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Abstract

Load latency remains a significant bottleneck in dynamically scheduled pipelined processors. Load
speculation techniques have been proposed to reduce this latency. Dependence Prediction can be used to
allow loads to be issued before al prior store addresses are known, and to predict exactly which store aload
should wait upon. Address Prediction can be used to alow aload to bypass the calculation of its effective
address and speculatively issue. Value Prediction can be used to bypass the load forward latency and avoid
cache misses. Memory Renaming has been proposed to communi cate stored values directly to aliased loads.

In this paper we examine in detail the interaction and performance tradeoffs of these four load specul a-
tion techniques in the presence of two mispeculation recovery architectures — reexecution and squash. We
examinethe performance of combining these techniquesto create aload speculation chooser which provides
performance improvement over using any one techniquein isolation. We also examine the accuracy of these
load speculation techniques for predicting data cache misses.

1. Introduction

Accurate determination of memory dependencies between store and load instructions is critical for perfor-
mance on future superscalar processors. Processors with large execution windows to expose the ILP nec-
essary to reach future generation performance goals will also expose more store/load communication and
require precise load/store scheduling. In performing this scheduling, processors have to deal with aliasing
between store and load instructions. One possible aternative isto require loads to wait for the completion of
all previous stores befare beginning execution. This avoids the problem of aliasing, but can result in many
wasted cycles due to false dependencies.

Four approaches have been proposed for load speculation to reduce the impact of load instructions
on processor performance — Dependence Prediction, Address Prediction, Value Prediction, and Memory
Renaming. This paper examines which of these techniques are appropriate for future superscalar processors,
how they interact, and how to combine them for improved performance.

Dependence prediction is used to predict aliases between load and store instructions. Dependence pre-
diction will either predict that theload isindependent of all prior stores, or it will predict which store the load
is dependent upon. This allows aload to speculatively issue without waiting upon potentially independent
stores after its effective address becomes available.

A load operation consists of two parts: the effective address cal culation and the memory access. Address
prediction can be used to predict the effective address calculation. This can eliminate the load’s dependence
on the effective address calculation and allow the load to more quickly detect store aliases. In addition,
the predicted addresses can be used for data prefetching. Value prediction predicts the actual data that isto
be brought in from memory, alowing instructions dependent on the load to speculatively execute with the
predicted value.

The last form of load speculation we examine is Memory Renaming. Memory renaming involves pre-
dicting dependencies between loads and stores, and forwarding values directly from stores to loads using
registers or a value cache, bypassing memory. Memory renaming relies on the observation that some loads
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#instr Base | %ld | %st
Program Input fastfwd (M) IPC exe exe
compress || ref 0| 193 | 26.7 9.5
gce 1cp-decl 400 | 233 | 246 | 11.2
go Sstone21 2000 | 1.98 | 286 7.6
ijpeg specmun 2000 | 490 | 17.7 58
li ref 2000 | 348 | 282 | 180
m88ksim || ref 2000 | 396 | 221 | 109
perl scrabbl 400 | 3.03 | 226 | 122
vortex vortex 2000 | 428 | 265 | 137
su2cor ref 2000 | 3.79 | 187 8.7
tomcatv ref 2000 | 381 | 30.3 8.7

Table 1. Program statistics for the baseline architecture.

typically alias the same store, even if the address or value accessed is not always the same. Moreover, these
stores may not necessarily be in the current instruction window.

This paper provides a detailed analysis of the interaction between Dependence Prediction, Address Pre-
diction, Value Prediction, and Memory Renaming. It is an extension of our prior comparison of these four
load speculation architectures in [1]. In this paper we describe in more detail the implementation of each of
these four architectures, related work, and provide additional results and analysis.

To examine the interaction of these four techniques we eval uate the performance of a chooser predictor,
which selects between the four types of load speculation to achieve increased processor performance. We
aso examine the simultaneous use of multiple predictions for a load instruction, thereby predicting its
address, dependence, and value at the same time.

Our baseline architecture and simulation methodology are described in Section 2. Section 3 describes
using confidence counters and the misprediction recovery architectures for load speculation. Dependence
prediction architectures and performance are described in Section 4. Address prediction architectures and
results are described in Section 5. Vaue prediction architectures and results are described in Section 6.
The Memory Renaming architecture and results are described in Section 7. We combine all four types of
speculation and describe their performance in Section 8. Our findings are summarized in Section 10.

2. Methodology and Baseline Architecture

The simulator used in this study is derived from the SimpleScalar/Alpha 2.1 and 3.0 tool set [2], a suite of
functional and timing simulation tools for the Alpha AXP ISA. The timing smulator executes only user-
level instructions, performing a detailed timing simulation of an aggressive 16-way dynamically scheduled
microprocessor with two levels of instruction and data cache memory. Simulation is execution-driven,
including execution down any speculative path until the detection of afault, TLB miss, branch misprediction,
or load mispeculation.

To perform our evaluation, we collected results for the SPEC95 benchmarks for all the C programs and
2 FORTRAN programs. The programs were compiled on a DEC Alpha AXP-21164 processor using the
DEC C and FORTRAN compilers. We compiled the SPEC benchmark suite under OSF/1 V4.0 operating
system using full compiler optimization (- &4 -i f 0). Table 1 shows the data set we used in gathering
results for each program, the number of instructions fast forwarded through before starting our simulations
(in millions), the baseline architecture IPC, and the percent of executed instructions that were stores or
loads. We used the - f ast f wd option in SimpleScalar/Alpha 3.0 to skip over the initial part of execution.
We determined the amount of instructions to fast forward using [3]. Results are then reported for simulating
each program for 100 million instructions.
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2.1 Basdline Architecture

Our baseline smulation configuration models a future generation microarchitecture. We've selected the
parameters to capture three underlying trends in microarchitecture design.

First, the model has an aggressive fetch stage, employing a variant of the collapsing buffer[4]. The fetch
unit can deliver two basic blocks from the I-cache per fetch cycle, but no more than 8 instructions total. If
future generation microarchitectures wish to exploit more ILP, they will have to employ aggressive fetch
designs like this or one that is comparable, such as the trace cache [5].

Second, we've given the processor a large window of execution, by modeling large reorder buffers
and load/store queues. Large windows of execution expose the ILP necessary to reach future generation
performance targets, and at the same time they expose more store/load communication and thus benefit
from more precise load/store scheduling. The out-of-order processor can issue 16 operations per cycle,
and has a 512 entry re-order buffer with a 256 entry load/store buffer. Loads in the baseline architecture
can only execute when al prior store addresses are known. To compensate for the added complexity of
disambiguating loads and stores in a large execution window, we increased the store forward latency to 3
cycles.

Third, processor designs are including larger on-chip and off-chip caches. Larger caches are creating
longer load latencies for hitsin the L1 data cache. The Alpha 21264 processor has a 3 to 4 cycle first level
data cache latency [6]. The processor we simulated has a 64K direct map instruction cache and a 128K
2-way associative data cache. Both caches have block sizes of 32 bytes. The data cache is write-back,
write-allocate, and is non-blocking with four ports. The latency of the data cache is 4 cycles, and the cache
is pipelined to allow up to 4 new requests each cycle. Thereisaunified 2nd level 1 Meg 4-way associative
cache with 64 byte blocks, with a 12 cycle cache hit latency. A 2nd level cache miss has a 68 cycle miss
penalty, making the round trip access to main memory 80 cycles. We model the bus latency to main memory
with a 10 cycle bus occupancy per request. There isa 32 entry 8-way associative instruction TLB and a 64
entry 8-way associative data TLB, each with a 30 cycle miss penalty.

The branch predictor is a hybrid predictor with an 8-bit gshare that indexes into 16k predictors + 16k
bimodal predictors [7]. There is an 8 cycle minimum mis-prediction penalty. The processor has 16 integer
ALU units, 8-load/store units, 4-FP adders, 1-integer MULT/DIV, and 1-FP MULT/DIV. The latencies are:
ALU 1 cycle, MULT 3 cycles, Integer DIV 12 cycles, FP Adder 2 cycles, FP Mult 4 cycles, and FP DIV
12 cycles. All functional units, except the divide units, are pipelined allowing a new instruction to initiate
execution each cycle.

2.2 Issuing aLoad

When executing a load or store instruction, the instruction is effectively split into two micro instructions
inside the processor. One instruction calculates the effective address, and the other instruction performs the
memory access once the effective address computation and any potential store alias dependencies have been
resolved. In the baseline architecture, each store and load instruction must wait until its effective address
calculation completes. In addition, each load and store must wait until all prior store addresses are calculated
before it canissue. Thisisthe default memory disambiguation for the baseline architecture we modeled.

In the baseline architecture, when a load issues it performs a lookup in the store buffer for a non-
committed aliased store and it performs its data cache access in parallel. If astore alias is found, the load
has a 3 cycle latency. If there is no store dlias, and there is a data cache hit, the load has a 4 cycle latency
because of the pipelined data cache. If there is a miss in the data cache, the miss will only be processed if
no aliasisfound in the store buffer.

Figure 1 illustrates an example showing the dependencies used for the default memory disambiguation.
This example will be used throughout the paper to show the benefits of each of the load speculation tech-
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Figure 1. Code example used throughout this paper to show the benefits of load speculation. Instructions
one through seven are in the processor’s active instruction window. The solid arrows in (@) show
the true data and alias dependencies. The arrowsin (b) show the register dependencies and the de-
pendencies enforced by the baseline memory disambiguation architecture due to potential aliases.

niques. The example shows the execution of amultiply instruction, followed by two store instructions (ST2,
and ST3), followed by the execution of two load instructions (LD4 and LD5), followed by a divide (DIV)
and an add (ADD). Thelinesin Figure 1(a) represent true data dependencies between the instructions. Only
the MUL, ST2, ST3, LD4, LD5, DIV and ADD are in the current instruction window. The first store, STO,

has already updated memory and passed through the processor. In this example, assume that LD4 and ST2
access the same address, so there exists a true dependency between them. Similarly, LD5 and STO access
the same address. Figure 1(b) shows al the dependencies that the processor enforces between the different
instructions. For the baseline memory disambiguation, the two load instructions must wait until the effective
address of the two prior stores have been calculated before they can issue.

Table 2 shows the load latency statistics for the baseline architecture. The first column shows the percent
of loads that suffer from stalls due to data cache misses. The next three columns show the percent of cycles
aload spends, (1) waiting on its effective address calculation (ed), (2) waiting for prior store addresses to be
calculated so the load can issue (dep), and (3) thelatency for fetching the data (mem). The 2nd to last column
shows the average number of instructions in the ROB during execution. The last column shows the percent
of executed cycles the fetch unit stalled due to a lack of free ROB entries. Table 2 shows that on average
for the SPEC C programs, each load spends 6.3 cycles waiting for its effective address. After the effective
address is calculated, aload waits an additional 5.1 cycles on average for memory disambiguation. Thisis
the number of cycles the load waits while al prior store addresses are calculated, ensuring the detection of
any potential aiases. Finaly, aload spends 4.4 cycles on average reading the loaded data value from the
data cache for the C programs. The FORTRAN programs we examined waited considerably longer to read
the loaded value from the data cache, around 40.5 cycles on average.

3. Speculating a L oad

In this paper we examine speculatively issuing a load before all prior store addresses are known using
dependence prediction, issuing the load using a predicted address using address prediction, and predicting



A COMPARATIVE SURVERY OF LOAD SPECULATION ARCHITECTURES

Dcache | Load Delay (incycles) | ROB % cycles
Program %Stells | ea | dep | mem occ | fetchdelay
compress 106 | 153 | 11.0 4.7 190 4.0
gce 20 6.7 39 41 103 16
go 0.6 6.1 31 41 100 0.5
ijpeg 29| 61| 46 48 | 141 24
li 58 45 4.3 4.0 110 0.3
m88ksim 0.1 21 23 41 66 0.0
perl 1.0 50 4.6 4.4 158 75
vortex 36 48 7.1 4.8 274 18.0
C average 33 6.3 51 44 143 43
su2cor 48.0 6.9 24 21.3 280 11.9
tomcatv 48.1 11 39 59.7 4380 451
F average 48.0 4.0 31 40.5 380 285

Table 2: Load latency statistics for the baseline architecture. Dcache Stalls is the percent of loads that
suffer from stalls due to cache misses. The next three columns show the total cycles aload spends
waiting on its effective address calculation (ea), waiting for memory disambiguation (dep), and for
memory access (mem). ROB shows the average number of instructions in ROB during execution.
Last column shows the percent of executed cycles the fetch unit stalled because of no free ROB
entries.

the output value for a load using value prediction and memory renaming. For each of these techniques,
information (dependence, address, or value) is predicted and later used by either the load instruction itself,
or adependent instruction, as in the case of a predicted value. Confidence prediction is used to guide when
a prediction should be used. If the prediction isincorrect, misprediction recovery action must take place to
correct the state of the pipeline.

3.1 Producing and Consuming Predictions

Each of the four load speculation architectures we examine produce predictions which alow the load or
its dependent instructions to speculatively execute. These predictions are produced early in the pipeline
while the load is being fetched from the instruction cache and being decoded. When aload has a predicted
dependency, address, or value, we label this load as producing a prediction [8]. Just because aload has a
predicted dependency, address, or value, it does not mean that the prediction will be used. The prediction
may be used later in the pipeline to either speculatively issue the load or its dependent instructions. When
this occurs the prediction is consumed by the load or its dependent instructions. If the prediction isincorrect,
and has been consumed then it will cause a misprediction recovery action. If the prediction was incorrect
and not consumed, it will not cause any misprediction penalty. This relationship will be discussed in more
detail in each of the four speculation sections.

3.2 Confidence Estimation

The address, value and rename load speculation techniques in this paper use aform of confidence estimation
to decide when aprediction isa candidate for being consumed. We use confidence counters for each of these
predictors. Confidence counters have been shown to be effective at reducing the miss rate of branches, while
maintaining a high coverage of branch predictions [9, 10].

We use two different sets of confidence counters — a conservative one for squash recovery and a more
forgiving one for reexecution recovery. There are four parts to the confidence counters. These are (1)
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saturation, (2) predict threshold, (3) misprediction penalty, and (4) increment for correct prediction. We
examined many different values for these four parameters, and chose two configurations — a 5-hit counter
(31,30,15,1) for squash, and a 2-bit counter (3,2,1,1) for reexecution. The parameters are read as follows.
For squash, a confidence counter can have a max value of 31, and the confidence indicates a prediction can
be used when the counter is 30 or above. If the counter isbelow 30, the prediction is not used. If an incorrect
prediction occurs, the saturating counter is decremented by 15. If the prediction is correct, the predictor is
incremented by 1.

In modeling address, value and rename prediction, we update the predictor’'s values speculatively, and
the values are repaired in the commit stage if there was an incorrect prediction. More importantly, we update
the confidence counters in the write-back stage, and correct the confidence counter if the instruction is not
committed. In our simulations, the prediction accuracy for some programs degraded due to the late update
of the confidence counter. This is one reason for the high confidence threshold for squash recovery.

3.3 Load Mispeculation Recovery

In this paper we model sguash and reexecution recovery for load mispeculation. The processor model we
simulate uses areorder buffer (ROB) and reservation stations to hold the state of the out-of-order processor.

3.3.1 SQUASH RECOVERY

When a data mispeculation occurs, Squash recovery flushes al the instructions out of the ROB after the
mispeculated load instruction, and refetches the instructions from the cache starting at the next instruction
after the mispeculated load. Thisisidentical to the miss recovery approach used for branches.

3.3.2 REEXECUTION ARCHITECTURE

A more aggressive recovery scheme would be to only reexecute instructions dependent upon the mispec-
ulated load. We model reexecution recovery, which only reexecutes those instructions dependent (directly
or indirectly) on the mispeculated load. This is accomplished by re-injecting the correctly loaded value
onto the result bus. Instructions that had used the specul ative value would detect the corrected value and be
re-queued for instruction issue. Thisin turn may cause further reexecutions.

3.4 Load Speculation Architecture Costs

In the following sections we examine several different load speculation architectures. In gathering these
results, we simulated several different hardware structure sizes and chose structures that were large enough
to eliminate most of the aliasing effects. The goal of this study was to examine the interactions of these
architectures without worrying about capacity misses.

In the next four sections we will go through each of the four different types of load speculation. For
each predictor we will (1) describe the prior work for the predictor, (2) describe the hardware predictors we
implemented for that type of speculation, and (3) examine the performance results for those predictors.

4. Dependence Prediction

Many current processors allow loads and stores to execute out-of-order by comparing the load’s address to
prior active store addresses. If the load address isindependent, the load can issue out of order. Delaying this
comparison until all prior active store addresses have completed can create long load latencies. Dependence
prediction has been proposed to remove this latency by predicting if loads are independent of prior stores,
or by predicting which store aload is dependent upon.
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Figure 2: The benefit from using dependence prediction. Dependence prediction isshownin (b) to correctly
predict the alias dependence between ST2 and LD4, and to predict that LD5 has no store alias.

There are several varieties of dependence prediction. Kourosh et a. [11] proposed blindly speculating
loads (always predicting that there are no store aliases), applying this prediction in the presence of memory
consistency. They showed that the common case is for aload to be independent of prior stores.

Independence prediction can be used to predict that a load address does not depend upon any prior
active store addresses. When aload is independence predicted, it can perform its cache access as soon asits
effective address is available. Existing architectures, such as the DEC Alpha 21264, provide a simple but
very accurate form of independence prediction. The 21264 uses aWait Table to record the load instructions
that have been found to be dependent upon a prior store [6]. If aload is found to be dependent upon a store,
then its corresponding bit in the load table indexed by the instruction PC is set. When the load executes, if
the bit is not set then the load will speculatively issue, otherwise it will wait for all prior store addresses to
compl ete before issuing.

The second type of dependence prediction predicts the exact store (if one exists) that the load is de-
pendent upon [12, 13]. Chrysos and Emer introduced Store Sets [14] which dynamically clusters loads
and stores which have aliased the same memory addresses in the past. Their implementation allows mul-
tiple loads and stores to be clustered together to guide prediction. They avoid memory order violations by
enforcing in-order issue of loads and stores within the same store set.

Figure 2 shows the benefit of dependence prediction on our prior code example described in section 2.2.
Dependence prediction can correctly identify that LD4 is aliased with ST2, and that no prior uncommitted
storeisaliased with LD5. LD4 can issue once its effective address has completed and ST2 hasissued. LD5
can issue as soon as its effective address is calcul ated.

4.1 Dependence Prediction Architectures

In the architecture we modeled, when aload is predicted to be independent of all prior stores, the load will
issue as soon as its effective address has been cal culated.

When aload is predicted to be dependent upon a particular store, the load will issue as soon as both the
store issues and the load’s effective address is calculated. A store issues only after its effective address and
input operand are calculated. When aload is predicted in this manner, the value of the aliasing store is not
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directly communicated to the load, but instead, the load goes through its usual pipeline steps - checking the
store buffer for an alias whilelooking up its address in the data cachein parallel (as described in Section 2.2).

Not every dependence prediction will be used. The dependence prediction is performed early in the
pipeline during the fetch and decode stage. By the time the effective address for the |oad has been cal cul ated,
al prior store addresses might be known. In this case, a dependence prediction for the load will not be used,
and no misprediction penalty would occur if the prediction was wrong.

A dependence misprediction occurs when a prior store address is found to be the most recent alias of a
load, after the load has issued. We modeled an aggressive miss-handling architecture to handle dependence
mispredictions. Each time a store address completes, all the issued loads that occur after the store in the
instruction window have their addresses checked for an dias. If an diasis found, misprediction recovery
action is taken for the load, and the load re-issues. This miss recovery has an advantage in that as soon as a
mispredict occurs, the load speculatively re-issues, even though there might still exist some unresolved prior
store addresses before the load. Notethat this could cause the load to be mispredicted several times, until the
load finally finds the correct store dependency. Our results showed that effects from multiple mispredictions
are much smaller than the benefits.

We will now describe the different dependence prediction architectures compared in this paper.

4.1.1 BLIND

Blind prediction is an aggressive form of prediction that keeps predicting independence for a load until it
getsit right. After the load's effective address has been calculated, the load speculatively issues, searching
the store buffer for known aliases and performing its data cache lookup. If it finds a store alias, the load uses
the value to be written by the store. Later, if a prior store’s address resolves and it is a more recent alias,
misprediction recovery action is taken for the load and the load re-issues, predicting that this recent storeis
its dependency. Asdescribed earlier, this may occur severa times until the load findsits correct dependency,
if one exists.

4.1.2 WAIT

A Wait dependence predictor [6] has a table with one prediction bit for each instruction in the instruction
cache. The predictor will speculatively issue a load if the wait bit associated with that load instruction
is not set (turned off). The load speculatively issues as soon as its effective address is calculated. On a
misprediction, the wait bit is set to avoid mispredictions in the future. If the wait bit is set, the load waits
until al prior store addresses have been calculated before issuing. To prevent the predictor from being too
conservative, all wait predictor bits in the instruction cache are cleared every 100,000 cycles. Moreover, on
an instruction cache miss, the wait bits are cleared for the instructions in the incoming cache line.

4.1.3 STORE SETS

Sore sets[14] attempt to chain together memory operations that alias the same location. Memory operations
are assigned store set id numbers, and those operations which are found to alias the same memory location
are given common id's. The store set architecture contains two tables shown in Figure 3. A cache called
the Store Set Id Table (SSIT) [14] is used to keep track of store set id numbers for each load and store
instruction. When a store or load is fetched, their PC is used as an index into the SSIT and an id is returned.
Thisid is then used to index into atable called the Last Found Store Table (LFST) [14], which tracks the
last store operation to issue with that particular store set id. The LFST returns a store identifier indicating
which uncommitted store instruction may be aliasing the memory address the load is referencing. If a store
dependence is found, the load instruction will delay its issue until that store issues and its own effective
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Figure 3. Structure of the Store Sets predictor. The SSIT maps memory operations to store set ids. The
LFST contains the last fetched store instruction for a particular store set.

addressiscalculated. If no dependence isfound, the load will issue as soon as its effective address has been
calculated.

If aload is speculatively issued, and isfound to be mispredicted because of the existence of an unknown
prior store alias, the load and store will be made members of the same store set. This occurs by storing both
the store and load in the SSIT, and having them point to the same entry (store set id) in the LSFT. See [14]
for a complete description of how store set ids are allocated.

In our simulation, stores do not use dependence prediction to speculatively issue, only loads. A store
must wait until all prior store addresses have been calculated before it can issue. Loads with avalid pointer
to a store in the LFST entry can speculatively issue once the store has issued. If the load does not have
avalid LSFT entry, then the load is predicted as being independent of all prior store addresses. We use a
4K entry direct mapped SSIT and a 256 entry direct mapped LFST. To prevent store sets from growing too
large, and from establishing fal se dependencies, we flush the store set data structures every 1 million cycles
as described in [14].

4.1.4 PERFECT

A perfect dependence predictor is one that issues a load only after all prior aiasing stores have issued.
No recovery mechanism is required, and false dependencies are avoided. This predictor exposes the maxi-
mum possible gain obtainable from dependence prediction. It relies on oracle knowledge of al prior store
addresses and the current load address.

4.2 Performance of Dependence Predictors

Figures 4 and 5 show the percent speedup obtained for Blind, Wait, Store Sets, and Perfect dependence
prediction over the baseline architecture for squash and reexecution recovery respectively. Results show
that the Store Sets configuration achieves performance close to Perfect. It also shows that aggressive Blind
speculation with reexecution can achieve performance close to Store Sets. For squash recovery, the wait bits
provide asimple and efficient solution to dependence prediction with a speedup of 7% on average.

Table 3 shows the percent of loads predicted and the misprediction rate for each of the predictors. Store
Sets prediction rates are broken up into the loads that are predicted as independent of prior stores, and the
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Figure 4. Percent speedup over baseline architecture for dependence prediction with squash recovery.
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Figure 5: Percent speedup over the baseline architecture for dependence prediction with reexecution recov-
ery.

loads that are predicted to be dependent upon a prior store. The Wait results show the percent of loads
that were predicted as being independent of all prior store addresses. A misprediction occurs when a load
speculatively issues without finding aprior store alias, because the store’s effective address has not yet been
calculated.

5. Address Prediction

All loads have to wait until their effective addresses are calculated before they can issue. If the load ison
the critical path, and the address can be accurately predicted, then it can be beneficial to speculate the value
of the address and load the data as soon as possible, or even prefetch the data.

10
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Dependence Predictor
Blind Wait Store Sets
Indep Dep

Program %mr [ %Id [ %mr || %Id ] %mr | %Id] %mr
compress 9.0 || 827 00 || 779 00 | 221 0.0
gce 4.2 || 89.9 02 || 829 02| 171 0.1
go 35| 853 02 || 834 01 | 16.6 0.0
ijpeg 6.3 || 841 00 || 776 00 | 224 0.0
li 144 || 67.7 0.1 || 476 00 | 524 0.0
m88ksim 49 || 917 01 || 824 02| 176 0.0
perl 52 || 841 00 || 75.7 00 | 243 0.0
vortex 22 || 95.6 0.0 || 60.2 00 | 398 0.0
C average 6.2 85.1 0.1 73.4 01 | 265 0.0
su2cor 48 || 91.9 0.0 || 91.9 0.0 8.1 0.0
tomcatv 14 || 98.6 0.0 || 986 0.0 14 0.0
F average 31 || 952 00 || 952 0.0 48 0.0

Table 3: Prediction statistics for dependence prediction.

—>
true dependence

enforced alias
dependence

(a) Default Disambiguation (b) Address Prediction

Figure 6: The benefit of address prediction. Figure (b) shows that when using address prediction LD5 does
not have to wait on its effective address calculation, which is waiting on the multiply. The load
only has to wait for the store addresses to be calculated before it can issue, so it can be sure that
the predicted address does not have a store alias.

Address prediction predicts the effective address for aload. The load then has only to wait on potential
store aliases before issuing. When a load instruction uses address prediction, its effective address (EA)
calculation still executes normally. Once the effective address calculation finishes, it checks this address
against the predicted address to determine if the load’s address was correctly predicted. If the address was
incorrectly predicted, the load is re-issued with the correct address.

Figure 6 shows the benefit of address prediction on our prior code example described in section 2.2.
Using address prediction can allow LD5 to speculatively issue as soon as the effective addresses are calcu-
lated for the two store instructions. This could allow LD5 to overlap with the multiply operation, which its
effective address is dependent upon.

Several predictors have been proposed for address prediction, specifically to be used to reduce the latency
of load instructions via prefetching [15, 16, 17]. Gonzalez and Gonzalez [18] observed that source operands
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of load and store operations could be predicted with considerable accuracy. They used a stride address
predictor to speculatively issue both loads and stores, and to guide data prefetching.

Black et al. [19] proposed a hybrid load effective address predictor to reduce load latency. Their hybrid
predictor consists of alast address predictor, a stride predictor, and aglobal dynamic predictor. They imple-
mented a classification scheme which controlled both the selection of which predictor to use for a particular
load, and the selection of which predictor(s) to update. This classification is influenced both by confidence
counters at each predictor, and by afixed ordering of predictors - based on spatial efficiency.

5.1 Address Prediction Techniques Examined

In our simulations, the following predictors have their values (addresses) and strides updated speculatively,
and repaired in the commit stage if an incorrect update was performed. However, the confidence counters,
which are used to guide when to use the prediction information, are updated in the writeback stage, once the
outcome of the prediction is known.

5.1.1 LAST VALUE (ADDRESS) PREDICTION

A last value predictor (LVP) [20] preserves the last value seen for a particular load (in this case the address
of the memory reference), and speculates that the load will re-use the same memory location during its next
execution. We implement LV P predictors using a direct mapped, tagged cache with 4K entries. Each entry
contains the tag, the predicted value, and a confidence counter.

5.1.2 STRIDE

A stride predictor [15, 17, 21] keeps track of not only the last address referenced by a load, but aso the
difference between the last address of the load and the last address before that. This difference is called the
stride. The predictor speculates that the new address seen by the load will be the sum of the last value seen
and the stride. We chose to use the two-delta stride predictor [17, 21], which only replaces the predicted
stride with a new stride if that new stride has been seen twice in a row. Our implementation uses a direct
mapped, tagged cache with 4K entries. Each entry contains a tag, the predicted value, the predicted stride,
the last stride seen, and a confidence counter.

5.1.3 CONTEXT

A context predictor [21, 22, 23] bases its prediction on the last severa values seen. We chose to look at the
last 4 values seen by aload. A direct mapped tagged cache of 4K entries, called the Value History Table
(VHT), contains these last 4 values per entry. Another cache, called the Value Pattern Table (VPT) of size
16K entries, contains actual values (addresses in this case) to be predicted. A load's PC is used to index
into the VHT, which holds the past history of the load. The 4 history values in this entry are combined to
produce an index into the VPT. This entry in the VPT contains the value to be predicted. To compute the
hashing function, each valueisfolded onto itself using an XOR to include al of itsbits. Theresult isavaue
Id that is equal in size (in terms of bits) to the VPT table index. These four value Id’s are then combined
by shifting each value by twice its position in the value stream and XORing these values together. We did
not include any PC bits into this hashing function. In [8], we showed that including too many of the PC
bits in the hashing function resulted in a significant degradation in the ability to provide predictions. Not
including PC bits into the hashing function allows separate static load instructions to share entries in the
VPT. An example of this occurs between two different load instructions that are traversing the same pointer
list. One load instruction will initialize the VPT with its values, and the other load instruction can achieve
100% value prediction accuracy when traversing that same list.

12



A COMPARATIVE SURVERY OF LOAD SPECULATION ARCHITECTURES

Confidence counters are also used in the VHT to guide when to use the prediction. Unlike stride pre-
dictors, context predictors do not perform well on values that have not been seen before, athough there is
benefit from correlated static loads as described above.

5.1.4 HYBRID

Our hybrid predictor issimilar to that proposed in [23] and [19]. It is composed of one context predictor and
one stride predictor, which are of the sizes described above. Prediction is guided by the confidence counters.
If both predictors hit (the confidence is above their predict threshold), then the value to be speculated is
chosen from the predictor with the higher confidence. If both have the same confidence, a global mediator
counter of correct predictions is consulted. Whichever predictor hasthe greater history of correct predictions
is declared the winner. Preference is given to stride prediction in the case of atie. The mediator counter is
cleared every 100,000 cycles. The hybrid predictor combines the ability of the context predictor to recognize
repeated values without a fixed stride, and the ability of the stride predictor to predict values that have not
been seen, but that are afixed stride apart.

5.1.5 PERFECT CONFIDENCE

We simulated the hybrid predictor with perfect confidence prediction. The Perfect predictor is the same as
the hybrid predictor, except it only produces a prediction when the prediction is correct, and it chooses not
to predict when the prediction is going to be incorrect.

5.2 Performance of Address Predictors

Figures 7 and 8 show the percent speedup obtained for Last Address Prediction, Stride Prediction, Context
Prediction, Hybrid, and Perfect Confidence prediction. The results show stride prediction performs well
on the Fortran programs, since stride prediction should accurately predict array traversals. In comparison,
context prediction is better suited for predicting pointer addresses and provides decent speedups for the C
programs.

Table 4 shows the percent of loads producing predictions above the confidence threshold and the miss
rates for each of the four predictors. Results are shown using the squash confidence counters, and the last
column is the percent of loads that could be accurately predicted if one had perfect confidence information.
The confidence mechanism we use provides highly accurate predictions, as can be seen by the miss rates for
the various predictors. However, the coverage provided is conservative as shown by the potential coverage
of perfect confidence. This table corresponds to the speedups shown in Figure 7. As can be seen, context
prediction provides higher coverage than stride prediction for per | , and thisis reflected in the IPC results
for this benchmark. Vor t ex has dightly less coverage from context prediction than stride prediction, but
still shows more speedup with context prediction because this technique covers different loads that have
more of animpact on IPC. When the hybrid predictor is used with vor t ex we can see that the combination
of these two approaches captures more loads than either approach alone.

Table 5 shows the percent of executed loads that were correctly predicted by each type of predictor. Each
column represents the percent of loads correctly predicted by al of the predictors listed in the column header.
Each executed load for a program will only be counted in one column (all the columns for a program will
sum up to 100%). The results show that on average for the C programs, 8.3% (1.8%+6.5%) of the loads are
correctly predicted by stride prediction, and context prediction either chooses not to predict or incorrectly
predicts them. However, 11.8% of the load addresses are correctly predicted by context, but not by stride.
The stride predictor has more coverage at predicting the FORTRAN addresses however, where 53.1% of
the load addresses are correctly predicted by stride prediction, and are either not predicted or incorrectly
predicted by context prediction.

13
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Figure 7: Percent speedup over the baseline architecture for address prediction with squash recovery.

50 -

45

20 aLve
E Stride
35 OContext|
30 BEHybrid | —
Perfect
25 -

20 A

154

Percent Speedup Over Base

Figure 8: Percent speedup over the baseline architecture for address prediction with reexecution recovery.

Table 5 shows results using the reexecution confidence counters and corresponds to data shown in Fig-
ure 8. Per| and vort ex are examples of two C programs which have higher context predictor coverage,
and have a corresponding higher IPC speedup. Su2cor andt ontat v show higher stride predictor cov-
erage, and show little improvement from context prediction. Both of these benchmarks provide speedups
using stride prediction that are close to speedups attainable with perfect confidence.

6. Value Prediction

Value prediction predicts the actual data value that is to be brought in from memory, allowing instructions
dependent on the load to speculatively execute with the predicted value. If the prediction is correct, this
breaks true data dependencies since the value is produced without having to wait on the load instruction.

14
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Address Predictor - Using (31,30,15,1) confidence

Lvp Stride Context Hybrid Perf

% % % % % % % % %

Program Id mr Id mr Id mr Id mr Id
compress || 714 | 00 || 715 | 00 || 727 | 01 || 734 | 0.1 || 859
gce 166 | 04 || 17.7 | 04 || 153 | 06 || 194 | 05 || 621
go 142 | 02 || 146 | 03 || 119 | 08 || 158 | 04 || 587
ijpeg 178 | 00 || 203 | 0.0 || 395 | 03 || 411 | 03| 782
li 208 | 01| 230 | 01| 217 | 04 || 263 | 0.2 || 66.7
m88ksim 261 | 02| 261 | 01 || 341 | 08| 413 | 0.7 | 79.7
perl 403 | 00 || 408 | 01| 511 | 04 || 574 | 04 | 80.7
vortex 339 | 00| 339 | 00| 300| 02| 363 | 00( 670
Caverage || 301 | 0.1 || 310 | 01 || 345 | 05| 389 | 03| 724
su2cor 268 | 00 || 8.0 | 01| 302 | 03| 8.2 | 01| 899
tomcatv 15| 00| 913 | 06 || 345 | 08 || 914 | 0.6 || 995
Faverage || 141 | 00 || 882 | 03 || 324 | 05| 883 | 03| 947

Table 4. Address prediction statistics for Last Value, Stride, Context, Hybrid, and Perfect Confidence Pre-

diction.
Using (3,2,1,1) confidence
Program || | s | ¢ Is [ Ic ] sc [ Isc [ mss| np
compress 0.0 16 13 51| 00 03| 75.7 10 | 150
gce 0.3 2.0 | 10.6 65| 01 3.0 | 25.6 1.0 | 51.2
go 0.4 25 49 86 | 0.1 14 | 289 09 | 527
ijpeg 0.4 33| 141 | 136 | 02| 151 | 279 20| 239
li 0.1 31| 126 57| 0.0 0.5 | 28.0 11 | 491
m88ksim 0.0 0.7 | 10.1 571 00| 164 | 36.9 1.6 | 285
perl 0.0 0.9 | 247 40| 0.0 0.3 | 44.0 08 | 254
vortex 0.0 01| 16.1 32| 00 00 | 344 1.2 | 450
C average 0.1 1.8 | 11.8 65| 00 46 | 37.7 1.2 | 36.4
su2cor 0.0 | 56.6 0.1 01| 0.0 6.1 | 26.7 0.0 | 105
tomcatv 0.0 | 49.7 0.1 0.0 | 00| 482 15 0.0 0.5
F average 0.0 | 53.1 0.1 01| 00| 271 | 141 0.0 55

Table 5: Breakdown of correct address predictions. L = Last Value, S = Stride, C = Context, NP = not
predicted, Miss = all predictors mispredicted these loads. Each column represents the digjoint
percentage of executed loads that were correctly predicted by the combination of predictors in
each column header (and not by any other combination). For example, the column labelled Is
corresponds to the percent of loads that were correctly predicted by both last value and stride
prediction, but not context prediction. The s column represents |oads that were correctly predicted

by stride prediction, but not by either context or last value prediction.

When aload instruction produces avalue prediction, the value isinserted into the instruction’s all ocated
physical register. This value will then be seen and consumed (used) by subsequent instructions. The pre-
dicted load instruction still takesits normal path of execution for a non-speculative load. When the predicted
load’s real value becomes available, it is checked against the predicted value for mispeculation.

Figure 9 shows the benefit of value prediction on our prior code example described in section 2.2. Using
value prediction alows the divide and add to speculatively execute without having to wait on the load
instructions to provide the values. The predictions are then checked when the load instructions complete.
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Figure 9: The benefit from using value prediction. Value predicting the result register for the two load
instructions allows the divide and add to speculatively execute in parallel with the two loads.

6.1 Value Prediction Pipeline

In the fetch stage of the processor, the value prediction table is accessed for the range of PCs being fetched.
The value table lookup could potentially take multiple cycles, and needs to complete by the time the instruc-
tion enters the register rename stage. Efficient techniques, like those proposed in [24], are heeded to handle
multiple value predictions, but modeling this was beyond the scope of this paper.

After aload instruction is decoded, it then enters the register renaming stage, where the instruction is
alocated a physical register. The allocated physical register is normally used to hold the result value for an
instruction, but we also use it to temporarily hold the predicted value for an instruction. If avalue prediction
was found in the table, the predicted value is stored into the physical register, to be potentialy consumed
by other instructions. Once the instruction finishes executing and the real result value is available, it will
overwrite any predicted value in its physical register. In this design, the register map contains an additional
bit indicating whether the physical register contains area value or a predicted value. A value prediction is
only produced and stored in the register fileif the prediction’s confidence is above the specified threshold as
described in section 3.2. Otherwise, the predicted value is discarded.

During the issue stage of the processor, instructions are issued to reservation stations when afree reser-
vation station for a functional unit becomes available. Instructions are then executed from the reservation
stations when their operands become available. When an instruction is inserted into a reservation station,
theinstruction reads its available inputs from the register file, storing the prediction bit from the register map
along with the register value in the reservation station.

Instructions are scheduled to execute from the reservation station, when there is an idle functiona unit.
Theinput operands of an instruction in the reservation station can be in one of the following states (1) ready,
(2) pending, or (3) pending with value prediction. When choosing which instruction to execute, priority is
given to those instructions whose operands are ready. If no instruction in the reservation station is ready to
execute and thereisan idle functional unit, we try to find an instruction to schedule using a predicted value.
An ingtruction is a candidate for execution with value predicted operands if all input operands are either
ready or have predicted values.

When an instruction consumes a predicted value, this means that the instruction producing this value
has not completed. We keep a use bit associated with the instruction producing the predicted value. In the

16
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Value Predictor - Using (31,30,15,1) confidence

Lvp Stride Context Hybrid Perf

% % % % % % % % %

Program Id mr Id mr Id mr Id mr Id
compress 441 | 00 || 651 | 0.0 || 461 | 02 || 678 | 0.0 || 753
gce 162 | 04 || 162 | 04 || 149 | 0.7 || 186 | 05 || 615
go 89 | 05 9.0 | 05 70| 13| 105 | 0.7 || 56.2
ijpeg 109 | 12 || 115 | 12 || 219 | 08 || 245 | 08| 575

li 234 | 03 || 262 | 03 || 222 | 06 || 288 | 04 || 759
m88ksim 269 | 06 || 27.7 | 06 || 249 | 1.3 || 344 | 0.7 || 776

perl 458 | 0.0 || 482 | 00 || 468 | 03 || 57.7 | 01| 783
vortex 386 | 00| 389 | 00| 338 | 02| 432 | 00| 70.0
Caverage || 269 | 04 || 304 | 04 || 272 | 0.7 || 357 | 04| 69.0
su2cor 440 | 0.0 || 446 | 00 || 460 | 02 || 490 | 0.2 || 534
tomcatv 15| 00 15| 00| 296 | 04 || 29.7 | 04 || 44.2

Faverage || 228 | 0.0 || 231 | 00 || 378 | 03| 394 | 03| 488

Table 6: Value prediction coverage and misprediction statistics for Last Vaue, Stride, Context, Hybrid Pre-
diction, and Perfect Confidence for squash recovery.

reservation station, the consumer instruction aready keepstrack of the reorder buffer entry of the instruction
producing the result value. When an instruction uses a predicted value, it sets the use hit for the producer
of the value to indicate that an instruction has used its prediction. Once the producer finishes execution, it
checks the use bit to see if its prediction has been consumed. If so, it will need to compare the predicted
value to the real value loaded to see if misprediction recovery is necessary. This means that when aload is
mispredicted, recovery will only be necessary if that prediction is actually consumed by another instruction.

When an instruction that has consumed a value prediction finishes executing, it stores its computed
valueinits physical register. The valueis also broadcast to all reservation stations. This allows results from
speculative values to propagate through the pipeline, potentially alowing the execution of instructions well
down the dependency chain to execute in parallel with the load instruction.

6.2 Value Prediction Techniques Examined

Several architectures have been proposed for value prediction including last value prediction [20, 25], stride
prediction [26, 27], context predictors [21], and hybrid approaches [23].
We simulate the five prediction architectures described in Section 5.1 for value prediction:

e Last Value Prediction - prediction based on last data value seen for a particular load.

Stride Prediction - prediction based on last data value seen and current stride for a particular load.

Context Prediction - prediction based on last 4 data values seen for a particular load.

Hybrid Prediction - choose between context and stride predictors.

Perfect Confidence - use the hybrid predictor, but only use the prediction if correct. This models
having perfect confidence information when value predicting.

These predictors are identical in function and size to the ones described in the previous section on

address prediction, but instead of predicting addresses, these predictors speculate on the the actual contents
of the memory location.

17
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Figure 10: Percent speedup over the baseline architecture for Value Prediction with Squash recovery.
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Figure 11: Percent speedup over the baseline architecture for Value Prediction with Reexecution recovery.
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Using (3,2,1,1) confidence

Prog)am | T [ s | ¢ [ Is [ lc] s ] Isc [ mss][ np
compress 00 | 17.7 29 69 | 00| 43| 425 06 | 252
gcc 0.2 05| 111 80| 01| 04 | 268 17| 514
go 0.4 0.6 81| 103 | 01| 04 | 215 17| 573
ijpeg 04| 10| 138| 99| 01| 07| 248| 20| 477

li 0.0 43 | 194 42 | 0.0 | 27 | 338 16 | 340
m88ksim 0.1 19 | 134 59| 01| 24| 442 19| 301

perl 0.0 26 | 156 93| 00| 05| 419 04 | 29.6
vortex 0.0 01| 139 67| 00| 04| 374 0.7 | 40.8
Caverage || 0.1 36| 123 77| 00| 15| 341 13| 395
su2cor 0.0 12 55 20| 00| 01| 429 02| 481

tomcatv 0.0 0.0 | 40.9 01| 00| 00 15 01| 575
Faverage || 0.0 0.6 | 232 10| 00| 00| 222 01| 528

Table 7: Breakdown of correct value predictions using reexecution recovery. L = Last Value, S = Stride,
C = Context, NP = not predicted, Miss = all predictors mispredicted these loads. Each column
represents the digoint percentage of loads that were correctly predicted by the combination of
predictors in each column header (and not by any other combination). For example, the column
labelled Is corresponds to the percent of loads that were correctly predicted by both last value and
stride prediction, but not context prediction. The s column represents loads that were correctly
predicted by stride prediction, but not by either context or last value prediction.

% DL 1 misses correctly predicted by value prediction
Squash Reexecute

Program lvp | str | cx | hyb lvp | str | cx [ hyb [ perf

compress 0.1 0.1 0.0 0.1 0.9 0.9 1.0 19 50

gce 68| 70| 73| 101 || 21.0 | 21.8 | 295 | 348 | 50.7
) 28| 28| 16| 33| 180 182 | 143 | 228 || 389
ijpeg 01| 01| 14| 151 483 | 485 | 137 | 370 || 626

I 365 | 365 | 233 | 430 || 437 | 463 | 582 | 616 || 76.3
m8sksm | 07| 07| 06| 10| 80| 237 | 54| 248 | 466
perl 14| 14| 14| 19| 81| 121| 59| 119 272
vortex 207 | 207 | 222 | 334 | 213 | 210| 231 | 345 || 396
Caverage | 86 | 87| 72| 118 | 212 | 241 | 189 | 287 || 434
suzcor 526 | 541 | 520 | 545 || 533 | 559 | 524 | 55.7 || 57.1
tomcatv 00| 00| 135| 135 02| 02| 163 | 164 199
Faverage | 263 | 27.1 | 32.7 | 340 | 268 | 281 | 344 | 360 || 385

Table 8: Percent of time that a predictor successfully predicts aload that is stalled by adl1 cache miss.
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6.3 Performance of Value Predictors

The overall potential benefit from value prediction is demonstrated by the average load delay cycles seen
in Table 2. By correctly predicting the value for the load, instructions dependent upon the load can avoid
stalling during the time the load spends calculating its effective address, waiting on memory disambiguation,
and performing its memory access.

Figures 10 and 11 show the percent speedup obtained for Last Value Prediction, Stride Prediction, Con-
text Prediction, Hybrid, and Perfect Confidence prediction.

We are able to achieve speedups for value prediction using sguash recovery for all programs, by only
consuming predictions when the prediction has ahigh degree of confidence, using the 5 bit counter described
in Section 3.2. The results show that squash recovery is able to achieve close to a 12% speedup on average
and 23% speedup for reexecution recovery. A 30% reduction in execution time could be achieved with
perfect confidence. In [8, 28], history based confidence estimation was proposed to improve the confidence
used by value prediction in the hope of attaining performance closer to that of perfect confidence prediction.
The need for improved confidence estimation is especially visible in Figure 10, where we trade a significant
amount of coverage for prediction accuracy.

Table 6 shows the percent of loads producing predicted values above the confidence threshold and the
miss rates for each of the four value predictors for the squash recovery architecture, as well asthe percent of
loads correctly predicted for perfect confidence prediction. The results show that the hybrid predictor both
increases the load coverage over either stride or context prediction alone and decreases the miss rate. The
datain thistable corresponds to speedups shown in Figure 10. Aswith address prediction, load coverage and
IPC speedup must be examined together to revea the efficacy of a predictor. Although context prediction
and stride prediction share similar coverage for vor t ex and per | , it can be seen that context prediction
has more of an impact on IPC for these two benchmarks. However, the hybrid predictor is able to provide
more IPC speedup than either technique alone. The loads covered by context prediction are more often
found on the critical path, and so impact IPC more than the loads covered by stride prediction.

Table 7 shows the percent of executed loads that were correctly predicted by each type of predictor. Each
column represents the percent of loads correctly predicted by the predictors listed in the column header.
The results show that 10.3% of loads are covered by stride prediction and not by context for the SPEC
C programs, but slightly more (12.3%) are only covered by context prediction. This effect is even more
dramatic for the FORTRAN programs we examined where 23.2% of loads are covered only by context
prediction. The datain this table corresponds to speedups shown in Figure 11. Table 7 reveds the disparity
in coverage between these two techniques. Conpr ess shows greater speedup with stride prediction than
with context prediction in Figure 11. This can be explained by examining the coverage of these predictors
as seen in Table 7. Most of the correctly predicted loads for conpr ess could be covered with stride
prediction, whereas only 3% of loads could only be correctly predicted by context prediction.

The percent of loads that suffer from stalls due to data cache misses is shown in Table 2. Table 8
then shows how effective value prediction is at predicting loads that suffer from data cache misses. The
table shows the percent of first level data cache misses that were correctly predicted by the different value
predictors. The cache architecture we model is 128K, 2-way associative, with 64 byte lines. The results
show that a large number of cache misses can be correctly predicted by value prediction. Even last value
prediction accurately predicts 8% to 22% of the data cache misses on average for the SPEC C programes.

7. Memory Renaming

Memory renaming is the process of finding dependencies between store and load instructions, and com-
municating a predicted value from the store to the load. Research by Mashovos et. a. [29] and Tyson
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Figure 12: The structure of the memory renaming architecture [30]. The Store Cache is used to find the
relationships between store and load instructions. The Store/Load cache is used to keep track
of which Value File entries to use for store and load instructions. Store instructions use the
value file entry to store their last value or a pointer to the instruction producing the value. Load
instructions used the value file entry to predict the value to use for the load.

and Austin [30] found that memory communication between store and load instructions can be accurately
predicted in hardware.

Memory renaming keeps track of store/load dependencies in order to directly communicate a predicted
value from a store to aload, bypassing memory. The approach uses a store cache to keep track of recently
executed stores. When a load is found to be aliased with a store in the cache, a relationship is recorded.
When the load is executed again, if the store has been resolved, the load will value predict the source value
of the store from avaluefile. If the store has not been resolved, the value will be forwarded to the load when
it becomes ready.

Memory renaming is similar to dependence prediction, since it is used to predict dependencies as well
as values. The difference is dependence prediction speculates based on the dependency, whereas memory
renaming speculates based on the predicted value communicated to the load. With dependence prediction,
the load still performs the store buffer and cache access to get the value for the load. A misprediction occurs
when there is a store/load dependency and the load issued before that store was ready to issue. In contrast,
memory renaming predicts a dependency or value, and its dependent instructions can start using the value
as soon asit becomes available. A misprediction occurs only if the value is incorrect.

Another difference is that memory renaming keeps track of dependencies between store and load in-
structions over alarger window of instructions than store sets [14] used for dependency prediction. Memory
renaming keeps track of prior store addresses in a store cache, and this cache can include stores that are no
longer in the current instruction window. The store sets architecture does not need a store cache, sinceiit is
only concerned about predicting dependencies between stores and loads in the processor’s active instruction
window.

7.1 Memory Renaming

We chose to study the memory renaming approach of Tyson and
Austin [30] shown in Figure 12. For effective memory communication, the architecture has (1) a Store
Cache to cache stores recently seen (4K entries direct mapped), (2) a Store/Load Cache to hold the depen-
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dencies found (4K entries direct mapped), (3) aValue File for rename/value prediction (1K entries), and (4)
a confidence mechanism (not shown in the figure) to determine when to use the prediction.

When a store instruction is decoded, it indexes into the Store/Load Cache with the store PC to find its
ValueFileentry. If thereisamiss, the store isallocated the least recently used Value File entry and it updates
its new Store/Load Cache entry to point to this Vaue File entry. The store then updates the Value File entry
with the current value of the store or a pointer to the instruction producing the value for the store. When the
effective address for the store becomes available, the store indexes into the Store Cache with its address and
updates the entry to point to its current Value File index.

When aload instruction is fetched/decoded, it uses its PC to index into the Store/Load Cache to find
its Value File entry. If there is a hit, the Value File entry is then used for predicting the value for the load
instruction. After the load’s effective addressis known, the load indexes into the Store Cache with its address
to find an dias. If an dliasis found, the load updates its Store/Load Cache entry to have the same Vaue
File index as the aliased store. If an dlias is not found, then the load updates its Store/Load entry to point
to the Value File index corresponding to indexing the Value File with the load's PC. Thisis used to provide
last value prediction the next time the load is executed. If there was no store aias, then the load updates
its Value File entry with the last value used by the load to provide last value prediction. For further details,
please see the complete description of the memory renaming architecture in [30].

7.2 Consuming Predicted Values

The memory renaming architecture only needs to pay the cost of misprediction if a predicted value was
actually used (consumed) by adependent instruction. Each load that hitsin the store/load cache will produce
a predicted value/tag, but dependent instructions on that load will only consume the predicted value once
they arein the reservation station and there are idle functional units.

For a predicted load instruction, the value file provides either (1) a predicted value or (2) a physical tag
pointing to the instruction producing the value. When performing memory renaming, a load producing a
predicted tag from the Value File will be split into two separate instructions — spec-move and the origina
load. Both of these instructions will have the same register mapping and same physical register destination.
The spec-move will be hooked up to the the instruction producing the value, and acts as a register move.
The spec-move is only used when aload is predicting avalue communicated by a store, and the instruction
producing the input to the store has not yet completed execution. The spec-move is not used when the load
predicts a value from the Value File. The value or physical tag for the spec-move is stored in the result
register for the load instruction after the prediction is produced from the Value File.

Theregister fileis modified to contain a speculative bit (spec bit) and a value bit. The spec bit indicates
if the register file entry contains areal value or a speculative value/tag. The value bit is used to indicate if
the speculative data stored in the register is either a speculative value or a physical tag to the spec-move.
In addition, we modified the reservation station to contain the spec bit and value bit, to indicate the type of
value stored for both input operands in the reservation station.

Consider an instruction Y, dependent upon a load Z, dispatched to a reservation station. If the load
instruction has completed, then no speculation will need to occur. If the load has not completed and it has
been predicted, the load destination register’s spec bit will be true and instruction Y will read the speculative
value or tag from the register file. If a physical tag to instruction X is read from the register file, then
instruction X will be the spec-move, which will produce the speculative value for the load. In addition
to this, the reservation station still holds a pointer to the original load instruction Z that is producing the
real value for instruction Y for the given operand. If the spec-move X completes before load Z, then Y's
reservation station will have the speculative value stored as one of itsinput operands and the value-bit will be
changed from tag to value. If at any time the load Z finishes executing before instruction Y starts executing,
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Figure 13: The benefits of memory renaming. Memory renaming can correctly communicate the result
value of the multiply to the divide as a value prediction, and provide a prediction from STO to
the add viathe value table.

then the load will update the correct operand value for instruction Y, the spec bit will be set to false, and the
ready bit for that operand will be set to true.

When deciding which instruction to execute next for a functional unit, the reservation stations are first
searched for instructions with ready, non-speculative operands. If no ready instructions can be found, the
architecture will choose to predict instructions whose remaining operands have their value bit set to value.
Notethat in this architecture, apredicted load instruction only causes a misprediction penalty if a dependent
instruction actually used the predicted value. If a dependent instruction does not use the predicted value,
then there is no mispeculation penalty.

Figure 13 shows the benefit of memory renaming on our prior code example described in section 2.2.
Using dependence prediction can correctly communicate the dependence from ST2 to LD4, which results
in a spec-move added to the instruction stream to move the predicted value produced by the multiply into
the destination register for LD4. The divide will then see this speculative value broadcast over the results
bus and use it to speculatively execute while LD4 is performing its memory lookup. In addition, the value
stored by STO is communicated via the value table to LD5 resulting in a value prediction consumed by the
ADD.

7.3 Performance of Memory Renaming

Table 9 shows the speedup results for the memory renaming architecture, and memory renaming with perfect
confidence prediction. Thefirst four columns show the percent speedup for squash over the baseline IPC, the
percent of loads producing predictions for squash, the misprediction rate for squash, and the percent of load
data cache misses correctly predicted using memory renaming. The next two columns show the speedup
for reexecution and the percent of data cache misses correctly predicted using renaming. The final three
columns show the speedup, load coverage, and data cache misses correctly predicted for perfect confidence.

One interesting performance aspect we saw occur occasionally with renaming is that sometimes an
incorrect store dependence is predicted for aload instruction, but the value communicated from the store to
the load was correct. In this case, a misprediction will not happen, since the real result value of the load is
compared to the predicted value to determine a misprediction.
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Memory Renaming
Squash Reexecute Perfect

Program % Speedup | %Ids | % MR | %DL1 || % Speedup | % DL1 || % Speedup | %Ids| %DL1
compress 9.3 39.0 0.0 0.1 9.6 04 11.0 46.6 16
gce 3.0 18.1 0.9 4.6 8.1 18.2 12.6 41.8 26.3
go 3.8 15.6 0.9 22 95 14.4 18.0 38.7 234
ijpeg 13 14.2 0.7 0.0 26 48.0 4.9 39.9 485
li 47 291 04 35.0 10.5 44.8 12.8 43.6 51.5
m88ksim 5.6 375 0.6 0.6 10.6 56.0 117 61.1 64.7
perl 13.6 414 0.1 0.8 15.1 175 20.3 534 27.8
vortex 9.6 34.6 0.1 28.1 10.7 29.6 14.0 46.6 318
C average 6.3 28.7 05 8.9 9.6 28.6 132 46.5 34.4
su2cor 52 452 0.1 51.1 49 51.5 51 46.3 52.5
tomcatv -0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.3 10
F average 2.6 22.6 0.1 25.6 25 25.8 26 233 26.7

Table 9: IPC Speedup and Prediction statistics for original rename predictor and merging rename predictor
for Squash and Reexecution recovery.

Many of the renaming mispredictions arise from dependencies that are found to a store, but an incorrect
instance of that store is communicated to the load. This can happen with loop carried dependencies as
described in [30].

8. Interaction Between L oad Speculators

In this section we examine the performance and interaction of combining al four types of load speculation.
To combine these four predictors we implemented a number of different choosers. All four predictors
report their confidence at predicting a particular load to the chooser. The chooser then selects which of the
predictions to follow according to a set of heuristics. The chooser we found to perform the best, called the
L oad-Spec-Chooser, used a fixed ordering among the different predictors. In this section we examine the
performance of using all combinations of these 4 predictors using the L oad- Spec-Chooser.

The Load-Spec-Chooser uses the following ordering to determine which speculation to apply. Priority
is given to (1) value prediction, then (2) memory renaming, and finally to (3) both dependence prediction
and address prediction at the same time. We apply both address and dependence prediction together (if the
predictors choose to predict), since they are used to speculate different dependencies (address and alias) for
the load.

For the Load-Spec-Chooser shown in Figure 14, each predictor performs its lookup in paralel and
returns a decision to predict or not. If the value predictor chooses to predict, value prediction is used for
the load. If not, and the memory rename predictor chooses to predict, memory renaming is used. If neither
value or rename prediction chooses to predict, then either or both dependence and address prediction are
used to specul ate the load depending upon their decision to predict.

We also provide results for a 2nd type of chooser called the Check-L oad-Chooser. During value and
rename prediction the normal load has to go through the baseline hardware memory disambiguation before
the load can issue. This can create a long misprediction penalty for load value prediction and memory
renaming. We call a load that has been value or rename predicted a check-load. Since dependence and
address prediction are very accurate, these could potentially be used to speculate the check-load to decrease
the value and rename miss penalty. If the processor aready has dependence and/or address prediction, no
major changes would be needed to allow check-load instructions to benefit from this prediction.

Check-load speculation can be beneficial when the load dependence or address prediction is correct
and the value prediction is incorrect, since it decreases the miss penalty. If the check-load prediction and
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Figure 14: Structure of the Load-Spec-Chooser. The boxes across the top represent instances of the four
basic types of load speculation predictors examined in this paper. The boxes along the bottom
represent the predictions of the Load-Spec-Chooser.

the value prediction are correct, then there is no benefit and no harm caused by check-load prediction. If
the check-load's address or dependency is mispredicted and the wrong value is loaded this can cause the
unfortunate effect of turning a correct value or rename prediction into an incorrect prediction. Because of
this, check-load prediction should only be used if dependence and/or address prediction is very accurate.

Figure 15 shows the benefit of using address prediction with dependence prediction, and using check-
load speculation with value prediction of our prior code example described in section 2.2. Providing both
dependence and address prediction alows LD5 to speculatively issue right away. In (c), even if a predicted
value is provided for the load, dependence and address prediction can be used to process the check-load to
sooner detect a mispredicted value.

8.1 Chooser Performance

To examine the interaction of the different predictors we ran all possible combinations of the predictors,
using the Load-Spec-Chooser. In performing this comparison, we chose the four best predictors (store sets,
hybrid address, hybrid value, and memory renaming) from the previous sections in this paper, and used the
table sizes described in those sections.

Figure 16 shows the average speedup achieved for all possible different combinations of predictors
for sguash and reexecution recovery, as well as speedups with perfect confidence predictors. The X-axis
represents the combination of predictors used. For example, the VDA bars show the speedup due to an
architecture with a hybrid Value predictor, hybrid Address predictor, and a store set Dependence predictor
and using the L oad-Spec-Chooser to predict each load. The results show that for each type of recovery, value
prediction has the best individual performance. With squash recovery, it has just slightly better performance
than dependence prediction. The best performance achieved from combining two predictors is from using
both store sets and value prediction, followed next in performance by the combination of store sets with
address prediction.
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Figure 15: The advantage of check-load speculation. Part (b) shows the benefit of combining address pre-
diction with dependence prediction. Part (¢) shows the dependencies removed by performing
dependence and address prediction on aload that has been value predicted.
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Figure 16: Average speedup results for Squash and Reexecution recovery for all combinations of the predic-
tors using the L oad-Spec-Chooser to decide which predictor to use. D = Store Set Dependence
Prediction, V = Hybrid Value Prediction, A = Hybrid Address Prediction, R = Origina Memory
Renaming, and CL = Check-Load Prediction
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Using (3,2,1,1) confidence

Program || d [ da [ vd | rd [ vda | rda [ rvd [ rvda| other
compress 16.0 6.2 0.4 03 | 340 33| 01| 397 0.0
gce 36.6 7.4 5.6 85 | 15.6 22| 33| 20.6 0.1
go 40.5 8.8 33 7.1 | 153 35| 35| 17.9 0.1
ijpeg 253 | 141 1.4 1.7 | 27.2 | 10.7 1.3 | 183 0.0

li 231 59 | 127 74 | 198 14| 84| 21.2 0.0
m88ksim 130 55 34| 124 | 230 35| 41| 350 0.2

perl 14.2 59 11 88 | 29.6 27 | 42| 335 0.0
vortex 21.8 4.4 59| 144 | 269 21| 50| 194 0.0
Caverage || 23.8 7.3 4.2 76 | 239 37| 37| 257 0.1
su2cor 99 | 352 0.1 0.3 8.8 30 | 03| 424 0.0
tomcatv 0.7 | 56.9 0.1 0.0 | 423 00 | 00 0.0 0.0

F average 53| 46.0 0.1 01| 256 15| 02| 212 0.0

Table 10: Breakdown of correct predictions. R = Memory Renaming, D = Store Set Dependence Prediction,
A = Hybrid Address Prediction, V = Hybrid Value Prediction, NP = |oads that were not predicted
by any of the predictors, Miss = all predictors mispredicted these loads, Other = the remaining
contributions of loads for the columns not shown. Each column represents the disjoint percentage
of loads that were correctly predicted by the combination of predictors in the column header. For
example, the column labelled VD corresponds to the percent of loads that were correctly predicted
by both value and dependence prediction, but not by either rename or address prediction. The
“other” column contains predictor combinations which were responsible for close to 0% of the
load coverage. For example, since amost all loads could be predicted with dependence prediction,
the”V”,”A”, and”D” columns were close to 0% and were combined into the Other column, along
with other combinations close to 0%.

The last two sets of barsin Figure 16 show the performance obtained using check-load (CL) prediction
with value, dependence, and address prediction, and with all four predictors. The results show that check-
load prediction achieves only a slight improvement in performance for reexecution recovery.

Table 10 shows the contribution of different predictor combinations. The numbers represent the percent-
age of executed loads that were correctly predicted by the combination of predictors in the column header.
For a given program all of the columns add up to represent 100% of the executed loads. To save space
we do not show show the contribution columns that were essentially al zero. Their contribution is instead
accumulated in the last column (Other) in the table.

In Figure 16, after combining value prediction with dependence and address prediction, little perfor-
mance improvement is seen by adding in memory renaming. One reason for this can be seen in Table 10,
which shows that value prediction correctly predicts 27.7% of the loads, which memory renaming either
mispredicts or chooses not to predict. In contrast, memory renaming only predicts 9.3% of the loads, which
value prediction does not predict.

8.2 Interaction with Data Cache

Aninteresting statistic for all these techniques, that has not been reported in prior research, is the interaction
of Data Cache hits and misses with load speculation. Table 11 shows the breakdown of percent correct and
incorrect predictions for each type of predictor for data cache hits and misses. The best program performance
would be expected for the predictors that were able to correctly predict the most loads that resulted in data
cache misses. The results show that address, value and rename prediction can be very accurate for loads that
are stalled due to data cache misses for some programs.
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Data Cache Hits Data Cache Misses
Rename Value Address Rename Value Address
Program || Cor [ Inc || Cor [ Inc || Cor | Inc Cor [ Inc || Cor [ Inc || Cor] 1Inc

compress 452 | 35| 791 18 || 89.7 2.7 0.4 0.3 14 51| 145 | 146

gce 352 | 72 || 452 | 108 || 455 | 104 18.3 78 || 334 | 182 | 126 | 150
go 308 | 65 || 389 99 || 428 73 138 | 100 || 209 | 143 99 | 122
ijpeg 265 | 7.7 || 529 | 138 || 648 | 14.6 474 | 450 || 465 | 412 || 555 | 431

li 435 | 54 || 61.0 | 119 || 533 | 11.0 441 52 || 55.7 | 138 || 62.6 7.7
m88ksim 538 | 6.2 || 67.2 | 106 || 70.4 9.6 572 | 184 || 259 | 449 || 218 | 531

perl 459 | 44 || 658 8.7 || 722 4.4 9.9 9.7 || 101 | 26.3 6.3 | 216
vortex 380 | 51 || 58.7 95 || 56.9 8.7 30.0 08 || 21.3 | 151 1.9 3.0
Caverage || 39.9 | 5.7 || 58.6 9.6 || 62.0 8.6 277 | 121 || 269 | 224 || 231 | 213
su2cor 258 | 0.2 || 320 25 || 983 11 51.7 0.3 || 56.0 0.7 || 97.8 15
tomcatv 0.0 | 0.0 || 60.0 4.2 || 994 0.6 0.0 05 || 165 85| 984 1.6

Faverage || 129 | 0.1 || 46.0 33| 989 0.9 25.9 0.4 || 363 46 || 98.1 16

Table 11: Percent of correct and incorrect Rename, Value, Dependence, and Address predictions for Data
Cache hits and misses.

9. Space and Performance Tradeoffs

Finally, we provide space/performance analysis for the predictors we examined in our study. Figure 17
shows the average performance of the four predictors we examined for avariety of predictor sizes. The size
in bytes includes the bits needed to hold both the tags and the data for the predictors.

The circular data points represent different sizes of stride (hollow circle) and hybrid (solid circle) value
predictors. Thefirst solid circle corresponds to a hybrid value predictor with a 256 entry stride value predic-
tor and a context value predictor with a256 entry VHT and 1K entry VPT. Thefirst hollow circle corresponds
to a 1K entry stride value predictor. These two structures are roughly the same size, but the larger stride
value predictor is able to achieve better performance. However asthe final set of circular points show, a 16K
entry stride predictor is clearly outperformed by a hybrid predictor of roughly the same size (4K stride, 4K
VHT, 16K VPT). We conclude that a small stride predictor is able to achieve reasonable performance gains,
but that a hybrid predictor can ultimately outperform a stride predictor given a greater hardware budget.
In this graph, this transition occurs around the third set of circular data points (a 4K entry stride predictor
compared to a hybrid predictor with a 1K entry stride, a 1K entry VHT, and a 4K entry VPT).

Similarly, the square data points represent different sizes of stride (hollow sguare) and hybrid (solid
sguare) address predictors. The performance of the hybrid predictor eventually exceeds that of a similarly
sized stride predictor, but the disparity in performance is not as great as we saw with value prediction.

Increasing the size of the rename or dependence predictors beyond the sizes we examined in this study
did not provide further improvement in IPC. However, it isinteresting to note that given a small predictor
storage budget, a dependence predictor performs comparably to a similarly sized stride value predictor.
Moreover, arename predictor performs similarly to a comparably sized stride address predictor.

Figure 18 shows the performance for the different predictors we examined for reexecution recovery.
Here we show the impact of combining predictors with choosers. The combination of al four predictors
(VRAD) performs a little better than just a combination of value and dependence prediction, but requires
over twice as much storage space. The V, A, R, and D points on this graph correspond to the points on
Figure 17 which have been marked with asterisks.
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Figure 17: Analysis of the tradeoffs between performance and hardware cost for different predictor sizes.
The x-axis shows the size of the various predictor structures used in bytes and the y-axis shows
the average percent speedup in IPC over the base configuration for al benchmarks that we ex-
amined. Six different predictors are shown: dependence prediction using store sets, rename
prediction, value prediction with a stride predictor, value prediction with a hybrid predictor, ad-
dress prediction with a stride predictor, and address prediction with a hybrid predictor. Each
predictor is shown for avariety of different sizes (connected with solid lines). Graph points with
asterisks mark the size of the predictor used in the remainder of the study. For example, the final
point on the hybrid value predictor curve is marked, as it corresponds to the predictor size used
in our study.
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Figure 18: Analysis of the tradeoffs between performance and hardware cost for different predictor configu-
rations. The x-axis shows the size of the various predictor structures used in bytes and the y-axis
shows the percent speedup in IPC over the base configuration. Each point represents a particular
load speculation configuration - R = memory renaming, D = store sets dependence prediction,
A = hybrid address prediction, V = hybrid value prediction. Combinations of predictors, medi-

value prediction and rename

ated by the Load-Spec-Chooser are also shown (i.e. VR = hybrid
prediction).
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10. Summary

As execution windows continue to grow and as load latencies increase, it becomes imperative to provide
aggressive load speculation to expose more instruction level parallelism. To thisend, agreat deal of research
has been invested in devising means to disambiguate stores and loads, predict their addresses and values,
and improve their communication.

In this paper, we provide a comparison of the interaction between Dependence Prediction, Address Pre-
diction, Value Prediction, and Memory Renaming. For Address and Value prediction we examine four dif-
ferent types of predictors — last value prediction, stride prediction, context prediction, and a hybrid (choose
between stride and context). For memory renaming we examine the approach of Tyson and Austin [30] to
communicate values. For dependence prediction we examine Store Sets [14] as a technique to detect store
aliasing. We also examine choosers to combine these four types of prediction to increase performance.

These prediction techniques are used to eliminate stalls associated with loads, and will be of benefit if
the stalls are removed from the critical path. Address prediction can be used to reduce the average 5.9 cycle
effective address latency shown in Table 2. Dependence prediction can be used to eliminate the average
4.7 cycle dias disambiguation latency. When aload is correctly value or memory rename predicted it can
eliminate the latency from the effective address, alias disambiguation, and the memory access (11.6 total
cycles on average as seen in Table 2) from load’s data dependency path.

In summary, we made the following observations:

e Value prediction can provide the largest performance improvement out of any one technique for both
reexecution and squash recovery. Using just value prediction with reexecution, we obtained a 21%
speedup. Adding store set prediction to value prediction increases speedup to 24%. Adding address
prediction on top of thisincreases speedup to 26% on average. Combining check-load prediction with
this increased the speedup to 28% on average.

e Wefound that 11.5% speedup can be achieved for squash recovery using value prediction, and 10.5%
using dependence prediction. A high confidence counter was needed to achieve this performance.
When combined, they provide a 17% speedup. Check-load prediction for sguash recovery provided
no performance gains, because the confidence threshold for value prediction was already very highin
order to achieve speedups for squash recovery.

e Value prediction provides larger speedups than renaming. In comparing the hit rates of these two
predictors, 27.7% of the time the value predictor hits and the rename predictor chooses not to predict
or mispredicts. In comparison, rename correctly predicts 9.3% of the loads that the value predictor
chooses not to predict or mispredicts.

e The difference in speedups for value and address prediction with squash recovery in comparison to
perfect confidence prediction shows that thereis still alot of potential for improvement. These results
show that improving confidence prediction and designing predictors that intelligently select which
instructions to speculate can achieve significant gains. Thishasled to another study where we improve
value prediction performance by intelligently selecting which instructions to value predict [8].

¢ In conducting this research, we experimented with updating the address, value, and rename predictors
speculatively and during the write-back stage. We found that there is a definite performance advantage
to updating the predictors speculatively rather than waiting. We also examined the effect of using an
oracle to update the confidence when the prediction is made. There are performance differences for
some programs between an oracle confidence update and updating the confidence once the outcome
of the prediction is known. It may take several cycles after the load is fetched before the prediction
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is resolved and the confidence counter can be updated, and this can lead to a stale confidence counter
update. Future work entails quantifying these effects, and examining techniques for speculatively
updating the confidence counters.

e We used the - f ast f wd option in SimpleScalar/Alpha 3.0, to skip past the initialization phases of
the programs examined. The load speculation speedups seen when simulating just the start of the
program compared to fast forwarding were very different. For example, t ontat v saw a 68% execu-
tion speedup using value prediction when simulating the initial part of the program, in comparison to
5.8% speedup after fast forwarding. In contrast, vor t ex saw an 11% execution speedup with value
prediction in the initial part of the program, but saw a 27% execution speedup after fast forwarding.
These results show that simulation studies need to fast forward past the initialization stage of a pro-
gram before gathering results. This led us to study the time varying behavior of programs to find
representative samples of the programs to simulate [3].

This paper focused on the interaction of dependence prediction, address prediction, value prediction,
and memory renaming using table sizes large enough (sizes are given in previous sections) to achieve good
performance for each type of predictor.

Given the performance gains from dependence prediction and its small hardware needs, dependence
prediction should be added to future processor designs. In addition, store sets should be included in future
architecture simulation studies as the default memory disambiguation architecture. Even the Wait bit inde-
pendence predictor provided a 7% speedup for squash recovery, by only associating a few bits with each
cache line. Vaue prediction and address prediction appear to be the next speculation techniques to evaluate
adding to a processor, because of their potential performance gains. Vaue prediction was shown to provide
larger gains in performance than address, but address prediction could also be used to improve performance
for data prefetching.
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