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Abstract. Data speculation refers to the execution of an instruction be-

fore some logically preceding instructions on which it is data dependent.
Data speculation implies some form of prediction of the data required
by the speculative executed instruction and a recovering mechanism in
case of misspeculation. This paper shows that load/store instructions
are very good candidates for speculative execution since their e ective
address is highly predictable. We propose a novel technique called Memory Address Prediction (MAP) that implements speculative execution
of load/store instructions in an out-of-order processor. The cost of this
mechanism is mainly the addition of an address prediction table since
the misprediction recovery hardware is already present in many current
microprocessors for other purposes. The mechanism is evaluated for the
SPEC95 benchmark suite showing signi cant performance gains.

1 Introduction
The performance of current processors heavily rely on the exploitation of Instruction Level Parallelism (ILP). The e ectiveness of this technique is limited
by the necessity to obey the data dependences existing among instructions.
There have been very few proposals trying to overcome the limitations imposed by having to obey data dependences. In the same way as control dependent
instructions can be speculative executed before the branches on which they depend, data dependent instructions can do so. What is needed for the latter is
the ability to predict the value required by the data dependent instruction and
a recovery mechanism for misspeculated instructions.
In this paper, we propose a data speculation mechanism that is based on
the observation that the source operands of load/store instructions are highly
predictable.
?
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The proposed Memory Address Prediction mechanism (MAP) identi es which
load/store instructions are highly predictable and issues them speculatively, as
well as those instructions that depend on them. In case of misprediction, the
misspeculated instructions are re-executed. The mechanism is evaluated for an
out-of-order processor with two di erent memory ordering techniques: a conventional total disambiguation scheme and a more aggressive partial disambiguation
mechanism.

2 Data speculation and related work
Data prefetching schemes [2] have certain similarities with the MAP in the sense
that they predict the e ective address of future load/store operations and bring
the data into cache if not yet present. However, data prefetching does not execute
any instruction speculatively.
Data speculation is a family of techniques that try to avoid the ordering imposed by data dependences. Data speculation allows the speculative execution
of some instructions before some other instructions on which they are data dependent. Data speculation could be applied to values that ow either through
memory or registers.
The most remarkable proposals on data speculation are: [1][3][5][9] [10][11].
The main di erences between the mechanism proposed in this paper and previous
work are:
{ The mechanism proposed is this work predicts the address of memory instructions as [1] [3][5]. However in our proposal the instructions that depend
on the predicted load are issued speculatively meanwhile such previous proposals do not perform speculative execution of those instructions.
{ In [11] the e ective address of load instructions is predicted and the load
and subsequent dependent instructions are speculatively issued as is done
in our work. But in our proposal the e ective address of store instructions
is also predicted. Besides, in [11] a perfect memory disambiguation scheme
is considered, whereas in this paper we study the performance of address
prediction for two realistic memory disambiguation schemes, where the prediction of the e ective address of stores plays an important role in order to
achieve an signi cant performance improvement.
{ Regarding [9][10] the di erence with our method is that their predict the
result of an operation whereas we speculate with load/store instructions
predicting their e ective address. In addition, we will show in this paper
that memory addresses are more predictable than memory values.

3 Motivation
In [6] it is shown that even with unlimited resources and perfect control speculation, the performance of current architectures would not be much higher than
a hundred IPC (instructions per cycle) for many programs, and in some cases it
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Fig.1. Percentage of strided references compared with percentage of strided values.
would be just a few tens of IPC. Data speculation allows to go beyond this barrier. Data speculation is a powerful technique to increase the ILP of a program.
The mechanism proposed in this paper is based on the observation that the
e ective address of many load/store instructions are highly predictable. In particular, it tries to identify those load/store instructions whose e ective address
in successive executions is either the same or equal to the previous one plus a
constant value. We will refer to both as strided references.
To validate our hypothesis on the predictability of load/store e ective address we have run all the SPEC95 benchmarks and measured the percentage of
strided references. The experimental framework is described in section 5.1. For
the results in this section, each benchmark was run until the rst billion load
instructions or until completion if it happened earlier. Strided references are captured by means of a history table with 1K entries. This table is direct-mapped,
non-tagged and it is indexed with the ten least-signi cant bits of the load/store
instruction address. For each entry, the table stores the last e ective address and
the last observed stride.
Figure 1 shows the percentage of dynamically executed load/store instructions that exhibit strided references. It can be seen that strided references are
very common in the SPEC95 suite: In average, they represent about 70% of
all memory references. In both integer and oating point applications strided
references are very frequent although the percentage is higher in oating-point
applications. For comparison, Figure 1 also shows the performance of the load
value prediction scheme proposed in [9], extended to account for strided values
for both load and store instructions. Although strided values are quite frequent
they are much less common than strided references. We conclude that memory
addresses are more predictable than memory values.

4 Memory Address Prediction
The fact that the e ective address of memory references is highly predictable
can be used to speedup processor performance in di erent ways (e.g. prefetching
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mechanisms). We propose to use memory address prediction to speculate on
the e ective address of unresolved load/store instructions and execute them
speculatively as well as the instructions that depend on them.
We have investigated the use of memory address prediction in the context of
an out-of-order execution processor with in-order retirement to support precise
exceptions [6]. Two di erent memory ordering mechanisms have been considered:
{ Total disambiguation: In this scheme, a load can be issued as soon as there
are not preceding stores with unknown e ective address and the load operands
are available. A store is issued as soon as its e ective address can be computed and all previous loads and stores have already been issued.
{ Partial disambiguation: This memory ordering scheme is based on the mechanism implemented in the HP PA8000 [4] and the ARB proposed in [7]. In
this scheme a load or store can be issued as soon as its operands are ready,
without being fully disambiguated with previous references. When a store
founds that a load has already been performed to the same address from
a succeeding instruction with no intervening stores in between, a recovery
action is initiated.
In both schemes data can be forwarded from a previous resolved store to a
subsequent dependent load.
The MAP mechanism is implemented by means of a table called Memory
History Table (MHT), as it is shown in Figure 2. It is a 1024-entry, directmapped table that is indexed with the least-signi cant bits of the instruction
address and does not contain tags. Each entry stores the following information:
{ E ective Address: This is the last e ective address seen by that load/store
instruction.
{ Stride: This eld contains the last stride observed for that load/store instruction. The length of this eld is 4 bytes.
{ Stride History Bits (SHB): This eld is used to assign con dence to the prediction. It is implemented by means of a two-bit up-down saturated counter.
The prediction is determined by the most-signi cant bit of this eld.
The MAP works as follows: At the decode stage, the corresponding MHT
entry is read and the predicted e ective address is computed. If the SHB most

Functional Unit
Simple Integer
Complex Integer

Number Latency Repeat Rate
1
1
1
1 9 multiply
9
67 Divide
64
E ective Address
2
1
1
Simple FP
1
2
1
FP Multiplication
1
2
1
FP Divide and SQRT 1 21 divide
21
35 SQRT
35

Table 1. Functional Units and instruction latency.
signi cant bit is set, then a correct prediction is assumed and the instruction is
considered to be ready-to-issue to the load/store bu er.
Speculatively executed load/stores must be veri ed. This is done by issuing
them to the address computation unit when their operands are ready. The computed e ective address is compared against the predicted e ective address and
in case of a mismatch a recovering action is initiated. At this time the SHB eld
is updated and in case of a misprediction, the stride eld is set to the new value.
The recovery for mispredicted loads and stores is implemented in a di erent
way. For loads, we assume the recovering mechanism proposed in [9]. When a
load is mispredicted, all subsequent instructions that depend on such load are
re-executed. This mechanism cannot be used for stores because the destination
of a store is not a register but a memory location, and in consequence, dependent
instructions are not known until the correct address is calculated. For mispredicted stores we assume the same recovery mechanism used to recover from
mispredicted branches (a pipeline ush).
Since the store misprediction penalty is higher than that of loads, a store
instruction is executed speculatively only when its operands are unknown when
it is decoded.

5 Performance evaluation
This section studies the e ectiveness of the MAP in the context of a superscalar
out-of-order execution processor for the two memory ordering schemes discussed
in the previous section.

5.1 Experimental Framework
We have developed a simulator of a superscalar processor with out-of-order
execution that resembles some of the latest microprocessors. The execution of
an instruction consists of the typical stages: fetch, decode, issue, execute, writeback and graduate (or commit). Branch Prediction is performed by means of a

No MAP
MAP
Total
Partial
Total
Partial
disambiguation disambiguation disambiguation disambiguation
104.hydro2d
1.14
1.21 (6.1%) 1.21 (6.1%) 1.26 (10.5%)
107.mgrid
1.68
1.68 (0%)
1.82 (8.3%) 1.82 (8.3%)
110.applu
1.20
1.20 (0%)
1.22 (1.7%) 1.23 (2.5%)
146.wave5
0.95
0.99 (4.2%) 1.02 (7.4%) 1.02 (7.4%)
124.m88ksim
0.91
0.91 (0%)
1.14 (25.3%) 1.18 (29.7%)
129.compress
1.15
1.28 (11.3%) 1.31 (13.9%) 1.31 (13.9%)
130.li
0.92
1.02 (10.9%) 1.03 (12.0%) 1.06 (15.2%)
134.perl
0.91
1.03 (13.2%) 0.98 (7.7%) 1.06 (16.5 %)
Avg. improvement
5.7%
10.3%
13.0%

Table 2. Instruction completion rates. In brackets it is shown the percentage improvement over the total disambiguation scheme with no memory address prediction.
2048 entry Branch History Table with a 2 bit up-down saturated counter per
entry.
The results presented in this section assume the following con guration. The
size of the reorder bu er is 32 entries. There are two separate physical register
les for integer and FP data. The size of both les is 64 registers. The processor
has a lookup-free data cache [8] that allows up to 16 pending misses to di erent
cache lines. The cache size is 8Kb, and it is direct-mapped with 32-byte line size.
Cache hit latency is 2 cycles and the penalty for a cache miss is 20 cycles. An
in nite L2 cache is assumed. Table 1 shows the number of functional unit and
their latency.
Our experimentation methodology is trace-driven simulation. The object
code, previously compiled with full optimization for a DEC AlphaStation 600
5/266 with and Alpha AXP 21164 processor, is instrumented using the Atom
tool [12]. Because of the detail at which simulation is carried out the simulator
is slow, so we have simulated 50 million of instructions for each benchmark after
skipping the rst 100 million of instruction. Eight SPEC'95 benchmarks (4 FP
and 4 Integer) has been selected for this study.

5.2 Results
Table 2 shows the IPC (instructions committed per cycle) achieved by the two
memory disambiguation schemes with and without the MAP mechanism proposed in this paper. It is shown in brackets the percentage improvement over
the total disambiguation scheme without memory address prediction. In average,
the improvement achieved by MAP is around 10
The improvement due to MAP depends on a number of issues in addition to
the percentage of strided accesses. It depends on the accuracy of the memory
address predictor. The data in Figure 3a represents the percentage of memory ref-
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erences that are correctly predicted either as strided references or as not strided
references. Obviously, a better prediction will imply more accurate speculation
and less number of mispredictions. The performance also depends highly on the
percentage of memory references that are predicted to be strided references and
the number of these predictions that are correct. This is shown in Figure 3b for
loads. A higher percentage of strided references means more speculation. On the
other hand, a higher number of misprediction implies a higher penalization due
to recovering.
For instance, 110.applu is the program that experiences the lowest improvement with the MAP. In Figure 1, it can be observed that it has a quite high
number of strided accesses but the predictor exhibits a rather low hit ratio (Figure 3a). In particular, this translates in a high percentage of loads that are
predicted to be strided but they are not actually, as it can be seen in Figure 3b.
On the other hand, 124.m88ksimshows the highest improvement.This benchmark has a high percentage of strided accesses, most of them predicted correctly
as it is shown in Figure 3b.
We can conclude that memory address prediction for data speculation can
be an interesting mechanism to be included in future microprocessors as a way
to overcome the ordering imposed by true dependences. Its hardware cost is not
negligible mainly because of the large memory history table that it requires but
it may be a ordable for next generation machines.
The objective of this paper is to demonstrate the potential bene ts of a
new technique for data speculation. Detailed evaluation of di erent prediction
schemes and their associated hardware cost is not the aim of this paper.

6 Conclusions
We have presented a novel technique for data speculation based on the observation that the e ective address of many load/store instructions is highly
predictable. By predicting their address, these instructions and the instructions

dependent on them can be executed speculatively before their source operands
are known, allowing the processor to go beyond the limits imposed by having to
obey the true dependences.
We have observed an average performance gain of about 10%, and in some
cases it was much higher (up to 30%). We have also shown that memory addresses
are more predictable than memory values. Thus speculation based on memory
addresses may be more e ective than speculating on memory values. However,
both techniques could be combined to performed a more aggressive speculation.
We plan to investigate this issue as an extension to this work. We have also shown
that data speculation based on memory address prediction is more e ective
than speculation based on partial memory disambiguation and both types of
speculation can be combined to obtain an average gain of about 13%.
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