this illustrated example, a constant increment of a regiateibe detected when Awaldi
instruction is decoded with the same source and destination reljistead of assigning a new
color to the destination register, the increment value'ofs'added to theffsetvalue. When the
signature of a load is formed, tlésplacementwalue in the signature is equal to the original
displacement of the load plus tb#fsetvalue from the corresponding entry in the current color
table. Note that a new color must be assigned whenever an overflam underflow is
encountered in computing the neffsetfor the displacement. Thaffsetis always reset when a
new color is assigned.

The extended coloring scheme with the augmeifitsketimproves the SB hit ratios as
reported in Figure 14. The average hit ratio improves from 4984 %6. Art, Bzip, and Gap and
benefit the most due to heavy constant increment of base regibtevgever, the IPC
improvement of the extended scheme is not as impressive. Theofdifge improvements from
0% to 5% has been observed with an average of a little over I#&fulCstudying the results has
found that the miss due to the base register increment is oftentedelosely with the previous
miss before the base register is incremented. These adjaissesrare likely to target the same
L1 cache line when the increment value is small. As a resaty SB misses may get the
forwarded data from the previous miss to reduce the SB miss ypeNalertheless, the new
coloring scheme can be more beneficial on a pipeline microarchiéetitat permits a tighter
window to achieve zero-cycle loads.
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Figure 14. Improvement of SB Hit Ratios with Extended Coloring Scheme

5. Applicability on Intel's X86 Architecture

All discussions so far are based on the SimpleScalar instruatorinsthis section, we will
describe qualitatively integrations of an SB under the Intel’s x86 instructionchéeature [12].

5.1. Stack Operations:

The functions of the stack, such as saving/restoring registeentprassing parameters,
providing work space for local and temporary variables, etc. anerglly the same on both
SimpleScalar and x86 architectures. In SimpleScalar, the statlep@isp is added/subtracted
with a constant value to reserve proper space (Figure 1). Threecdisplacement value can then
be used in conjunction with the base address in the stack pointer essadlle reserved stack
space. The signature correlation is easily maintained sincdtile pointer is only updated once
when the stack space is reserved.

A runtime stack is managed directly by the CPU under the x86 arcinéetheESPregister
holds a 32-bit offset into some location on the stack. UsuallyE®R register is indirectly
modified by instructions such as CALL, RET, PUSH and POP. This otdipdate of th&eSP
register is different than the stack pointgsg manipulations in SimpleScalar. Since the content
of the ESPis modified whenever CALL, RET, PUSH or POP is executed, aaoésy must be
assigned to thESP This is undesirable as the signature correlation is broken uporebetien
of these instructions. However, instead of a new color, a constasimect/decrement of
registers can be handled by augmentingfisetto the current color of the respective register.
The offsetis used to adjust the displacement value when the signaturenisdf@s described in
Section 4.4.

Stack space can also be created for local or temporary eriabtler the x86 architecture.
To reserve stack space, tlESP register is incremented/decremented properly. A correct
displacement value is used to provide the offset from the basiesaddrthéESPto access the
local variables. The signature correlation and spatial lodalitiocal variables are exploited the
same way as that in SimpleScalar.
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5.2. Other Memory Operations

The MOV instruction in x86 moves the data between registers andonpemesides the
base+displacemerdaddress mode, x86 allowsfal memory address mode. In the full-address
mode, the signature is formed using the entire memory addressydirea the encoding bits of

the MOV instruction. However, it is necessary to distinguish tieafidress signature from the
signature formed by the coloring mechanism to preserve the uniquentes signature. One
simple solution is to add a singleldress-modeit to the signature to make the distinction of the
two modes. For théase+displacemenaddressing mode, the same coloring technique as that
used in SimpleScalar can be applied to form the signature.

Another source of complications in x86 comes from those ALU instructiithsa memory
source operand. Such instructions involve a memory load along with aropé&tation. In order
to take the advantage of the SB, this type of instructionsdsetidike a load after the decode
stage. The signature is formed for the memory source and the &2éssed to speed up the
instruction execution and to minimize delays to its dependent instructions.

The INC and DEC instructions add one or subtract one respectivatydrsingle operand.
For a register operand, the color of the register can stapthe as how the PUSH and the POP
instructions are handled to prolong the signature correlation.

6. Related Work

There have been several attempts to minimize tbieeckatency penalty by providing a zero-cycle
load, i.e. the load and its dependent instructicenss be fetched and issued simultaneously. An
aggressive approach is to predict and speculatiodakevalue [15],[16],[26],[23],[25],[11],[5], ohe
load address [9],[10],[7],[2] in early stages o firocessor pipeline to issue load dependents wtitho
any delay. Both load value and load address predicenerally suffer low accuracy. For address
predictions, a lengthy cache access is still requiwhich may delay load dependents even if the
predicted load address is correct.

Memory renaming techniques establish dynamic deped correlations between stores and
loads [25]. A separate storage element calledwevidé is used to save the correlated data. When a
memory load instruction is fetched, an indirect accesstodlue file based on the PC of the load can
retrieve the data without going through the lengtltheaccess. A similar idea has been use to exploit
store-load [18] and load-load [19] correlationseTRC of the load can indirectly access a small
synonym file, which keeps the correlated data. Aeomethod of capturing store/load correlations
has been proposed recently [17]. Instead of mgjldiynamic dependence correlations, a symbolic
cache is used to capture syntax correlations lmas#te encoding bits from stores and loads.

All above methods are speculative in nature. Tleeldptive load value must be verified against
the value obtained from a normal cache accesspeitialties for mis-predictions. Recently, another
technique for early load address resolution wapge®ed [3]. Certain types of memory loads, such as
stack accesses, global constants, or stride-baseubiy accesses, have regular increment/decrement
address patterns. By tracking base registersifotyghe of loads, register updates can be perforined a
the decode stage. As a result, address generatimhsache accesses for dependent loads can start
earlier. Although non-speculative, this approaghr&eds lengthy cache accesses.

A small level-0 data cache (LO) [27], a different form of kimaffer [13], or a LO only for critical
loads [21] helps to reduce the load latency. Howesimace access to the LO requires going through
normal pipeline stages to decode and generatessgdrat usually cannot achieve 0-cycle loads.

The proposed signature buffer has several advantage existing cache latency hiding methods.
First, different from the symbolic cache, the SBam-speculative. The data obtairfeain the SB
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without intervening stores is always correct. Secondyadld can access the data from the SB without
any restriction on the type of the loads or certpecial base registers. Third, unlike the address
prediction or the register-tracking scheme, loads tirdlie SB can bypass the address generation and
cache access completely. Fourth, unlike the mememaming technique, where the store/load
correlation is established dynamically by the haneywthe store/load correlation is established from
the instruction encoding bits to simplify hardwaegiuirement. Finally, the SB uses line-based
granularity to capture the spatial locality amorepmory references.

7. Conclusion

A non-conventional signature buffer, which is addressed by the signafurstore/load
instructions, is introduced. A memory signature using the color ob#ise register and the
displacement can be quickly formed to enable data accesses tlineugB in early processor
pipeline stages. A color of a base register is used to diffate contents of the same base
register. A new color is assighed whenever the respectiistees updated. Therefore, when two
memory requests have the same memory signature, they addtkesstame memory location.
The load penalty through regular caches can thus be eliminated wheegtrested data is
obtained from the SB. Performance evaluation of selected SPE@mobas demonstrated that
the proposed method can successfully improve the latency for about 708 lokds. On an
Alpha 21264-like processor model, these early loads using the SBaoalate to about 12-17%
of IPC improvement. The proposed SB also demonstrates performarmcesamhs over small LO
of equivalent sizes by 6-10%.
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