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Abstract

As microprocessors become faster, the relative performance cost
of memory accesses increases. Bigger and faster caches
significantly reduce the absolute load-to-use time delay. However,
increase in processor operational frequencies impairs the relative
load-to-use latency, measured in processor cycles (e.g. from two

cycles on the Pentium® processor to three cycles or more i

Despite the use of multi-level on-chip caches, higher frequency
and larger caches negatively affect the load-to-use latency of the
first-level cache. First-level cache accesses are expected to
consume two to five cycles in next-generation processors. The
increased latency is needed to perform severa activities under a
shorter cycle time (lower number of logic levels). These activities
include load-address generation, linear-to-physical address
fransiation, tag and data array accesses, tag matching, memory

current designs). Load-address prediction techniques WerGjsambiguation, and data delivery. Longer on-chip cache access

introduced to partially cut the load-to-use latency. This paper:

impacts both the performance and the micro-architecture:

focuses on advanced address-prediction schemes to further shorten

program execution time.

Existing address prediction schemes are capable of predicting
simple address patterns, consisting mainly of constant addresses or

* Load instructions become more likely to be on the critical paths.
Memory access latencies are more difficult to hide, requiring
new techniques to expose more instruction-level parallelism.

stride-based addresses. This paper explores the characteristics of Since the above activities are dependent on the load-address
the remaining loads and suggests new enhanced techniques generation, one possible way to reduce the load-to-use latency isto

improve prediction effectiveness:

» Context-based prediction to tackle part of the remaining,

difficult-to-predict, load instructions.

* New prediction algorithms to take advantage of global

correlation among different static loads.

* New confidence mechanisms to increase the correct predicti

rate and to eliminate costly mispredictions.

* Mechanisms to @wvent long or random address sequences from

predict load addresses ahead of time. Remaining activities,
including the cache access, can be processed speculatively early in
the pipeline. If the prediction is done early enough, these activities
may be overlapped with other front-end processing. If the data
delivery phase is aso processed speculatively, dependent
instructions are executed based on the speculated loaded data.

OBerformi ng address prediction early in the front-end pipeline may

be useful to partialy hide load-to-use latencies in accessing lower
evels of the memory hierarchy. On the down side, an early

polluting the predictor data structures while providing SOme y4ress predictor may reduce the correct prediction rate and

hysteresis behavior to the predictions.

increase recovery time. Load address predictions are verified when

Such an enhanced address predictor accurately predicts 67% @fie actual effective addresses are generated.

all loads, while keeping the misprediction rate close to 1%. We L oad-address prediction reduces the overall load-to-use latency
further prove that the proposed predictor works reasonably well in gnificantly shortens critical paths, and boost performance. Load-’
a deep pipelined architecture where the predict-to-update delay e prediction may be used as an alternate option to reduce load-

may significantly impair both prediction rate and accuracy.
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1. Introduction

One of the key factors in microprocessor performance is the
load-to-use delay, i.e. the time required for a load instruction to
fetch data from the memory hierarchy and to deliver it to the
dependent instructions. Current microprocessors exhibit the
following trends:

» They operate at higher frequencies, increasing the average load-
to-use delay cycle-wise (load-to-use latency).

» They reduce the overal |oad-to-use delay mainly by using larger
on-chip caches. This improves the on-chip cache hit ratio,
ediminating many cycles previoudy consumed in off-chip
MEemory accesses.

» They feature multi-level on-chip caches to conciliate high
frequency of operation and larger on-chip caches.

to-use latency. However, its lower predictability makes this option
less attractive.

The concept of address prediction has been extensively
investigated. However, al studies have been restricted to the
prediction of simple patterns such as constant or stride-based
address sequences. Last-address predictor speculates that addresses
remain unchanged over several invocations of the same static load
(it predicts that Ayn.1=Ay). Last address predictor performs well on
global scalar variables, read-only constants, simple, reoccurring,
stack references, etc. Stride-based address predictor speculates that
consecutive addresses of a given load differ by some constant delta
(it predicts that An.+1=Ant(An-An.1)). This technique performs
well on regular data structures (e.g. arrays) that are linearly
traversed. Last-address predictors surprisingly handle an average
of 40% of al load addresses, whereas stride-based predictors add
an additional 13%. This leaves amost half of the load sequences
that exhibit more complex patterns than constant or stride. In this
paper, we focus on part of these remaining patterns. We first try to
understand their behavior and then depict specific address
prediction schemes.



A significant portion of the remaining patterns consists of short
sequences that repeat themselves (repetition property). Examples
for such sequences include (1) repeated traversals of a short
recursive data structure (e.g. linked list), and (2) access patterns of
load instructions in functions called from different places in a
regular and repetitive manner, which are highly dependent on the
cal sites. Furthermore, many of these patterns also exhibit some
global correlation among static load instructions, i.e. address
sequences belonging to different static loads, which only differ by
some constant offset (correlation property).

The repetition property suggests the use of a context-based
predictor, which performs well on such short repetitive sequences’.
We devised an enhanced correlated Context-based Address
Predictor (CAP) that includes mechanisms to:

« Efficiently implement context-based predictor.
» Take advantage of the correlation property.
» Avoid mispredictions.

The proposed address predictor can be used as a stand-alone
predictor since it can predict stride-based accesses as well.
However, it cannot handle long stride-based sequences efficiently.
In practice, the CAP predictor should be coupled with a stride-
based predictor to achieve high-performance. The hybrid
stride/CAP predictor handles 67% of al loads on average; this is
about 14% more than what the stride-based predictor achieves.
Worth noting that the hybrid CAP helps more in cases where a
stride-based predictor performs poorly.

The remainder of this paper is organized as follows. Section 1
discusses related work. Section 2 studies some examples of loads
that are not predicted by current predictors, explains their origins
and analyzes their address patterns. Section 3 describes the CAP
predictor structure and discusses several configuration options.
Section 4 presents the simulation methodology and shows the
predictor potential by reporting simulation results assuming a
hypothetical predictor capable of immediate updates. Section 5
discusses the effect of pipelining on address prediction schemes,
and extends the simulation results to include pipeline effects. Some
concluding remarks are provided in section 6.

1.1 Prior Art
Related work has been conducted in three different directions:

Reducing the load-to-use latency by performing data
prefetching. Data prefetching cuts the overall |oad-to-use latency
by bringing ahead of time, likely-to-be-used data from distant
memory to an upper level of the memory hierarchy. The cache
block is the atomic unit of work. Unlike address prediction, data
prefetching does not require any recovery schemes since
predictions are performed for future references. Baer and Chen
defined the concept and introduced last-address and stride-based
prefetchers [Baer9l] [Chen95].

Performing data speculation by predicting result values (value
prediction). Value locality and data value prediction were
introduced by Lipasti and Shen. They studied, first, value

! Performing address prediction on these sequences results in a bigger
performance gain than on stride-based sequences. Indeed, the code
associated to stride-based sequences can often be pipelined over successive
iterations, resulting in performance gains only at the beginning and at the
end. By contradt, in recursive data structures, successive load addresses
depend on each other. The address prediction technique is the enabler for
parallel execution.

prediction for loads [Lipa96a] and generalized it later to include all
computed values [Lipa96b]. Those studies used only a last value
predictor but they did mention stride-based and control-flow based
predictors. Further studies include the investigation of the potentia
of ideal context-based value predictor [ Saze97] and the description
of apractical implementation of a hybrid stride and context-based
value predictor [Wang97].

Perfor ming data speculation by predicting the address of load
instructions (address prediction). This is the topic of this paper.
[Eick93] proposed a stride-based predictor to speculate on the
address of a load during the early stage of the pipeline. The
objective was to hide the memory hierarchy latency. This scheme
was not speculative since the data delivery was performed once the
address prediction was verified. Austin performed similar work to
hide the whole load-to-use delay but with operand-based predictors
[Aust95]. [Lipa96a) extended the work by proposing the use of
last-address predictors to achieve this very same goal. This study
also mentioned stride-based address predictors. Finally, [Gonz97]
proposed to share the same stride-based prediction structures to
perform address prediction and data prefetching (next invocations)
simultaneously.

Both vaue and address predictors employed confidence
mechanisms to avoid forlorn accesses. These mechanisms usually
consist of smple saturated counters. Recently, [Mora98] devised a
mechanism to prevent random accesses from polluting the
prediction table.

The contribution of our study over the prior art consists of:

* Further analysis and understanding of the more complex address
patterns.

» Design of apractical, efficient context-based address predictor.

» Use of correlation among loads to improve address prediction.

» Trading mispredictions with no prediction by using enhanced
confidence mechanisms.

 Pollution-Free mechanism to prevent large or non-recurring
sequences from polluting the address predictor data structures.

» Discussion and analysis of a pipelined environment.

2. Load Behavior

In this section, we describe two very common patterns that are
not predictable by current address predictors. Discussions are
illustrated with examples taken from real programs.

2.1 Recursive Data Structures

Recursive Data Structures (RDS) are common structures used in
pointer-chasing programs. Simple examples are linked lists and
binary trees. A RDS is a collection of elements, each respecting
the same format consisting of one or more fields. At least one of
these fields is a pointer to another element. In asimple link list for
example, there is only one such field and it is often called next
(figure 1). Another example is a binary tree featuring two such
fields called 1 eft and ri ght. These pointer fields are used to
traverse the associated RDS. Other fields may record any sort of
data attached.

Code sections that access a RDS typically store a pointer to the
element currently being processed in a pointer variable. In the
simple link list example, switching to the next element, in C, is
performed via an instruction of the form p=p- >next; wherep is
the pointer variable. Such an instruction is compiled into a load
instruction that is highly unpredictable by any stride-based address
predictor. Note that since this instruction loads a pointer from



memory, the loaded address must not be confused with the
effective address of the access itself. For example in figure 1, if
10- 80- 40- 20 are the base addresses of successive elements, and
next has an offset of 8 from the base, the pattern of the load
associated to next is 18- 88- 48- 28. Furthermore, if the linked
list features some data fields, accessing these fields is as
unpredictable as for the next field. In fact a C-instruction of the
sort sunmesumtp- >val ; is compiled into a set of instructions with
a load which may follow a pattern close to the load operating on
thenext field.

10 80 40 20

—>

val val val val

next next next next

Figure 1. A Simple Linked List.

Xl i sp (of SPECint95) features some RDS in its code. One of
them is the record NODE, which specifies two pointers (car and
cdr) and severd data fields like n_t ype. The function x| evar g
operates on this RDS. Its input is a global NCDE pointer (to the
current element). It first verifies that the current element is of a
certain type (n_type==LI ST), and then evaluates the element
pointed to by car. The function returns the result of the
evaluation. The current element is updated to be the one pointed to
by cdr (next element). This function is called to traverse the RDS
and to evaluate each of its elements. The compiled version uses
three loads, which access NCDE for car, cdr, and n_t ype. Welist
below a portion of the compiled code where %ebx records the
memory address where the pointer to the current element is stored:

nmovl  (%ebx), Yeax move ptr into eax

cnpb  $0x3, (%eax) load n_type and cnp to LIST
jne <xlevarg$+d4e> ; exit if different

novl Ox8(%ax), ¥edx ; load cdr into edx

novl Ox4(%ax), ¥eax ; load car into eax

movl  %edx, (%ebx) store cdr (nmove to next)

A study of the dynamic patterns of these three loads shows that
they have small, simple, and recurring sequences of addresses. The
sequences are highly stable over time. If A, B, C, D, E, F are
different addresses, one fingerprint observed for each of these
loadsis:

A B

ACDEFB
ACDEFB
ACDEFB
ACDEFB

This sequence is completely unpredictable by any stride-based
predictor.

Go (SPECIint95) also provides examples of RDS. For instance,
its code uses a set of related functions performing various
operations on linked lists (functionsaddl i st,nrgli st,cntlist,
etc.). Most loads in these functions are highly correlated when they
work on the same linked list?. Recurring patterns are small and
fairly stable. Addl i st exhibits such a behavior as shown below (A
to P are different addresses):

ABCDEFGHI JK
J K
J K
J K

>>>
Www
[eleXe!
lvlwiv
mmm
mTm
OO
ITT

|
|
| M

2 The coding of the RDS used in these functions is unusual. It consists of
several arrays, each recording one field of the RDS. One of them holds next
pointers, which are indices to the arrays.

ABCDEFGHI JKL MN
ABCDEFGHI JKLMNO
ABCDEFGHI JKLMNO
ABCDEFGHI JKLMNO
ABCDEFGHI JKLMNO

2.2 Control Correlation

Input parameters may be passed through the stack or via
registers. Some of them are highly dependent on the call site.
Loads operating on pointers passed via registers or on any type of
values passed through the stack may reflect a correlated behavior.
If the control-flow is regular, such loads may exhibit recurring and
stable patterns.

Many such examples can be found in xI i sp. For instance, the
function x| mat ch is called from three different functions: xcond
(c), doupdat es (u), and twice in xar ef (a). The pattern of the
cals is regular and consists of a recurring sequence: a- c- u- a.
x| mat ch features many loads that are highly dependent on the call
sites. Since x| mat ch is caled twice in xaref, a fingerprint of
theseloadsis:

AACUAA
AACUAA
CUA A

AlAl
AACUAA

Where A, and A, are addresses related to xar ef , Cto xcond, and U
to doupdat es.

Another example is the function xI | ast ar g that is called from
xaref (a), unary (u), conpare (c), and xbquote (b). The
control-flow pattern is a-a-u-c-b. Correlated loads in
x| | ast ar g follow the following pattern:

AL A UCB

AL A UCB

AAAAUCB

Al A UCB

Where A; and A; are addresses related to xar ef , Uto unary, Cto
conpar e, and B to xbquot e.

3. Advanced Predictor

3.1 Context-based Predictor

Context-based predictors successfully handle the recurring and
stable sequences described in the previous section. This is
regardless of the field targeted. [Saze97] provided a good
definition of such predictors as:

> r

Context-based predictors learn the value(s) that follow a
particular context — a finite ordered sequence of values —
predict one of the values when the same context repeats
enables the prediction of any repeated sequence, stride or
stride.

Such predictors record the history of recent past addresses for
each static load. Predictions are performed based on the history
vaues. This suggests a two-level mechanism for predicting such
loads (figure 3):

» The first level is a per-static-load table, called the load buffer
(LB), in which each entry records the history of recent addresses
exhibited by the associated load. Other LB fields are described
later in this section.

» The history found in the LB is used to index a second level
table, caled the link table (LT), which provides the predicted
address.

and
. This
non-



3.2 History Length

For a given static load, the history of recent past addresses is
used to predict the current address. For instance, in figure 1, for the
load operating on the next field, the address 18 is used to predict
88, which is used to predict 48. There are two questions that need
to be answered concerning the history:

How many past addresses does the history need to record? To
predict RDS accesses correctly, the history may need to record
more than one address. Figure 2 gives an example of a double
linked list. In this example, the pointer fields, next (offset 6) and
previ ous (offset 8), require the recording of only one address in
the history. Indeed for next, 86 is usualy followed by 46, which is
followed by 26. For previous, 28 is followed by 18. On the other
hand for val (offset 2), 82 may be followed either by 12 or 42. It
requires a history of two addresses to figure out the direction of the
traversal: 12 and 82 are followed by 42, while 42 and 82 are
followed by 12. RDSs typically feature not more than two pointer
fields. Keeping the last two or three addresses in the history should
be sufficient to achieve adequate prediction rates. However,
predicting control-correlated addresses requires longer histories.
Thisis dueto the fact that the function may be called severa times
in arow with the same input parameters. Typically, such sequences
do not exceed four to five repetitions, which means that keeping
the four last addresses in the history should be sufficient.

10 80 40 20
—> \l \l Al Al
va va val va
next next next next
—>
< previous previous previous previous

Figure2. A Double Linked-List.

Which scheme is used to compress the history into a vector
small enough to index the LT while preventing most aliasing?
Since addresses are long, we cannot index the LT with the
concatenation of the entire addresses of past accesses. We found
out that an efficient scheme to compact the past addresses in the
history is the shi ft (m) - xor scheme. When updating the current
history with the last address, this scheme first shifts | eft the history
by m bits and then xors it with a subset of the new address. The
subset includes all least-significant bits except for the last two,
which only matter on unaligned accesses. The result is then
truncated to fit the history size, and stored as the new history. The
shi ft (m -xor scheme performs well since it naturally ages past
addresses.

Link Table
tag link
L oad Buffer
tag confidence offset history
LOAD IP
&5
A
v
. Speculative Predicted
el
Prediction 7 Access ? Address

Figure 3. CAP Structure.

3.3 Global Correlation

As mentioned in section 2, the sequences that we want to predict
exhibit a high-level of globa correlation. The loads associated to
different fields of an RDS follow patterns that differ only by a
small constant offset. Currently, links are independently recorded
for every field in the RDS. To address this global correlation, we
propose to record base addresses instead of real addresses in both
the LB and the LT. A base address is defined as the real address
minus the immediate offset as specified in the load instruction
opcode. All loads associated with the same RDS share the same set
of base addresses. Histories in the LB keep track of past base
addresses while predicted base addresses are recorded in the LT.
The output of the LT now needs to be added to the immediate
offset recorded in the LB for any given static load, to form the
predicted address as depicted in figure 3. Using base addresses
gives the following benefits:

* |t dramatically reduces the number of links recorded in the LT
since loads associated with different fields of an RDS now share
the same entries.

* It decreases the number of mispredictions. Indeed, whenever a
load is mispredicted, al the fields are updated at once. This
prevents further mispredictions on other fields.

* |t increases the prediction rate. For instance in the linked list in
go, described in the previous section, any update to any field
will benefit al the loads that access this list regardless of the
containing function or the field accessed. This is highly
beneficial when the update is performed before arelated load is
predicted. Under certain circumstances, this may lead to a
perfect prediction of some loads that are otherwise completely
unpredictable.

The drawbacks of such a scheme are;

* It may require recording more addresses in the history since all
pointers from the same RDS now use the same indexing
information.

* It lengthens the predictor access time since it adds ALUs past
the LT access. These ALUs may compute only a few bits as
shown below.

* It may create much more aliasing in the LT. For instance in go,
in the linked list described in the previous sections, the base
addresses are in fact indices to the arrays. Thisresultsin diasing
between different linked lists since only the offsets distinguish
between them (the offsets are the base addresses of the arrays).
The same s correct for |oads accessing hash tables.

In order to prevent this LT aliasing we record in the LB only the
least significant bits of the load instruction offset (typically the 8
LSBs of the original offset) and keep al the MSBs of the load
address in the base address. This does not significantly impair the
performance of the base address scheme since RDSs are aligned
and their typical sizeis under 256 bytes. Recording only part of the
offset in the LB also results in a significant space saving (3 bytes
per LB entry) and a faster predicted address computation (no carry
propagation past the 8 LSBS).

A potentia aternative to the base address scheme depicted so
far is to record deltas between successive accesses instead of base
addresses both in the history patterns and the LT. Such a scheme
may be highly efficient especially when dealing with stack
references in control-dependent loads, and it takes advantage of
any kind of global correlation. However, the amount of additional
aliasing due to false globa correlation makes this option less
attractive.



3.4 Enhanced Confidence Techniques

The pendty for performing a speculative access with a
mispredicted address is higher than the penalty of not speculating
the load. This is highly dependent on the aggressiveness of the
recovery mechanism, but in the best case, mispredictions lead to:

» Wasted resources due to both the speculative cache access and
the unnecessary execution of dependent instructions.

e A longer load-to-use latency since at least the address
verification latency is added.

On a LB hit, a load-address prediction is adways performed. A
speculative cache access isinitiated only if the prediction is carried
out with high enough confidence. We use three mechanisms to
determine the confidence, and we execute a speculative access
only when all agree. The first two schemes are per-load, i.e. the
confidence information is recorded in a confidence field added to
each entry in the LB, as shown in figure 3. The last scheme is per-
link, i.e. saved in each LT entry. The schemes are:

e Saturating Counters. A saturating counter which is
incremented on a correct prediction and reset on a misprediction.
The counter saturates at some threshold value (typically 2 or 3).
Only when the counter reaches this threshold value, it indicates
that the speculative access can be performed. A more advanced
scheme may provide some hysteresis behavior via the use of an
extra bit.

e Control-Flow Indications. When a speculative access is
performed and the predicted address is incorrect, the n (typicaly
1 to 4) LSBs of the globa branch history register (GHR) are
recorded in the LB. Subseguent predictions for which the
recorded pattern matches the current value of the GHR will not
access the cache. This scheme records only information related
to the last misprediction. A more advanced scheme may record
2" bits to deliver better performance by encoding the prediction
correctness information on 2" different paths (resulting from the
last n branches). Each of the bitsis associated with a single path,
and it records the accuracy of the last speculative access done on
this path.

e LT Tags. The LT is currently indexed with the history values.
We propose to extend the size of the history values, and to index
the LT with enough LSBs of the history while the remaining
MSBs are used for tag matching. The new tag field is therefore
updated with the bits not used for set selection. Speculative
accesses are performed only on tag matches as depicted in figure
3. This a'so gives the opportunity to implement a set-associative
LT.

3.5 Reducing Pollution

Evicting entries from the LT can have devastating effects on
overal predictability. Since CAP tries to predict all loads (we do
not rely on any static classification scheme), the LT needs to be
updated after any resolution. However, since many loads are
completely unpredictable by nature, they may trash the LT.

A very large LT can overcome this problem but this option is
not attractive. An aternative is to update the entry only when the
pattern is recurring. A simple implementation is to extend each LT

This prevents irregular loads from updating the LT since it is
unlikely that such links repeat in a short enough time. This also
prevents very long sequences that would have not fit into the LT
anyway, from updating the LT. The drawback of such a scheme is
the increase in training time. However, the eviction problem is
much more important.

Another benefit of the PF bits is the hysteresis behavior added to
the LT. Indeed, a change in the load behavior now needs to be
experienced twice before actually updating the LT.

Finally, the PF field does not need to be linked to the LT. We
may use a direct-mapped table that features more entries to record
them [Mora98]. The extended index is formed with the history bits
used to tag the LT. This enables a finer granularity in preventing
harmful LT updates.

3.6 Control-Based Address Predictors

To tackle control-dependent loads, an alternate option is to
predict addresses with structures similar to branch predictors. For
instance, ag-share scheme can be used x@r the instruction-
pointer of the load with the current global-history register and to
use the result as an index to a table recording predicted addresses.
Such a scheme gives poor results maidgause the loads are not
well correlated to all the individual conditional branches. Using a
history formed by the instruction pointers of the recent callers
(path history over recent call sites) gives better results. However,
performance highlighted by initial simulation results, does not
seem good enough to consider a control-based address predictor as
a viable substitute. Using such a scheme on top of the hybrid CAP
may help, but such a study is beyond the scope of this paper.

3.7 Hybrid CAP

The CAP predictor does not handle constant or stride-based
address sequences cost-effectively. This is because of the high
overhead associated with the LT and the presence of non-recurring
or very long address sequences. A hybrid CAP/stride address
predictor should overcome both issues.

The proposed hybrid predictor does not require extra prediction
structures since the LB can be shared between the two prediction
components. The extra information recorded in the LB consists of
the regular fields used in stride-based prediction schemes, namely
the last address, the stride delta, and some state bits. The number
of LB entries required by any address predictor (CAP, stride, or
hybrid) to achieve the same performance is mostly the same. Both
stride and context-based predictions are performed for each
dynamic load and the prediction tables are updated accordingly.
The LB is always updated (for both stride and CAP) whereas the
LT may be updated only on certain conditions as studied in section
4.3. The LT may feature fewer entries when using a selective
update policy.

Each of the two components of the hybrid predictor features its
own confidence bits. Speculative accesses are performed only
when at least one predictor is confident enough to deliver a
predicted address. Aelector mechanism is required when both
components are sufficiently confident. This selector can be fully
static, always giving priority to the same component. An

entry to record a few bits (PF — pollution-free bits) of the last basalternative is a dynamic scheme using 2-bit counters to record the
address to update (typically bits 2 to 5). The PF bits are alwaysast performance of each predictor with respect to the other. The
updated. By contrast, all the other fields of a LB entry are updatedext section reports on prediction result with this dynamic
only if the PF bits of the new update match those recorded. Thigelection scheme where selection counters are attached to every
means that to be recorded in the LT, a link must be seen twice inld entry. Figure 4 depicts a block diagram of our hybrid
row, without any other load touching this entry in the meantimeCAP/stride address predictor.
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Figure 4. Hybrid CAP/Stride Predictor Block Diagram.

4. Simulation Results

4.1 Simulation Methodol ogy

Results provided in this paper were collected from an 1A-32
trace-driven simulator. Each trace consists of 30 million
consecutive 1A-32 instructions. Traces are representative of the
entire execution, and they record both user and kernel activities.
Results are reported for 45 traces grouped into 8 suites:

SPECint95 (INT) - 8 traces,

CAD programs (CAD) - 2,

multimedia applications using MMX™ instructiorid 1) - 8,
games, e.g. Quak&AM) - 4,

programs written in JAVAJAV) - 5,

some TPC benchmark$RC) - 3,

common programs running on NT, e.g. WaKT{ - 8,

and common programs running on Windows 0B®¥) - 7.

In this study we used a detailed performance simulator modelin

which speculative accesses were performed, including both correct
and incorrect predictions, out of all dynamic loads (see section
3.4). The accuracy, i.e. the correct prediction rate, is defined as the
percentage of correct predictions out of all speculative accesses.
CAP predicts 61% of all dynamic loads on average. Except for
MM, this is 5 to 13% higher than the enhanced stride-based
predictor, while misprediction rate decreases by 40% on average.
MM results differ since these applications mainly process large
arrays which CAP, with its limited storage, can hardly handle.

Overall results clearly show the potential of the CAP predictor and

its importance in any address prediction scheme. The hybrid
CAP/enhanced stride predictor succeeds to predict 67% of the
loads with 98.9% accuracy (slightly less than CAP stand-alone).

I Stride pred rate [ CAP pred rate

Hybrid pred rate

—O— Stride accuracy —8— CAPaccuracy —— Hybrid accyracy

[\ A 2=
AN NN

90% 99.5%

80% 99.0%

70% 98.5%

60% 98.0%

50% 97.5%

40% 97.0%

prediction rate
accuracy

30% 96.5%

20% 96.0%

10% + 95.5%

0% - 95.0%

CAD

GAM INT JAV MM NT TPC W95  Average

Figure 5. Prediction Performance of the Different Predictors.

In figure 5, we simulated a hybrid CAP/stride predictor with a
dynamic 2 bit-counter selector initially biased towards weak CAP
selection (CAP base misprediction rate is lower). The counters are
updated after the address verification phase based on the relative
performance of each prediction component. Figure 6 shows both
the prediction rate and the accuracy of the hybrid predictor as a

an 8-wide 128-deep out-of-order processor featuring 10 functiondknction of both the number of LB entries and the associativity.
units and 4 data cache ports, an aggressive instruction fetdthe prediction rate of the CAD, JAVA, NT, TPC, and W95 suites
mechanism, and a hybrid branch predictor. The L1 on-die datéteadily increases with bigger sizes. These applications typically
cache is 32KB while L2 is 1MB. Instruction latencies are commorfeature a higher number of static loads. As shown in the figure, a

to Intel's processors. An efficient dynamic memory
disambiguation scheme is used to order load and store accesses.

Address prediction is performed in an early stage of the pipelin
partially hiding the longer load-to-use latency of accessing lowe
levels of the memory hierarchy. The predicted address is verifie
in the memory-ordering buffer past address generation. W
simulated a non-aggressiveelective recovery mechanism to
handle address mispredictions, i.e. only the dependent instructio
already scheduled are re-executed.

4.2 Predictor Performance

This section presents performance results of both a stand-alone (=2 2way

2-way LB is definitely a win while higher associativity is less cost-
effective. We listed accuracy only for a 4k-entry 2-way LB as it

éemains constant over the different configurations. Accuracy is

ery high across all benchmarks (98.9% on average), and is higher
an the accuracy of ampyblished address predictor.

e Prediction rate sensitivity to LT sizes (not shown on the graph)
is significant for applications with high volatility of load addresses,
fike CAD, INT, JAV and MM. On average the hybrid prediction
rate steadily increases from 63% for 1K-entry LT to about 68% for
8K LT. On the other hand, the LT associativity has low impact on
performance, since the history distribution is quite even.

4K, 1w ay =3 4K, 2w ay B 4K, 4w ay C— 8K, 2w ay —— accuracy ‘

90% 99.5%

CAP predictor and a hybrid CAP/enhanced stride predictor.
Results are provided for an immediate table-update policy
similarly to all prediction papers published up to now. The baseline
table configuration is a 4K-entry 2-way set associative Load Buffer
and a 4k-entry direct-mapped Link Table. As explained in section
3, the LT records base addresses. Control-flow indications, PF bits,
and LT tags are all used. The enhanced stride-based predictor
features the control-flow indications and thgerval technique
described in section 5, to trade mispredictions with no-predictions.

Figure 5 shows the prediction performance results for stand-

alone CAP, enhanced stride-based, and hybrid address predictoRsgure 6. Prediction Performance of Hybrid CAP/Enhanced Stride
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Figure 7. Relative Performance of Enhanced Stride-based and Hybrid Address Predictors

Finally, figure 7 highlights the processor performance
improvement achieved by an address prediction scheme. Our
baseline processor configuration was depicted in section 1.2.
Results are given for both the enhanced stride-based and the hybrid
CAP/stride predictors. Most traces exhibit a speedup in the range
of 10-25%, with an average of 21%. As expected, the performance
improvement is lower on TPC and W95 traces where prediction
rates are lower due to relatively high contention rate on the LB.
The unusually large speedup reported for JAVA applications can
be explained by the large number of memory operations. This is
due to the stack-based model and short procedures used in JAVA
bytecode, and to the lack of optimizations performed by JAVA JIT
compilers. Overall, the hybrid predictor is clearly awin, improving
performance by 6.3% on average over the enhanced stride-based
predictor. It isinteresting to see that non-stride loads (loads which
are predicted correctly by the CAP predictor and not handled by
the stride predictor) are more critical to performance. The 20%
non-stride loads (14% out of 67%) contribute 30% to the
performance (6.3% out of 21%). Note that performance results are
presented mainly to give a flavor of the potential benefit. This is
because actual performance benefits are highly dependent on the
implementation and may vary greatly. An arbitrary configuration
(whether current or futuristic) may give biased results of
questionable significance.

4.3 LT Update Policy

As mentioned earlier, we may omit updating the LT on certain
events to reduce LT interference and save predictor space. Note
that the PF bits mechanism adready filters out LT updates from
irregular loads. We consider three update policies:

» Update dways

* Update unless the stride component predicts correctly

» Update unless the stride component predicts correctly and its
prediction was selected to perform the specul ative access.
Surprisingly enough, the update always option results in slightly

better prediction results on amost all traces. An inspection of

address sequences in the traces revealed multiple cases of unstable

stride-like behavior, as in the JAVA inner loop address sequence

shown below (we present only the 16 LSBs of each address for the

sake of simplicity):

939a, 939c, 939e, 93a0, 93a2, 93a4, 93a6
9eb9, 9ebd, 9ecl
9eb9, 9ebd, 9ecl
9ecd, 9ecf, 9edl

This inner loop is executed multiple times, resulting in a very
low stride prediction rate. On the other hand, recording al the
linksin the LT results in 100% correct predictions once the warm-
up is over. In other words, updating or not updating the LT on all
loads represents a trade-off between additional CAP predictions
and a potentialy lower number of predictions on applications
exhibiting many LT conflicts. Simulations showed that for the LT
size we considered (4K-entry) updating the LT on all loadsis more
important.

4.4 Selector Performance

Around 80% of the speculative accesses are loads predicted by
both the stride and the CAP components of the hybrid predictor.
The above example illustrating a JAVA inner loop strongly
suggests a dynamic selector. Figure 8 shows the distribution of the
selector counter states for al loads predicted by both prediction
components. Almost 90% of these loads are predicted while the
counters are in one of the two states selecting the context-based
predictor. The always update policy causes most predictions to be
performed by the CAP predictor. The loads predicted by the
enhanced stride-based predictor are mainly the long stride
sequences. Figure 8 aso highlights the performance of the
selection mechanism by reporting the correct selection rate. A
miss-selection is defined on a misprediction when reversing the
selection would have given a correct prediction. The very high
correct selection rate clearly shows that the 2-bit counter selection
algorithmis quite close to perfect.
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45 |Individual Features

Global Corrdation. The ability to share prediction information
among multiple static loads (global correlation) is one of the most

W95  Average



important features of the CAP predictor. Figure 9 emphasizes the
potential of such afeature in the working example of a stand-alone
CAP predictor. Note that no confidence mechanism was used to
isolate the influence of the correlation. The metric used in this
subsection is the number of correctly predicted speculative
accesses out of al dynamic loads. We varied the number of past
addresses included in the history values (history length). The
potential of globa correlation is estimated around 10% of al
dynamic loads. In section 3, we claimed that global correlation
should require a larger history length. Figure 9 shows the optimal
history length to be 2 without global correlation, and either 3 or 4
with globa correlation. A history length of 4 was our default
configuration.
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Figure 9. Correct Prediction as a Function of the History Length.
LT Tags. Figure 10 shows the prediction performance of the CAP
predictor for different confidence mechanisms. The simplest
scheme with no special confidence schemes beside the regular state
bits achieves prediction rate of 64.2% with a misprediction rate of
3.3%. Such a high misprediction rate would require a very
aggressive recovery mechanism to achieve significant performance
improvement with address prediction. The addition of LT tags
consisting of several bits from the history pattern, drasticaly
reduces the number of wrong predictions. Using only 4 bits of tags
reduces the misprediction rate by as much as 57% while predicting
only 2% less dynamic loads. Doubling the tag size to 8 bits further
decreases the misprediction rate by an additional 26%. This clearly
shows that incorporating tags in the LT is an extremely efficient
confidence scheme: it substantially reduces the number of wrong
predictions while only marginally decreasing the number of correct
address predictions. Note that the history length is increased when
adding tags to the LT. One may assume that increasing the history
length contributes to the low misprediction ratio. Simulations show
that using a history length of 6 addresses reduces the misprediction
rate by only 6%. This means that the longer history effect isin fact
margina compared to the gain provided by the tags.
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Figure 10. Influence of LT tags on the CAP predictor
performance.

Control-Flow Indications. Figure 10 also shows the usefulness of
the control-flow indications to achieve further decrease in the
misprediction ratio. Using path information with 4 bits of tags
reduces the misprediction rate by 39% (from 1.5% to 0.9%), while
using it with 8 bits of tags reduces the misprediction rate by 33%,
to only 0.7% of all speculative accesses.

5. Pipelinelssues

5.1 Address Prediction in a Pipelined Machine

The discussion of address prediction so far assumed a simplified

machine model in which a given prediction can be individualy
carried out and resolved before any new prediction is made. To
date, all published predictor evaluations made use of such amodel.
In reality, today’s processors are pipelined, super-scalar, out-of-
order, and speculative. These features affect the performance of
address predictors (both stride and context-based predictors) and
impose several problems on their implementations. One cannot
ignore these aspects when designing an address prédictor

In our studies of address predictors we tuned the existing
schemes, devised new mechanisms to deal with such real-life
implications, and studied their effect on performance. These
mechanisms are required to ensure correct operation and
reasonable performance with a realistic processor pipeline. In this
section, we briefly explain the issues involved with address
predictor in the context of a heavily pipelined microprocessor, and
we present simulation results taking pipelining into consideration.
The results presented in this section show that despite the negative
impact of pipeline issues on address prediction, address predictors,
both stride and context-based, still boost performance
significantly.

5.2 Multiple Pending Predictions

In a pipelined machine, the resolution of a prediction is
performed only some number of cycles after the prediction itself is
made. In a heavily pipelined machine this number may be quite big
(dozens of cycles). During the period between prediction and
resolution, new predictions may be carried out. In particular,
several predictions may be done for the same static load
instruction. To allow multiple pending predictions, the predictors
maintain some speculative states. Once a prediction is resolved,
the speculative states are checked and fixed in the case of a
misprediction. Since those predictions are correlated, the distance
between prediction and resolution enables a single wrong
prediction to propagate and to cause additional mispredictions later
down the pipe. The level of the misprediction propagation depends
on the prediction scheme used and the pipeline depth.
Misprediction propagation issues are explained below for both
stride and context-based address predictors.

A stride-based address predictor, once it mispredicts, will most
probably mispredict all the pending predictions that were made for
the same static load instruction prior to the resolution of the
offending prediction. The number of these pending load
instructions depends on the pipeline length. However, in cases
where the misprediction is due to a single wrong stride (like
skipping over a single array element or going back to the first
element of the array), the stride predictor may catch up easily once
the misprediction is found. In other words, once the mispredicted
load is resolved, the stride predictor starts predicting subsequent
instances of the same load correctly even when pending instances
are still unresolved. Such predictions are performed by
extrapolating the currently known information, i.e. the stride is
multiplied by the number of pending unresolved loads and added

% In abroader sense, this pertains to almost all kinds of predictors and is not
unique to address prediction (with the exception of branch prediction where
only the recovery problem remains).



to the new base address. In addition, a stride-based predictor
implementation may choose to trade mispredictions with no-
predictions by recording the number of array elements (the
interval) and stop issuing speculative accesses once this number is
exceeded for a given static load instruction. The interval value
represents the number of consecutive correct predictions.

The misprediction propagation effect in a context-based
predictor is more acute. Consider, for example, a tight loop that
traverses a linked list. Any single misprediction has a domino
effect. Subsequent predictions of the same static load instruction
use a wrong history, and thus wrongly predict the new base. This
chain of wrong address predictions occurs as long as a new
instance of the load instruction is fetched before al previous
pending predictions of that static instruction are resolved. The
reason for this is the absence of any catch-up mechanism in
context-based predictors. Note that speculative accesses are no
longer performed once the faulting load has been resolved. The
absence of a catch-up mechanism also lengthens the warm-up time
in a context-based predictor.

The misprediction chain terminates only when the time gap
between two instances of the same static load instruction is large
enough to alow all previous address references to be resolved and
updated in the prediction tables. In practice, this may be forced by
some dynamic events like a branch misprediction or an instruction
cache miss. In the case of a linked list traversal, a branch
misprediction is likely to happen when the traversal is over.
Correct context-based predictions should resume on the next
traversal.

5.3 Simulation Results

In this section, we present simulation results for a hybrid
CAP/enhanced stride predictor with redistic pipeline effects. The
address predictions and the speculative accesses are performed in
the front-end pipeline, while the verifications are done only after
the actual load addresses have been generated. We call the number
of pipeline stages between an address prediction and the
corresponding verification the prediction gap. The prediction gap
defines the minimum time between prediction and resolution. The
actual gap for agiven load is variable. It depends on the processor
dynamic states. Performing the prediction earlier in the front-end
pipeline increases the gap, potentially worsening the pipeline
influence, but at the same time increases the gain from correct
predictions.

The predictors are optimized to reduce negative pipeline effects
by using the mechanisms described above:

» The stride predictor uses interval counters to record array length.

» The stride-based predictor and the CAP context-based predictor
stop speculating following a misprediction. The stride-based
predictor features a catch-up mechanism.

‘Figure 11 shows the average address prediction rate and
prediction accuracy over all traces as a function of the prediction
gap. Immediate means that each prediction is verified before any
additiona prediction is performed, as in Section 4. Results are
recorded for an enhanced stride predictor (lower bar) and for a
hybrid CAP/stride predictor (upper bar).

The prediction rate of a hybrid predictor decreases by about 7%
with aredlistic pipeline. As the graph shows, most of this decrease
comes from the CAP prediction component. However, the
prediction rate almost does not change when increasing the

prediction gap. A longer prediction gap causes slower prediction
catch-up, but itsinfluence is quite low, as the graph indicates.

On the other hand, prediction accuracy is significantly hurt by
high prediction gap values. The longer the pipeline between
prediction and verification, the more loads are predicted with
outdated information, and in the case of an address misprediction,
the longer this misprediction is propagated. Even for a short
prediction gap of 4 cycles the accuracy of the hybrid predictor
drops from 98.9% to only 96.6%, and to a low 96.1% with a
prediction gap of 12 cycles.

Overall, for the hybrid predictor, the percentage of correct
specul ative accesses decreases from 65.9% of dynamic loads with
immediate update to 57.9% with a prediction gap of 4 and to
57.4% with a gap of 8. The correct prediction rate of the hybrid
predictor is 8.6% higher than the one exhibited by the enhanced
stride predictor. Despite pipelining effect, both the enhanced stride
and the hybrid predictor succeed in predicting successfully a
significant part of the loads.
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Figure 11. Influence of the Prediction Gap on the Predictor.

Figure 12 shows the performance improvement achieved by the
address predictors for both an immediate update (left bar) and a
prediction gap of 8 cycles (right bar). In both cases we simulated a
redlistic aggressive out-of-order processor  configuration,
summarized in section 4.1. The same pipeline depth was used for
all simulations. While the speedup decreases for most of the
benchmarks, it is till quite significant. The average speedup of
hybrid predictor with a gap of 8 cycles becomes 14.1%. This is
3.9% more than the enhanced stride predictor alone. Note again,
that performance benefits are highly dependent on the
implementation and may vary alot.
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Figure 12. Relative Performance of the Enhanced Stride and the
Hybrid predictors for a Prediction Gap of 8 Cycles.



5.4 Other Implications on Micro-Architecture

In addition to pipeline issues, there are other implementation
effects which affect the performance of an address predictor (and
in away, any predictor). These are not new and are presented here
to highlight their complexity and to give the feeling of their
magnitude.

» Speculative Control-Flow. Address prediction is made on a
speculative control path. Once in a while, a branch is
mispredicted and address predictions are made on the wrong
path. The branch misprediction recovery should ensure, as
possible, that future address predictions (on the correct path) use
information which pertains only to the correct path, ignoring any
information that is related to the wrong, mispredicted path. One
should not confuse this with the multiple pending predictions
problem mentioned above: predictions may be control-
speculated and eventually flushed even if the predicted load
address was verified and found correct. A reorder buffer-like or
history buffer recovery mechanism is required to prevent
destructive updates.

» Several Predictions in a Cycle. In a super-scalar machine,
several load instructions may be fetched/decoded in the same
cycle. The prediction mechanism should allow for several
predictions and verifications within a cycle. An extreme case of
this problem is performing severa predictions/verifications of
the same static instructions in the same cycle. In particular,
performing severa context-based predictions in the same cycle
for the same static load instruction is quite complex. It means
that the LT should be iteratively scanned within a single cycle.
Context based prediction of multiple addresses ahead can be
done by applying a mechanism similar in concept to the two-
block ahead branch predictor [ Sezn96].

6. Concluding Remarks

Summary. In this paper we presented novel mechanisms to
improve address prediction. We introduced a practical, efficient,
context-based predictor to predict a portion of the traditionally
difficult-to-predict load addresses. We optimized the address
predictor structure and increased the prediction rate by taking
advantage of global correlation among different static loads. We
reduced the number of mispredictions and prevented table
pollution by applying smart confidence mechanisms and pollution
eliminating structures. We constructed a hybrid stride/context
based address predictor to achieve better prediction rate while
keeping structures to areasonable size.

We conducted extensive simulations to demonstrate the
potential of the proposed mechanisms. The simulations clearly
show the added value of the hybrid address predictor. The
prediction rate of the hybrid predictor is about 14% higher than the
prediction rate achieved by the stride predictor, while the
misprediction rate is 27% lower. We extended our simulation to
understand the implication of a more redlistic, pipelined
environment on address prediction. We showed that the suggested
hybrid address predictor, although exhibiting some performance
degradation and lower correct prediction rate in a pipelined
environment, is still beneficial.

Future Work. The work on address prediction in general, and on
hybrid stride/context based predictor in particular is in its early
stage. Further work may continue in several dimensions.

The first and most important area, in our opinion, is to acquire
deeper understanding of the load address patterns in order to

trigger ideas for newer, different, predictors. Our observations of
load addresses resulting from RDS and control correlation are a
step in the right direction. Two examples of such patterns are stack
and control flow related accesses. There are still about one third of
all load addresses that we do not attempt to predict - we should
strive to reduce this number.

Other potential future directions follow the work done on other
predictors, mainly branch predictors. Thisincludes:

e Profile feedback/Software assist: to ease the hardware work
by letting the compiler/profiler classify loads according to the
expected address pattern: last value, stride, context based,
unknown, etc... This reduces warm-up time, helps reducing
predictor size, and eliminates prediction table pollution. Other
supporting information like array/list count may be
considered.

* Improving the predictor by applying novel ideas like variable
history length, history correlation, etc. These ideas were tried
on branch prediction and they seem promising. They may be
useful for address prediction as well.

« Tuning the predictor parameters to increase predictor
performance. In particular, smart history recording and better
confidence tracking should be considered. As in other
predictors, determining the right amount of information is an
art unto itself: using longer histories and more conservative
confidence level reduce the number of attempted predictions
but improve the prediction accuracy rate.
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