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X i X // other instructions 1d8.a r6 = [r8];; // advanced
Abstract—The Intel Itanium architecture uses a dedicated 32- stg [r4] = rl2 // other instructions load

entry hardware table, the Advanced Load Address Table (ALAT) 1ds8 r6 = [r8];; add x5 =16, 175
to support data speculation via an instruction set interface. This aig f[ilg]ff' §7"" /égothef “‘S[tﬁcflozz
study presents an empirical evaluation of the use of the ALAT and * o ik a t6. recover
data speculative instructions for several optimizing compilers. We back:
determined what and how often compilers generated the different st8 [r18] = rl15

speculative instructions, and used the Itanium’s hardware per-

formance counters to evaluate their run-time behavior. We also // somewhere else in program

performed a limit study by modifying one compiler to always recover:

generate data speculation when possible. We found that this 1d8 6 = [r8];;
aggressive approach significantly increased the amount of data add £5 =16, x7
speculation and often resulted in performance improvements, of o pack

as much as 10% in one case. Since it worsened performance(a) before data speculation (b) after data speculation

only for one application and then only for some inputs, we

conclude that more aggressive data speculation heuristics than _. . ) .

th I d b t i desirabl d Fig. 1. Data speculation example. The load into register r6 and the dependent
ose employe y current compiiers are desirable and may |oaq instruction are speculatively executed before the possibly aliased store.

further improve performance gains from data speculation. Before the loaded value is used, a special check instruction is used that

branches to recovery code to redo the load and add in case the store wrote
|. INTRODUCTION the same memory location.

For the past decade, one of the main sources of increased
computer system performance has been found in instruc-
tion level parallelism (ILP). However, exploiting additionalcode performs a store, then loads a value from memory, uses
processor resources faces two particular obstacles: conths value to perform an addition, and finally stores the result
and data dependences. For example, without any form lafck to memory. A data dependence between the first store and
speculation, execution cannot pass a conditional branch utiié subsequent load must be assumed unless the store and load
the branch outcome has been determined, so that it candve known to definitely access different memory locations.
difficult to keep all the functional units of the processofherefore, the load instruction cannot be hoisted above the
busy. To overcome the limitations on ILP imposed by contrsttore to (1) hide the load latency, and (2) make use of possibly
dependences, various forms of control speculation in thgailable machine resources before the store
compiler and processor have been conceived. For exampleData speculation works by breaking this data dependence
computer architects have added speculative load instructionsitwl speculatively performing the load and dependent compu-
the instruction set architecture (ISA) to enable the compiler tations. In the example, which shows Intel Itanium assem-
schedule a load before a conditional branch without changibty code, a load of one operand of an add instruction is
program semantics. Moreover, control speculation in the forhoisted above a possibly aliased store using a special data-
of speculative execution (i.e., via speculation hardware, suchsgeculatively load instruction, called aclvanced loadAfter
branch predictors) is performed by nearly all high performantlee store, a special check instructionhX.a) is used to
processors today. To overcome limitations imposed by datatermine if misspeculation occurred: if the store modified
dependences, several data speculation approaches have tieeisame memory location accessed by the load, the check
developed recently [1], [2], [3], [4]. instruction branches to recovery code. The compiler-generated

In data speculation, a computation is performed specul&covery code repeats the load and the add instruction and then
tively based on the value of some data item (e.g., a variablbjanches back to resume normal execution.
that is not yet available. In particular, a memory load and To detect misspeculation, the Intel Itanium processor [5]
dependent computations may be executed before a possimgs a dedicated hardware structure, thdvanced Load
aliased store. Consider the example in Figure 1. The originatidress Table (ALAT)a 32-entry fully-associative table that




Instruction Operation

Id.a, Idf.a, Ildfp.a GPR and FPR advanced load

Id.c.clr, Id.c.clr.acq, Idf.c.clr, Idfp.c.clf GPR and FPR check load that clear the ALAT on a hit

Id.c.nc, Idf.c.nc, Idfp.c.nc GPR and FPR check instructions that reallocate the ALAT entry on miss

Id.sa, Idf.sa, Idfp.sa GPR and FPR (control-) speculative advanced load

chk.a.clr, chk.a.nc clearing and nonclearing GPR and FPR advancd load check

invala, invala.e invalidate all and invalidate individual entry for a GPR or FPR, respectively
TABLE |

DATA SPECULATION INSTRUCTIONS ON THEINTEL ITANIUM PROCESSOR GPRAND FPRREFER TO GENERAL PURPOSE AND FLOATING POINT
REGISTERS RESPECTIVELY

holds the addresses of data speculative loads (liked¢hea in  work, and finally Section VI concludes.

the example) and their target registers. Every store instruction 0

clears a matching entry from the ALAT, i.e., store instructions P
) i ROCESSOR

to the address of a previous data-speculative a@vancedl ) ) ) )

load will remove that advanced load’s entry. The . a detects The Intel Itanium processor provides several instructions to

misspeculation by doing a lookup in the ALAT using the targeqnable data speculation by the compiler. First, both integer and

register of the load. If no matching entry is found, a store mugcgating point load instructions of different sizes are available

have occurred to the same address as the speculative load'3A€ form ofadvancedoads. In addition to loading the type
recovery becomes necessary. of value indicated, they also allocate an entry in a special

For this paper, we performed an empirical study to deté?_ardware table, the Advanced Load Address Table (ALAT).

mine how well current state-of-the art optimizing compiler§°", that pfurrp])osle, 3 register tag dbaszd on tge Iphysme}lhtarhget
do in using the data speculation instructions provided gggister of the load Is comput_e and store along with the
the Itanium architecture. In particular, we measured ho ze of the load, and a tag derived from the physical memory

often data-speculative instructions are generated, and how tRE{"€SS z;cchessed by the load inst_rucgonA:fAt\?erﬁ’s already an
exercise the ALAT table. We wanted to find out how frequer‘lntn ry with the same register tag in the , that entry s

data speculative instructions typically fail durin executio|:1emove_d first, . . .
P yp y 9 The intended use of an advanced load instruction is for it

and whether capacity misses occur often in practice. Sinceb ; d bef ibly aliased (and therefore dat
our study is empirical and based on actual compilers, we also e performed before a possibly aliased (and therefore data-

wanted to find out whether current compiler technology is ab pende_ntl) Store (;nstru(cjtlon, th_(le_[]ebyfspeculaélvely breal|<|n_g
to make beneficial use of the hardware features provided ggpotenua ata dependence. erefore, a data-speculative

Itanium. Specifically, this paper makes the following contri= quence of Instructions consists of an advanced load, and
butions: possibly some instructions that are dependent on the value

. of that load. In addition, to ensure correctness, the specula-

. we e_mplrlcally _evaluate how _often state of the agfq sequence must be concluded by some form of a check

compilers exploit data speculation for SPEC CPU20QQgirction that detects misspeculation, and code to recover
benchmarks by examining their use of data speculatigp misspeculation.

Instructions; The Itanium processor provides two forms of check in-
« we use hardware performance counters to measure ig,ctions: a load check instructiani.c and a more general

frequency of misspeculation, and how often misspeculgneck and recover instructiorhk . a. The first form reloads
tion is due to capacity misses in the ALAT table; the value if the register tag of the target register is not
« we performed a limit study for the potential of datgoyng in the ALAT, i.e., it performs checking and recovery
speculation by modifying the heuristics used in the OP&R one instruction. It is useful if only the load itself was
Research Compiler to always generate data speculatigfycyjative and no instructions dependent on the loaded value
when feasible; the modified aggressive data speculatigyre performed. In the latter case, ttiex . a instruction must
frequently resulted in improved performance; be used that branches to recovery code if no entry matching
- and finally, we demonstrate that generally, current corfse register tag of the indicated check register is found in
pilers are too conservative in the application of daije ALAT. The recovery code must reload and recompute
speculation on the Itanium, which indicates that bettgf,, speculatively performed operations and will then typically
speculation heuristics may be possible. jump back to resume execution right after the check instruction
The rest of the paper is organized as follows: Section (&s shown in the example in Figure 1).
provides an overview of the data speculation support providedTable | lists the full set of data speculation instructions pro-
by the Intel Itanium architecture. Section Ill describes owided by the Itanium architectureéd.a, 1df.a, and 1dfp.a
experimental setup and the programs we used. Section dkx& advanced load instructions of integers, floating point val-
describes the results we obtained; Section V discusses relaied, and pair of floating point values. They load the value and

. DATA SPECULATION ON THEINTEL ITANIUM



Source

- Description
Lines
equake| 1,513 | seismic wave propagation simulator
mcf 1,909 | combinatorial optimization
bzip2 4,639 | compression
gzip 7,757 | compression

parser | 10,924 | word processing
ammp | 13,263 | molecular dynamics

vpr 16,973 | circuit placement and routing
crafty 19,478 | chess program
twolf 19,748 | placement and global routing

mesa 49,701 | graphics
vortex | 52,633 | object-oriented database
gap 59,482 | group theory interpreter

TABLE I
SIZES AND DESCRIPTIONS OF THE PROGRAMS USED IN THE EXPERIMENTS

allocate an entry in the ALAT with the register tag of the targetere excluded because for them, some compiler configura-
destination registér.The Itanium allows the combination oftions (e.g., when using interprocedural optimization) produced
data and control speculation and provides sa, 1df.sa, incorrect code.
and lc}fp.sa for that purpose. In addition to aI_Iocating an, Experimental Procedure
entry in the ALAT, they also generate an exception token [ﬁ o _
that is used to generate an exception once it is determined thaf/e produced the program binaries for the different con-
the instruction is definitely executed. ﬁgur_ations gnd computeq static counts of the data specula-
The load check instructions are provided in two basic form8ve instructions by counting how many advanced load, load
those that clear the ALAT entry after the check (indicated §eck, and check instructions were generated in each case
the .clr suffix in the instruction mnemonic). The compile cf. Tgble ). To characterize the dynamic data speculation
will use this version if there is no further use of the ALATPEhavior and use of the ALAT, we used the perfmon tool [9],
entry. Deallocating the ALAT entry decreases the likelinoo$ersion 2.0 for Linux kernel version 2.4. Perfmon uses the
that a still useful entry may be replaced when the ALA—!-tanlum'g hardware performance monitoring counters to.(.)btaln
becomes full. In the.nc variant, the ALAT entry is not |nformat|qn about dynamic program performance. Specifically,
cleared and can therefore be checked again. This is particuldi§ Used it to count the following events:
useful in loops. The compiler may speculatively identify a load « the total number ofld.c or chk.a check instructions
instruction as loop invariant and hoist it before the loop. In  that were performed (i.e., theNST_CHKA_LDC_ALAT_ALL
the loop, a load check instruction can then be used to ensure counter);
a correct value in the target register if the load turns out note the number of those check instructions that failed (i.e., the
to be loop invariant. Similar to the load check instructions, ~INST_FAILED CHKA LDC_ALAT-ALL counter); and finally,
the chk. a instruction also comes in to flavors, one preserving « the number of ALAT capacity miss events that oc-
(.nc) and one deleting the ALAT entry. ¢1r). Finally, the curred, counted as the number of times a new
instructionsinvala andinvala.e, wheree denotes a general ~ ALAT entry replaced a still active one (i.e., the
purpose or floating point register invalidate all or a specific ~ALAT_CAPACITY MISS ALL counter)?
ALAT entry (the one with the matching register tag). This We compiled and ran the program on an otherwise unloaded
is useful for explicit management of ALAT contents. FoHewlett Packard ZX6000 workstation, with two 1.3 GHz
example, the operating system usesala to clear the ALAT Itanium 2 processors, 1 GB or RAM, running Redhat Linux

table upon context switches. 7.2 (Advanced Workstation Edition). The program were run
20 times and we computed 95% confidence intervals shown
I1l. EXPERIMENTAL SETUP AND WORKLOAD as error bars in the graphs in Section IV. For the execution

To determine how current optimizing compilers for thdéime results in Figure 2, we ran the benchmarks only ten times
Itanium architecture use its data speculation instructions afgdsave time (but still computed 95% confidence intervals).
har.dware, we used the SPEC CPU2000 [8] benchma.rlés., Programs
which are commonly used to evaluate CPU and compiler
performance. Since only C and C++ benchmarks (the majority
of the suite) can be compiled by all the compilers we use®’
we performed our experiments only for theatc andart

Table Il lists the programs that we used to conduct our
periments. The programs range from about 1,000 lines of

2Note that this is not the same as the number of advanced load checks
that missed in the ALAT due to capacity; that number may be potentially

1For theldfp.a instruction, which loads a pair of floating point values,higher since the replacement of one entry may result in several failing check
only one of the registers is used to compute the register tag. instructions.
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Relative execution times of the different versions of ORC. The execution time of the standard ORC version has been normalized to one and is not

shown in the graph. The three bars are for ORC with our modifications (ORC M), the original ORC with FDO, and ORC with our modification and FDO

(ORC FDO M).

code to approximately 60,000 lines of code and cover a wifie Limit Study

range of tasks. For our experiments, we ran the benchmarksy,
on their SPEC-supplied reference inputs. Some benchmaglﬁ%
process multiple input files as part of their reference rung,qre

determine whether more aggressive generation of data-

culative instructions would exercise the ALAT structure

aggressively, and to determine whether there is room

Since the different inputs sometimes revealed different (Tufsr petter data speculation heuristics, we also modified ORC
time) data speculation characteristics, the figures in Section {Y several places to force it to generate data-speculative

indicate on which inputs the respective benchmarks were ryfstyctions whenever possible without compromising program
For example,bzip2 program indicates that the application ¢qrectness.

bzip2 was run on inpubrogram.
ways
C. Compilers 1)
We used three compilers to conduct our experiments, GNU
gcc version 3.4.2, version 2.1 of the Open Research Compiler
(ORC) [6], and Intel's commercial ecc compiler, version 7.1.
We compiled the applications in two configurations. The first
used the highest optimization levelsog) but no feedback-
directed optimization. The second configuration produced an
executable based on profile information by first compiling the
programs, then running them on the SPEC-provided training
(train) inputs, and then compiling them using the profile
information obtained during this profile run. In our graphs in 2)
Section IV, EcC refers to the configuration without feedback
information andecc FDO to the configuration with feedback-
based optimization (and analogously for ORC). In all cases,
we performed interprocedural optimization using thepa
switch for the ORC compiler, and theipo switch for the
ecc compiler.

Specifically, we modified ORC'’s heuristic in the following

ORC uses a control variableutting_ set_size to
decide whether to generate data speculation in some
cases. This variable is equal to one more than the
number of compensation (basic) blocks that are required
to compensate for the effects of mispeculation. We
commented out the comparison with this variable in the
scheduler (which handles the conversion of normal to
data-speculative loads) to force the generation of data
speculation regardless of the number of compensation
blocks required.

Dependences between stores and loads that are not
definite, i.e., that are not guaranteed to access the same
memory are normally treated as “relaxed” dependences,
which makes them eligible for data speculation. For
instance, a store through a pointer followed by a load
through another pointer will typically create an indefinite
dependence (unless the static alias analysis is able to rule



out any possibility of accessing the same memory). Evélne graph, except forwolf the programs perform better with
though they are indefinite, some edges are normalRC when FDO is used;wolf slows down by somewhat
treated as unrelaxed edges by ORC, for instance, whamder 20%. Whether the slowdown is due to the less aggressive
the scheduling heuristic indicates that the earliest tintata speculation (594 versus 765 advanced load) instructions,
the dependent load can be scheduled is later than thenot clear, although Figure 3 seems to suggest that this is not
latest time it can be scheduled without making ththe case as the fraction of failed checks at run time is roughly
schedule longer. We modified the code to always tretite same. Furthermore, when data speculation became more
indefinite dependences as relaxed dependences to faaggressive, it seems that it usually improved performance, or
data speculation for them. (since other factors may be contributing) at least did not have
3) Finally, ORC uses a profitability heuristic to assess significant negative impact, since the percentage of failed
whether data speculation might be profitable. Thispeculation did not change between ORC and ORC with FDO
heuristic, for instance, limits the number of data depefef. Figure 3).
dences that a speculative load is allowed to violate, andTable Ill also shows the effect of the modifications to
speculation is not performed beyond that maximum. W@RC that we made. For all applications, the generation of
changed the profitability heuristic to always retutrue, data speculation whenever possible, increases the number of
i.e., assume data speculation is always profitable whdata-speculative instructions. Figure 4 shows the effect of our
the profitability heuristic is consulted. changes graphically. With the sole exceptioneafiake, data
speculation increased significantly, fgrip by more than five
times. As we'll see below, this improved performance for some
In our experiments we found that gcc is currently unable toputs (over 10% when compressing a program), but slowed
exploit the data speculation features of the Itanium processtmwn performance for others (e.g., a slowdown of about 5%
and never generates any data-speculative features. For non®otompressing a log file).
the benchmarks, gcc generated any data-speculative instruc- . )
tions. We checked the GNU website-¢p: / /www.gnu.org/), B Dynamic Data Speculation Results
which revealed that the previously developed support for datal) Results for theecc Compiler: The dynamic perfor-
speculation had been found to be too immature to be integratednce counter data confirms that the ecc compiler appears to
into the gcc release. The discussion in the subsequent sectibasgenerally quite careful when generating data speculation,
therefore discusses only the results for the other compilersin particular, when no profile information is used. Figure 5
) ) shows that the misspeculation rate for ecc without FDO is
A. Static Data Speculation Results generally below 0.5%, and only forortex somewhat over
Table Il shows the static number of advanced load, lodd®o. The misspeculations go up when FDO is used, i.e., ecc is
check and and general checknk.a) instructions that were then more aggressive. Generally, this did not have a negative
generated for the compilers used in our study in their differembpact on overall performance.
configurations. Based on the static count of data-speculativeFigure 6 shows how often entries in the ALAT were replaced
instructions generated, it appears that ORC is usually mdyg new entries because it was full as a fraction of the total
aggressive when it comes to data speculation. Based on tlueenber of data speculation checks performed. Only for the
number of advanced load instructions, in 8 out of the lfbating point applications:quake and mesa we did see a
applications ORC generates a higher number of speculatsignificant number of them; for the former only when FDO
instructions than ecc; in some cases, a considerably highers used.
number. For instance, forpr 160 compared to 9, and for 2) Results for theORCCompiler: Compared to the ecc
twolf 765 instead of 53. When FDO is used, ecc is evasompiler, ORC in general is more aggressive in the use
more careful and now for all applications ORC generates magé data speculationcrafty, stands out with over 16% of
advanced loads than ecc. ecc seems to be particularly carefigspeculation as shown in Figure &cf, bzip2, parser,
to avoid failed data speculation and the associated performaacel ammp are other applications that show at least about 1%
penalty. misspeculation, whereas the other applications show almost
Turning on feedback-directed optimization in ORC, deao misspeculation. Together withpr (for the place input),
creases speculation in about half of the cases and increasescty shows ALAT capacity misses. However, compared to
it for the other half. For instance, farmmp, instead of 138 the total number of ALAT checks, those still account for only
only 102 advanced loads are generated but Jetp 27 0.1% (691,000 capacity misses versus 542,350,000 executed
instead of one are generated. For ORC, we also lookedcatck instructions). They are further reduced when FDO is
the overall performance impact resulting from using FDQused, which indicates that ORC is able to take advantage of
Figure 2 shows the relative execution time of the differeqrofile information to apply speculation more judiciously.
ORC configurations that we used, with the unmodified ORC o
execution time (without FDO) normalized to one. The secorfg Results for the Limit Study
bar for each application shows the relative execution time of As discussed in Section IV-A, the modified version of
ORC with FDO (without our modifications). As can be seen iORC that generates data speculation as much as possible,

IV. RESULTS
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Fig. 3. The graph shows the number of failed check instructions (eittiera or 1d.c) as a fraction of the total number of checks executed for the ORC
compiler, both with and without feedback-directed optimization.
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Fig. 4. This graph shows the relative nhumber of (static) data-speculative instructions generated for the different ORC compiler configurations. For each
application, the configurations are (from left to right): ORC unmodified, ORC unmaodified with FDO, ORC with our modifications, and finally, ORC with our
modifications and FDO. For example, fgrip the modified version of ORC generated more than five times as many data-speculative instructions than the
unmodified version when no FDO was used, and almost four times as many when FDO was used.
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The graph shows the number of ALAT capacity miss events as a fraction of the total number of data

compiler, with and without feedback-directed optimization.

speculative checks performed for the ecc




App ecc orc orcM
ld.[sl]a | Id.c | chk.a || Id.[s]a | Id.c | chk.a|| ld.[s]la | ld.c | chk.a
equake 12 0 14 9 9 20 9 9 20
mcf 37 6 36 33 13 28 53 19 41
bzip2 30 0 30 41 12 67 143 79 115
gzip 0 0 0 1 15 53 197 54 114
parser 233 100 120 414 46 271 1196 | 374 712
ammp 39 8 38 138 40 127 503 202 355
vpr 9 3 6 160 86 142 370 159 290
crafty 38 26 12 201 54 204 578 210 454
twolf 53 24 31 765 166 | 611 1511 | 475 | 1133
mesa 1767 | 577 | 1324 1975 | 545 | 1582 || 3369 | 1212 | 2471
gap 3334 | 1153 | 2096 1323 | 270 | 922 4398 | 1413 | 3043
vortex 1279 | 380 983 911 404 | 581 1884 | 1015 | 874
App eccfdo orcfdo orcfdoM
ld.[sla | Id.c | chk.a|| Id.[s]a | Id.c | chk.a || Id.[s]a | Id.c | chk.a

equake 0 0 0 9 10 19 11 12 19
mcf 22 5 17 37 14 30 59 19 47
bzip2 4 0 4 38 14 63 129 39 155
gzip 0 0 0 27 12 35 128 41 94
parser 188 122 66 250 58 197 951 316 649
ammp 23 5 22 102 33 136 415 166 305
vpr 8 2 6 175 85 151 536 194 | 418
crafty 8 1 5 244 75 205 770 217 701
twolf 36 6 30 594 152 | 516 1088 | 335 893
mesa 2035 | 834 | 1263 1897 | 540 | 1555 || 3180 | 1191 | 2339
gap 774 145 609 1318 | 282 | 998 3910 | 1172 | 2785
vortex 1220 | 386 | 1003 924 | 403 | 613 2279 | 828 | 1273

TABLE Il
THIS TABLE SHOWS THE NUMBER OF DATASPECULATIVE INSTRUCTIONS GENERATED FOR THE DIFFERENT COMPILERS AND CONFIGURATIONSC C
AND ORCREFER TO THEINTEL AND OPEN RESEARCHCOMPILER, RESPECTIVELY, ECCFDCAND ORCFDONHEN THESE COMPILERS WERE USED WITH
FEEDBACK-DIRECTED OPTIMIZATION; ORGMAND ORCFDMIS ORCMODIFIED TO GENERATE DATA SPECULATION WHENEVER POSSIBLH .E., WITH THE
MODIFICATIONS DESCRIBED INSECTION I11-D.

produces code with a significantly higher (static) number ¢&f. Figure 8). However, it would be interesting to study the
data-speculative instructions (up to five times as many afects on overall performance with a larger ALAT table so that
shown in Figure 4. This is also reflected in the number afisspeculation due to capacity problems would be eliminated.
advanced load checks that are executed at run time, shown
in Figure 7. We see a drastic increase in the total number of
load check instructions that are executed compared to the origMany researchers have studied data speculation and how it
inal version of ORC, regardless whether FDO is used or natan be used to improve ILP and performance in general [1],
Interestingly, however, the number of misspeculations does fi2}, [3], [4], [10], [11], [12], [13], [14]. Zhai et al. [10], [11]
go up proportionally. In fact, for almost all applications théave looked at data speculation to enable aggressive thread-
misspeculation ratio goes down considerably (cf. Figure 3)level speculation. They schedule past data dependences, which
Often, this also results in reduced execution time, as shovwgnsimilar to the use of advanced load and check instruction
in Figure 2. Applicationgzip ran about 10% faster (on oneon the Itanium processor. However, their recovery mechanism
input), vpr andcrafty showed some small improvements, as based on rollback (rewind) of execution to the point before
did gap andmesa. For the others, the additional speculation dithe data dependence violation occurred.
not result in any noticeable performance changes. Qaly August et al. [14] evaluate a hardware structure, the memory
showed some slowdowns, but not on all inputs: compressiognflict buffer, which could be seen as a precursor of the
a program and source code ran faster, whereas compres#ihgT. Like the ALAT, it is used to support data-speculative
the other inputs ran slower but only by a few percent. instructions. It is evaluated on a synthetic architecture based
This indicates that the currently used heuristic to generaia the HP PA-7100 processor and shown to achieve modest
data speculation can be improved and even though it is alreg@rformance gains. The paper does not give details on how
more aggressive than the one used by the ecc compiler, beingny data speculation instructions were generated and how
more aggressive still can further improve execution times. Theuch the memory conflict buffer was exercised by them.
number of capacity miss events seems to support this: whileGonzles and Goraes [13], [3] were one of the first to
the fraction of capacity miss events goes up significantly, 8tudy the possible ILP gains resulting from data speculation.
general it seems to be not stressing the ALAT excessivdly [13] they specifically look at predicting a load address

V. RELATED WORK
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the ORC compiler. ORC M refers to the version of ORC we modified as described in Section IlI-D, and FDO to the configuration where feedback-directed
optimization was used.
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Fig. 8. The graph shows the number of ALAT capacity miss events as a fraction of the total number of data speculative checks performed for the ORC
compiler, with and without feedback-directed optimization.
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