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Abstract—Single-thread performance has hardly improved for
more than a decade. One of the largest problems for performance
improvements is branch misprediction. There are two approaches
to reduce the penalty caused by this. One is to reduce the
frequency of misprediction, and the other is to reduce the cycles
consumed because of misprediction. Improving branch predictors
is the former approach, and many studies on this topic have
been done for several decades. However, the latter approach has
been rarely studied. The present paper hence explores the latter
approach.

The cycles consumed because of misprediction are divided
into the following two parts. The first part is the state recovery
penalty, which consists of cycles consumed for rolling back the
processor state. The second part is the misspeculation penalty,
which are cycles consumed during useless speculative execution
from the fetch of a mispredicted branch until the completion of
the branch execution. We focus on reducing the misspeculation
penalty. For this, we propose a scheme called PUBS, which
allows the instructions in unconfident branch slices to be issued
with highest priority from the issue queue (IQ). Here, a branch
slice is a set consisting of a branch and the instructions this
branch directly or indirectly depends on, and we call the branch
slice unconfident if the associated branch prediction cannot be
sufficiently trusted. By issuing instructions in unconfident branch
slices as early as possible, the wait cycles of these instructions
in the IQ are minimized and thus the misspeculation penalty is
minimized. Our evaluation results using SPEC2006 benchmark
programs show that the PUBS scheme improves the performance
of the programs with difficult branch prediction by 7.8% on
average (a maximum of 19.2%) using only 4.0KB hardware cost.

I. INTRODUCTION

Background: The improvement of single-thread perfor-
mance has been sluggish for more than a decade. The largest
reason is that Dennard scaling has ended. During this period,
many computer architects have lost interest in core microar-
chitecture, and few studies on this topic have been done.
This academic trend also has made single-thread performance
sluggish.

Meanwhile, a new computer device, the smartphone, ap-
peared in 2007. Since then, the smartphone market has rapidly
grown, and now has become the largest market in all of
computer history; the market size is seven times larger than
that of the PC [1]. In smartphones, a short response time
is important for good user experience, and thus high single-
thread performance is required.

Against this background, restudying the microarchitecture
for high single-thread performance has become important.
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In particular, studies regarding the issue queue (IQ), which
significantly affects performance, are important.

Branch misprediction penalty: In superscalar processors,
instructions are speculatively executed based on branch pre-
diction for high performance. However, once a branch is mis-
predicted, the performance is significantly degraded because
the penalty imposed by misprediction is large.

In general, the total branch misprediction penalty during
program execution is proportional to the frequency of mispre-
diction and the penalty cycles per misprediction (i.e., branch
misprediction penalty). Therefore, there are two approaches to
reduce the performance degradation caused by branch mispre-
diction. One approach is to reduce the misprediction frequency.
Improving the accuracy of branch prediction is categorized
as this approach. Branch predictors have been studied for
several decades, but are extensively studied even at present [2],
because the performance degradation due to misprediction
is still serious, even with a modern branch predictor. The
other approach is to reduce the branch misprediction penalty.
However, few studies on this approach have been carried out.
The present paper proposes a scheme that uses this approach.

The branch misprediction penalty is divided into two penal-
ties: state recovery penalty and misspeculation penalty. The
state recovery penalty is the clock cycles consumed for
flushing the pipeline and recovering the processor state. In
contrast, the misspeculation penalty consists of the clock
cycles uselessly consumed for speculatively executing the in-
structions succeeding the mispredicted branch. Because these
instructions are flushed later when the dependent branch is
found to be mispredicted, the execution of these instructions
is useless. These useless cycles are those from the fetch of
the mispredicted branch until the completion of this branch
execution. The pipeline is substantially stalled during these
cycles. The paper focuses on reducing this misspeculation
penalty.

The misspeculation penalty includes 1) the cycles dur-
ing which a mispredicted branch flows down the front-end
pipeline, 2) the waiting cycles spent in the IQ until the
dependence is resolved and the branch is selected to be issued,
and 3) the execution cycles of the branch. Given a pipeline
structure, 1) and 3) cannot be reduced. However, 2) can be
reduced by an architectural scheme for the 1Q. The present
paper improves performance by reducing the waiting cycles in
the IQ by issuing the instructions that belong to unconfident
branch slices as early as possible. Here, a branch slice is



defined as a set that consists of a branch and the instructions
this branch directly or indirectly depends on. An unconfident
branch slice is a branch slice with the associated branch that
cannot be sufficiently trusted.

The IQ schedules instructions for execution by selecting
and issuing instructions from the ready-to-execute instructions
every cycle based on the priority of the instructions. The
select logic included in the IQ is responsible for this task.
Because the critical path of the IQ circuit is one of the
critical paths of the processor, this circuit must be simple.
Therefore, the select logic considers a simple priority setting
policy, which is position-based priority, where higher priority
is given to instructions that are closer to the head of the
queue. This simple priority policy is problematic in terms
of reducing misspeculation penalty, because instructions are
selected independently of whether the instructions are those
in unconfident branch slices or not. For example, if a branch
slice is composed of a dependent chain of five instructions,
and the issue of each instruction is delayed by an additional
one cycle due to issue conflict, the misspeculation penalty is
then increased by five cycles. To minimize the misspeculation
penalty, the highest priorities must be given to instructions in
unconfident branch slices.

Proposal: In the present paper, we propose the following
scheme, which we call prioritizing unconfident branch slices
(PUBS).

o Predicting unconfident branch slices: The PUBS scheme

links each instruction in a branch slice to the prediction
confidence of the branch associated with this branch slice.
Links are constructed by tracking backward the dataflow
that ends in a branch at the decode stage. By looking up
the prediction confidence using the links, each instruction
determines whether it belongs to an unconfident branch
slice or not.
To do this, we prepare two tables called conf_tab and
brslice_tab. Each entry of the conf_tab is associated
with a branch, and holds a counter that represents the
prediction confidence of the corresponding branch. The
confidence is learned using past prediction correctness.
In contrast, each entry of brslice_tab is associated with
an instruction in a branch slice, and holds the pointer to
the conf_tab entry of the associated branch.

o Prioritizing the issue of the instructions in unconfident
branch slices: We reserve a small number of entries at
the head of the IQ, called priority entries. Instructions
predicted to belong to unconfident branch slices are dis-
patched (i.e., written) to the priority entries. As previously
described, instructions in the head entries are given the
highest priority for issue. Therefore, these instructions
are issued with highest priority, and consequently, the
misspeculation penalty is minimized.

The remainder of the paper is organized as follows. Sec-
tion II defines the misspeculation penalty and branch slices.
The PUBS scheme is proposed in Section III. Section IV
explains how we reduce the cost for PUBS. The evaluation
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Fig. 1. Timeline of the flow of a mispredicted branch.

results are presented in Section V. Section VI describes related
work. Finally, our conclusions are presented in Section VIL.

II. DEFINITIONS OF MISSPECULATION
PENALTY AND BRANCH SLICES

We define the misspeculation penalty and branch slices in
this section.

A. Misspeculation Penalty

Figure 1 shows a chart of the timeline from the cycle
where a mispredicted branch is fetched until the cycle where
the instruction fetch is redirected toward the correct path.
The branch first flows down the front-end pipeline, and is
then dispatched to the IQ. In the IQ, the branch waits for
several cycles until the instructions this branch directly or
indirectly depends on are executed. Finally, the branch is
issued, executed, and the misprediction is revealed. Then,
the processor state is recovered and the instruction fetch is
redirected to fetch the instruction on the correct path.

In this process, we call the misspeculation penalty the clock
cycles from the fetch until the end of the execution of the
branch, while we call the state recovery penalty the clock
cycles used for recovering the processor state. In this paper,
we reduce the misspeculation penalty as much as possible by
reducing the waiting cycles in the 1Q.

B. Branch and Computation Slices

Branch and computation slices are defined in a dataflow
graph. We explain them using the example of the dataflow
graph shown in Figure 2, where the only red circle represents
a branch and the others are non-branch instructions.

A branch slice is defined as a sub-graph of the given
dataflow graph, which includes a branch as a leaf and the
instructions the branch directly or indirectly depends on. In
the example shown in Figure 2, the sub-graph surrounded by
a red dashed line is a branch slice.

In contrast, a computation slice is defined as a sub-graph,
which includes an instruction other than a branch as a leaf
and the instructions this instruction directly or indirectly
depends on. In the example shown in Figure 2, the sub-
graph surrounded by a blue dashed line is a computation slice.
Although the branch and computation slices are exclusive in
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Fig. 2. Example of branch and computation slices.

the example shown in Figure 2, they can overlap. This occurs,
for example, if the result of an instruction in a branch slice
flows to an instruction in a computation slice. Whether the
two slices are exclusive or overlapped, the definitions and our
scheme hold.

If the prediction of the branch cannot be sufficiently trusted,
the associated branch slice is called an unconfident branch
slice. If the issue of any instruction in the branch slice with
a mispredicted branch is extra delayed, the misspeculation
penalty can be increased, degrading the performance.

III. PRIORITIZING UNCONFIDENT BRANCH SLICES

In this section, we propose our scheme, called prioritizing
unconfident branch slices (PUBS). This scheme is divided
into two parts. One is a scheme that predicts whether an
instruction belongs to an unconfident branch slice or not,
which is described in Section III-A The other part is a
scheme that prioritizes the issue of instructions in unconfident
branch slices, which is described in Section III-B. Finally, in
Section III-C, we discuss possible alternative implementations
to PUBS and the adaptation of the PUBS scheme to an IQ
organization that is different from that assumed in this section.

A. Predicting Unconfident Branch Slices

We predict whether an instruction belongs to an unconfident
branch slice or not as follows:

1) The scheme records the confidence of the prediction
of each branch using the past prediction correctness
(Section III-Al).

2) The scheme constructs a pointer table, where each pointer
links each instruction in a branch slice to the predic-
tion confidence record of the associated branch (Sec-
tion II1-A2).

3) The scheme predicts whether a decoding instruction be-
longs to unconfident branch slices or not using the table
of the pointers described above (Section I1I-A3).

The major structures used to implement this scheme are two
tables, called the confidence estimation table (conf_tab) and
branch slice table (brslice_tab). Figure 3 shows the relation-
ship of the branch slice instructions and these structures. A
minor structure, a table called the define table (def_tab), is
prepared to keep track of instruction dependence relationships
(not shown in the figure). We detail the scheme in the
following subsections.
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Fig. 3. Structures for predicting unconfident branch slice instructions.

1) Estimation of the Confidence of Branch Prediction: We
estimate branch prediction confidence using saturated resetting
counters [3]. The conf_tab, where the index is the PC of
a branch (PCjy, in Figure 3), holds counters (mark (1) in
Figure 3).

If a branch is executed, and an entry in the conf_tab is not
allocated, an entry is allocated to the conf_tab. The counter in
the allocated entry is then initialized to the maximum value in
the case of correct prediction; otherwise, it is initialized to 0.
If an entry is allocated, the counter in the entry is incremented
by 1 if the prediction was correct (if the counter already has
the maximum value, no action is taken); otherwise, it is reset
to 0.

The confidence estimation is carried out as follows. If a
branch is decoded, it looks up the conf_tab. If the counter
value in the corresponding entry is the maximum value, the
prediction of the associated branch is confident; otherwise, it
is unconfident.

2) Linking Branch Slice Instructions to a Confidence
Counter : We keep track of dataflow to find a branch slice.
The def _tab is responsible for this task. The index of the
def_tab is the logical destination register number of a decoding
instruction, and each entry has the PC of the instruction. If an
instruction is decoded, the PC of the instruction is written to
the corresponding entry.

We link the instructions in a branch slice to a confidence
counter in the conf_tab of the associated branch as follows:

1) If a branch is decoded, the scheme obtains the PCs of
the instructions (inst A in Figure 3) that produce the
source registers of the branch by looking up the def_tab
using the logical source register numbers. Using the
obtained PCs (PC4 in Figure 3), the scheme writes the
PC of the branch (PC,) to the corresponding entries of
the brslice_tab (see mark (2) in Figure 3). Now, inst A
has been indirectly linked to the confidence counter of the
associated branch through the pointer in the brslice_tab.
Suppose that instruction A is decoded. The scheme ob-
tains PCY, by looking up the brslice_tab using the PC
of inst A. It then obtains the PCs of the producer
instructions (inst B) by looking up the def tab. Us-
ing the obtained PCs, the scheme writes PCj, to the
corresponding entries of the brslice_tab (see mark (3) in

2)



req
wakeup select payload
logic «—#—{ logic RAM
grant
T
instruction

Fig. 4. Organization of the IQ.

Figure 3). Now, inst B has been indirectly linked to
the confidence counter of the associated branch through
the pointer in the brslice_tab.

3) The scheme repeats step 2.

3) Prediction of Unconfident Branch Slice Instructions:
Predicting whether a decoding instruction belongs to an un-
confident branch slice or not is carried out as follows:

1) If the decoding instruction is a branch, the scheme looks
up the conf_tab using the PC. If a confidence counter
is obtained and indicates low confidence, the branch
belongs to an unconfident branch slice; otherwise (i.e.,
the confidence counter is not obtained or it indicates the
maximum confidence), it does not.

If the decoding instruction is a non-branch instruction, the
scheme looks up the brslice_tab using the PC. If a pointer
is obtained, the scheme then accesses the conf_tab using
the obtained pointer. If a confidence counter is obtained
and indicates low confidence, the instruction belongs to
an unconfident branch slice; otherwise, it does not.

If a pointer is not obtained from the brslice_tab, the
instruction does not belong to a unconfident branch slice.

2)

B. Prioritizing the Issue of the Instructions in Unconfident
Branch Slices

This section describes how we prioritize the issue of the
instructions in unconfident branch slices. Before describing
the scheme, we explain the organization of conventional 1Qs
as the base organization of PUBS in Section III-B1. We then
explain the scheme in Sections III-B2. Finally, we describe an
additional scheme to solve a problem caused by the main part
of our scheme in Section III-B3.

1) Organization of 1Qs: Overview: The 1Q largely com-
prises the wakeup logic, select logic, and payload RAM [4]-
[6], as illustrated in Figure 4. The issue operation is pipelined:
the wakeup and select in the first cycle, and the payload RAM
read in the second cycle. The wakeup—select loop in the first
cycle is the critical path of the IQ [4], and this loop is not
pipeline in general; if pipelined, dependent instructions cannot
be issued back-to-back.

There are two types of wakeup logic circuits: content
addressable memory (CAM) or RAM [5], [7]. In the CAM
type, the wakeup logic is a one-dimensional array, where
each entry of the wakeup logic holds the tags of two source
and destination operands, and ready flags indicating the data
dependence state (resolved or not) for the corresponding
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instruction. If both data dependences are resolved, an issue
request is output.

In contrast, the RAM type has two matrices for each of
two source operands [5]. Each row and column of the matrix
is associated with an instruction in the 1Q, and each element
represents the data dependency between the instructions. In
addition to the matrices, there is one row vector of ready flags
for each matrix, where each bit corresponds to an instruction
in the IQ. The ready flags are set depending on the values of
the rows corresponding to the issued instructions. If the two
ready bits corresponding to an instruction are set, an issue
request is output.

The issue request is sent to the select logic, which grants
some requests by considering resource constraints. As a circuit
of the select logic, a tree arbiter circuit [8] and prefix-sum
circuit [6], [9] are published. When using the tree arbiter
circuit, the circuit must be stacked by the number of the issue
width [8], [9]. This stacking considerably lengthens the delay
of the select logic [8]. In contrast, the prefix-sum circuits
does not need to be stacked for multiple issues (i.e., a single
circuit is sufficient). Thus, it is much faster than the tree arbiter
circuit [9].

The grant signals are sent to the payload RAM, which holds
instructions. Instructions are read (issued) from the payload
RAM and sent to the function units. The grant signals are
also sent back to the wakeup logic. The destination tags
corresponding to the grant signals are broadcast to the wakeup
logic to update the ready flags in the CAM-type wakeup logic.
In the RAM-type wakeup logic, the grant signal of a row reads
the same row of the matrices.

Although there are several circuits for wakeup and select
logic as described, these are orthogonal to our scheme. In
other words, our scheme can be applied to any circuit.

Issue priority the select logic considers: The select logic
is an arbiter that grants a maximum of /W requests from a
maximum of QS requests, where /W and QS are the issue
width and issue queue size, respectively. In the arbitration, the
requests with higher priority are granted. Here, the priority
is not flexible but is fixed with respect to the position of
the IQ to make the select logic simple, where the closer
to the head the instruction is, the higher the priority is [6],
[8], [9]. Otherwise, the delay of the IQ is lengthened (see
Section III-C1). Increasing the delay is not acceptable, because
the critical path of the IQ is one of the critical paths of
processors [8], and thus increasing the delay of the IQ can
lengthen the clock cycle time.

Taxonomy in terms of instruction ordering: There is one
more issue of note for this study. There are three types of 1Qs
in terms of instruction ordering. The first type of 1Q is the
shifting queue. This type of IQ was used in old processors
(e.g., DEC Alpha 21264 [10] two decades ago), where the
size of the 1Q is small. In the shifting queue, instructions
stay physically ordered by age from the head to the tail of
the queue. It is widely known that instruction age is highly
correlated with instruction criticality in general, because a
critical path is composed of a long dependence chain, and



instructions on a critical path thus stay in the IQ for a long
time. Old instructions are therefore likely to be those on a
critical path. Because the select logic is position based, the
priority considered by the select logic is consistent with the
criticality order of the instructions in the 1Q. Thus, high IPC is
achieved compared with the non-age-ordered queue. However,
it needs a compaction circuit to fill the “holes” created by the
instructions that have been issued, while keeping the order of
instructions by age. This compaction circuit is very complex,
and is inserted into the critical path of the IQ [10]. Thus, the
delay of the IQ is significantly increased. The shifting queue
is not used in current processors anymore.

The second type of IQ is the circular queue, which is
composed of a circular buffer. In this queue, instructions
stay physically ordered by age like the shifting queue, but
it does not have a compaction circuit. Although this queue
is simple, unlike the shifting queue, remaining “holes” cause
serious capacity inefficiency. This significantly degrades the
performance in capacity-sensitive programs. In addition, wrap-
around in instruction order occurs, and this reverses the issue
priority, further degrading the performance. The circular queue
is also not used in current processors.

The last type of 1Q is the random queue, where instructions
are simply dispatched into the “holes”. Because “holes” arise
randomly over the long term, the order of instructions in the
queue becomes random. The random queue is simple and
thus the delay is short. However, the issue priority of the
instructions is given randomly, because the instruction order is
random. Therefore, the IPC is worse than that of the shifting
queue.

To mitigate IPC degradation in the random queue, there is a
circuit called the age matrix [7], [11]. The age matrix is used
in parallel with the select logic [12], and selects the oldest
ready instruction. Because instruction age is correlated with
instruction criticality, as described previously, the age matrix
is effective in terms of IPC. The downside is that the delay of
the IQ is increased, because the global wires are lengthened
by traversing the age matrix. This can increase the clock cycle
time. Therefore, effectiveness is determined by balancing the
IPC increase and delay increase. The details of the age matrix
are described in Section V-G1.

Summary: We have described all the published organi-
zations of IQ used in commercial processors to the best of
our knowledge in this section. As described, the shifting or
circular queues are not used anymore. Instead, although all
processor vendors do not publish their IQ organization, the
random queue alone or with an age matrix are used in modern
processors [11]-[13]. In this paper, we assume a random
queue without an age matrix as the base organization, and
compare the performance of a processor with our scheme to
this. Regarding the random queue with an age matrix, we
compare the IPC, evaluate the delay, and discuss the results
in Section V-G.

2) Prioritizing Unconfident Branch Slice Instructions: In
this section, we describe how we assign the highest issue
priority to the instructions in unconfident branch slices.
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As described in Section III-B1, instructions that are closer to
the head of the 1Q are assigned higher issue priority. Therefore,
we reserve a small number of entries at the head of the 1Q,
which can be used by the only instructions in unconfident
branch slices, as shown in Figure 5. We call these entries the
priority entries, and call the remaining entries normal entries.
The unconfident branch slice instructions in priority entries
are issued with the highest priority, and thus misspeculation
penalty is minimized.

When an instruction is dispatched (i.e., written) to the 1Q,
and if it is an instruction in an unconfident branch slice, it
is dispatched into one of the priority entries. If there is no
available priority entry, the dispatch is stalled (we evaluate
whether it is better to stall or not stall dispatching to the normal
entries in Section V-C). If the instruction does not belong to
an unconfident branch slice, it is dispatched to a normal entry.

To implement this scheme, we divide the free list of the
IQ into two lists: one each for the priority and normal entries.
When an instruction is dispatched to a priority or normal entry,
a free entry number is obtained from the corresponding free
list.

3) Mode Switching: According to our evaluation in Sec-
tion V-C, the optimal number of priority entries is only 6.
Despite this very small number of entries, reserving entries can
waste the capacity of the 1Q, because they are not always full.
This can degrade the performance for very capacity-sensitive
programs. We have found that such programs are memory-
intensive, where memory-level parallelism (MLP) is the most
important source for high performance. To exploit MLP as
much as possible, as many loads as possible must be issued
in a short time. Thus, the capacity of the IQ is important.
In addition, reducing branch misprediction penalty is less
important in a situation where LLC misses occur frequently,
because the LLC miss penalty is huge (hundreds of cycles).

To solve this problem, we introduce a simple mode switch-
ing scheme, where the PUBS scheme is enabled or not depend-
ing on memory-intensity. We observe last-level cache misses
per kilo instructions (MPKI) periodically, and PUBS is enabled
if the observed MPKI is less than a predetermined threshold;
otherwise, PUBS is disabled. In the disabled periods, there
are no priority entries and the IQ is used uniformly. At the
instruction dispatch, two free lists (one for the priority entries
and the other for the normal entries) are selectively used using
a random number, where the selection probability is weighted



by the entry ratio. Because of the simplicity, there is no penalty
for mode switching.

C. Discussion of the PUBS Implementation

In this section, we discuss a possible alternative implemen-
tation of the IQ for the PUBS scheme, and adaptation of PUBS
to a distributed IQ instead of the unified IQ we have assumed
thus far.

1) Select Logic with Flexible Priority: Given a scheme
that marks instructions that are preferable to issue with high
priority, a question that may be asked is whether a select logic
that considers the marks into the priority can be implemented
in a random queue. If it is possible, partitioning the IQ as in
the PUBS scheme is unnecessary.

To the best of our knowledge, such a select logic has
not been proposed in the literature, and we believe that it
would be very difficult to implement without an extraordinary
breakthrough. One possible but straightforward implementa-
tion is that many /QS-to-1 MUXes are placed between the
wakeup logic and conventional position-based select logic. The
MUXes are controlled by the marks, the issue requests from
the wakeup logic are sorted by the marks by selecting one of
1@QS requests, and sorted requests are provided to the select
logic. Although this circuit can be implemented theoretically,
the huge fan-out of request signals and huge fan-in of MUXes
significantly increase the delay, and thus it is unpractical.

2) Adapting to the Distributed IQ: In the explanation thus
far, we have assumed a unified 1Q, where the IQ is shared
among function units. This type of 1Q is currently used, for
example, in the processors of Intel Sandy Bridge, Haswell,
and Skylake [14]-[16], and is also used as the main IQ of
IBM POWER7 and 8 [13], [17]. In contrast, AMD Zen uses
an IQ distributed among integer function units [18], and each
function unit thus has a dedicated 1Q. The advantage of the
unified IQ is capacity efficiency, while that of the distributed
1Q is that the select logic is simplified. Although our study
does not describe comprehensively which type of 1Q is better,
our PUBS scheme can be applied to a distributed 1Q, where
each IQ is partitioned into priority and normal entries.

IV. REDUCING COST

This section addresses the cost reduction of tables def tab,
brslice_tab, and conf_tab.

We organize brslice_tab and conf _tab as set-associative
tables. In contrast, we prepare a full size table (i.e., the number
of rows is equal to the number of logical registers) for def_tab,
because the number of logical registers is small (i.e., 64).
Although tagless organization is possible for the brslice_tab
and conf_tab, a set-associative organization achieves a better
performance according to our preliminary evaluation. In this
organization, an entry of def tab, brslice_tab, and conf_tab
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Fig. 6. Implementation of the three tables for PUBS with reduced hardware
cost.

(Eq4, Ep, and E., respectively) is composed of the following
fields, respectively (see Figure 6):

E;= Dy
Ey, =T, and D,

E. =T, and confidence counter,

where D, and D, are PCs in the logical explanation of
Section III-A, but are data generated from the PCs for im-
plementation, which include an index to the brslice_tab and
conf_tab, respectively. In contrast, 7} and 7, are tags for the
brslice_tab and conf_tab, respectively.

Regarding D, and D., they comprise the following con-
catenated information:

Dy=T || I
Dc :Tc || Im

where [, and I. are indices to the brslice tab and conf_tab,
respectively, and the symbol “||” represents concatenation.

The number of bits for Iy is determined by the number of
rows (i.e., sets) of table X. In other words, it is logs Rx , where
Rx is the number of rows of table X. In contrast, the number
of bits for T'x is one for the portion of the PC remaining after
eliminating the index portion from the PC in a straightforward
implementation. For example, if we determine the number of
rows of the brslice_tab to be 128, this then determines [, = 7
and thus T, = 55(= 62 — 7). As easily found, the number of
tag bits is significant, and this becomes a large cost overhead
of our scheme.

To reduce this cost, we hash the tag. The hashed tag is
generated by a bitwise XOR for each N-bit portion of the tag
part of PC, as shown in Figure 7. According to our evaluations,
the optimal N values for the brslice_tab and conf_tab that
hardly degrade the performance are 8 and 4, respectively. This
hashing significantly reduces the cost of the tables.
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Fig. 7. Generation of hash from the tag part of the PC.

V. EVALUATION RESULTS

We first describe the methodology for evaluation in Sec-
tion V-A. We then compare the performance of the PUBS
scheme with the conventional random queue in Section V-B. In
Sections V-C and V-D, we evaluate the performance sensitivity
to the number of priority entries and the number of the
confidence counter bits. We next evaluate the effectiveness of
the mode switch in Section V-E. We then evaluate the hardware
cost required for PUBS, and compare its performance to that
of a processor with an enlarged branch predictor using this
cost in Section V-F. We next compare the IPC to a processor
with an IQ with an age matrix, and discuss the results in
Section V-G. Finally, we evaluate the IPC sensitivity to the
size of a processor in Section V-H.

A. Methodology

We built a simulator based on the SimpleScalar Tool Set
version 3.0a [19] to evaluate IPC. The instruction set used
was Alpha ISA. We used all the programs from the SPEC2006
benchmark suite except wrf’; this program was excluded be-
cause it does not run correctly on our simulator at present.
The programs were compiled using gcc ver.4.5.3 with option
-O3. Our evaluation focuses on the programs with difficult
branch prediction (D-BP), because our scheme reduces the
misspeculation penalty caused by branch misprediction. The
threshold in the difficulty of the branch prediction is 3.0
branch MPKI (mispredictions per kilo instructions). We also
briefly show the evaluation results for easy branch prediction
programs (E-BP) if necessary.

The configuration of the base processor used in the eval-
uation is summarized in Table I. The number of function
units is important in this evaluation, because it is a main
cause of issue conflicts. We used the number of function
units in an ARM Cortex-A72 [20], which is a state-of-the-
art high-performance and very energy-efficient processor used
in smartphones and tablets. We also set the sizes of the IQ
and reorder buffer to 64 and 128, respectively, because their
sizes in the Cortex-A72 are 66 and 128 [20], [21]. We do
not choose a PC processor but a mobile processor instead,
because the mobile market is the larger than any other market,
as described in Section I. The other important configuration is
the branch predictor. Although the branch predictor is one of
the most confidential components for processor vendors, and
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TABLE I
BASE PROCESSOR CONFIGURATION.

4-instruction wide for each of fetch,
decode, issue, and commit

Pipeline width

Reorder buffer 128 entries
1Q 64 entries
Load/store queue 64 entries

Physical registers
Branch prediction

128(int) + 128(fp)

34-bit history, 256-entry weight table perceptron,
2K-set 4-way BTB,

10-cycle state recovery penalty on misprediction

Function unit 2 iALU, 1 iMULT/DIV, 2 Ld/St, 2 FPU

L1 I-cache 32KB, 8-way, 64B line

L1 D-cache 32KB, 8-way, 64B line, 2 ports,
2-cycle hit latency, non-blocking

L2 cache 2MB, 16-way, 64B line,

12-cycle hit latency

300-cycle min. latency, 8B/cycle bandwidth
stream-based: 32-stream tracked,

16-line distance, 2-line degree,

prefetch to L2 cache

Main memory
Data prefetch

TABLE 1T
PARAMETERS FOR PUBS.

Brslice_tab 128-set, 8-way, 8-bit hashed tag
Conf_tab 128-set, 8-way, 4-bit hashed tag
Confidence counter 6 bits

Priority entries in IQ | 6

Normal entries in IQ | 58

Dispatch policy stall if no priority entry is available
for unconfident branch slice instruction

10k-cycle interval, 3.0 LLC MPKI threshold

Mode switch

thus there is little publicly available information about them,
AMD has revealed that its state-of-the-art processor, Zen, uses
the perceptron branch predictor [18], [22]. Thus, we use it in
this evaluation.

We simulated 100M instructions after the first 16B instruc-
tions were skipped using the ref inputs. The parameters that
are specific to the PUBS scheme are summarized in Table II.
The performance sensitivity to these parameters is evaluated
in the following sections.

B. Performance

Figure 8 shows the speedup over the base. As described in
Section V-A, the graph focuses on the results of the programs
with D-BP. “GM diff” is the geometric mean of the results in
D-BP. For the programs with easy branch prediction (E-BP),
we show the only geometric mean (“GM easy”).

As shown in the figure, PUBS achieves a 7.8% speedup
on GM in D-BP, and no adverse effect is observed in E-BP.
The speedups significantly vary depending on the program.
The maximum speedup is 19.2% in sjeng, while the minimum
speedup is 0.3% in mcf. This variation arises from 1) how
difficult the branch prediction is and 2) which of the branch or
computation slices are critical. Regarding 2), the frequency of
LLC misses is the strongest factor. The higher this frequency
is, the more computation slices become critical, because the
LLC miss penalty is very long (300 cycles in our evaluation).
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To confirm the reasons for the performance variation de-
scribed above, we show the correlation between the speedup
and branch MPKI in Figure 9.! The graph also shows the
correlation with memory intensity using colored dots. The
red and blue dots represent data of compute- and memory-
intensive programs, respectively, where the threshold is 1.0
LLC MPKI.

If we focus on the data of compute-intensive programs
(red dots), not surprisingly, the speedup is correlated with
the branch MPKI. We also find that the speedup is larger
for compute-intensive programs than for memory-intensive
programs (blue dots).

C. Sensitivity to the Number of Priority Entries

Figure 10 shows the average speedup over the base in D-BP
when varying the number of priority entries. Left and right bars
represent speedups for the stall or non-stall policy on dispatch.
In the stall policy, the instruction dispatch is stalled (default
setting), if no priority entry is available for an unconfident
branch slice instruction. In contrast, in the non-stall policy,
it is not stalled, but the instruction is dispatched to a normal
entry.

'The branch MPKI in astar is extraordinary large, but this is correct.
We have confirmed these data using another simulator (gem5 [23]) and/or
comparison with other branch predictors (e.g., gshare, bimode, and tournament
predictors).

89

M stall policy ™ non-stall policy

8%

6%

4%

2%

0%

Speedup over base

2%

-4%

Number of priority entries

Fig. 10. Average speedup over the base in D-BP when varying the number

of priority entries.

mmm speedup == unconfident branch rate

8%
7%
6%
5%
4%
3%+
2%

Speedup over base
Unconfident branch rate

1%
0% -

2 4 6 8

blind

Number of confidence counter bits

Fig. 11. Average speedup over the base and the unconfident branch rate in
D-BP when varying the number of confidence counter bits.

In the case of the stall policy, insufficient entries for unconfi-
dent branch slice instructions frequently stall the dispatch, thus
degrading the performance. This situation is clearly seen in the
case of two priority entries, where the performance is degraded
from that of the baseline. In contrast, if the number of priority
entries is excessive, the IQ capacity becomes insufficient for
instructions that do not belong to unconfident branch slices.
According to the evaluation results, the optimum number of
priority entries is 6.

In the case of the non-stall policy, although the dispatch is
not stalled even if the priority entry is not available, prioritizing
the unconfident branch slice instructions is opportunistic, and
is thus carried out only partially. As found in the evaluation
results, the negative effect is stronger, and the stall policy is
hence better.

D. Sensitivity to the Number of Confidence Counter Bits

Figure 11 shows the average speedup over the base (bar,
left Y-axis) in D-BP, when varying the number of confidence
counter bits in conf_tab from 2 to 8. The rightmost bar labeled
“blind” is the speedup when the prediction of all branches
are blindly estimated as unconfident. The figure also shows
the ratio of the number of unconfident branches to the total
number of dynamic branches (line, right Y-axis).

Basically, as the number of counter bits is increased, the
unconfident branch rate is increased because the confidence
counter is a resetting counter, and thus the branch confidence
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TABLE 111
HARDWARE COST.
H/W def_tab  brslice_tab  conf_tab | total
cost (KB) | 0.1 2.5 1.4 4.0

prediction tends to be unconfident. This increases the coverage
of unconfident branch slices, but the accuracy is decreased and
it spuriously causes a shortage of priority entries. However, the
results indicate that an aggressively estimation of unconfident
is more beneficial. The number of optimal counter bits is 6, and
the unconfident branch rate is 71% at this number of counter
bits.

The “blind” model can eliminate the conf tab and thus
lower cost. However, the speedup is lower than that of the
PUBS scheme with the conf_tab. Thus, conf _tab is worth
introducing.

E. Effectiveness of the Mode Switch

Figure 12 shows the effectiveness of the mode switch.
The left and right bars represent the speedup over that of
the base when the mode switch is enabled and disabled,
respectively. As described in Section III-B3, the mode switch
allows the processor to fully use the capacity of the IQ
when exploiting MLP is more beneficial than reducing branch
misprediction penalty, while enabling PUBS when reducing
branch misprediction penalty is more important.

As shown in the figure, although the performances of most
programs are not substantially different when the mode switch
is enabled or disabled, and thus the geometric means are
also not substantially different, the performance is degraded
in mcf and soplex when the mode switch is disabled. We have
found that although the number of reserved priority entries are
very small, there are programs that are sensitive to this small
inefficiency in the 1Q capacity.

F. Hardware Cost

The hardware required for PUBS is mainly three tables,
i.e., def _tab, brslice_tab, and conf_tab. Table III shows the
hardware cost in KB. As shown in the table, the required
hardware cost is only 4.0KB.
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Because PUBS aims to reduce branch misprediction penalty,
we evaluate the performance of the base processor when we
increase the cost of the branch predictor using the cost required
for PUBS. Although it is 4.0KB, we increase the cost of the
branch predictor by 8.4KB, which is more than double the
cost of the default branch predictor. The history length and
size of the weight table are 36 and 512, respectively.

Figure 13 shows the results. The left and right bars represent
the speedups of PUBS with the default predictor and that of the
base with the large branch predictor, respectively. As shown
in the figure, the performance increase with the large branch
predictor is marginal on average, and thus the performance
is much less than that of PUBS. Therefore, PUBS is worth
introducing for more reasons than just increasing the branch
predictor.

G. Comparison to 1Q with the Age Matrix

We have evaluated the performance of the PUBS scheme
with a base processor using a random queue without the age
matrix thus far. In this section, we compare the IPC in the
case with an age matrix, evaluate the increase of the IQ delay
when using the age matrix, and finally discuss the results.

1) Age Matrix: As described in Section III-B1, the IPC is
degraded in the random queue because of random instruction
ordering. To mitigate the IPC degradation, several proces-
sors [11]-[13] add a circuit called the age matrix to the IQ.

The age matrix receives the issue requests in parallel with
the conventional select logic, as shown in Figure 14(b). It
picks a single oldest instruction from ready instructions. This
instruction is given the highest priority; the other instruc-
tions to be issued are selected using the conventional select
logic [12]. Even though the age matrix selects only a single
oldest instruction and other instructions are selected randomly,
it is effective in terms of IPC.

Each row and column of the age matrix is associated with
an instruction in the IQ [7], [11]. Each cell of the matrix holds
a single bit representing age ordering information. In each row,
the circuit determines whether the input issue request is the
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oldest or not by bitwise ANDing of the row vector of the age
matrix with the transposed issue request vector.”?

Although the age matrix increases IPC, it lengthens the
delay of the IQ, because the global wires (request and grant
signals) are lengthened by traversing the age matrix, as shown
in Figure 14(b). Although the resulting wire delay is signifi-
cant, the wire delay is difficult to reduce in the modern fine
LSI technology in general [24]. To find the increase of the
delay, we designed the IQ (the wakeup logic is the CAM type,
and the select logic is the prefix-sum circuit) at the transistor
level, assuming MOSIS design rules [25]. According to our
LSI layout of the IQ, the width of the age matrix is very wide;
it is nearly the same width as that of the wakeup logic or as
long as 65% of the height of the IQ. See Figures 14(a) and (b)
to compare the size of the IQ without the age matrix to that
with the age matrix. Note that the size of each circuit is scaled
in proportion to the actual size in these figures. We carried out
the circuit simulation using HSPICE to evaluate the delay of
the 1Q, assuming the 16nm predictive transistor model [26]
developed by the Nanoscale Integration and Modeling Group
of Arizona State University for HSPICE, and the resistance
and capacitance per unit length of the wire predicted by the
International Technology Roadmap for Semiconductors [27].
Drivers and repeaters were optimally inserted on long wires
to reduce the delay, according to experimentation. As a result,
we have found that the age matrix increases the delay of the
1Q by 13%.

Note that, although we assumed the layout shown in Fig-
ure 14(b), we could use another layout where the age matrix
and select logic are interchanged. However, the layout in
Figure 14(b) was a better choice according to our evaluation.

2) Comparison Results: Figure 15(a) shows the IPC in-
crease over the base for the following three models:

« PUBS: PUBS is introduced.

o AGE: The IQ (random queue) has an age matrix.

o PUBS+AGE: PUBS is introduced and the IQ has an age
matrix.

As shown in the figure, the age matrix is effective in terms
of IPC. The effectiveness is larger in D-BP than in E-BP
(compare “GM diff” with “GM easy”), even though the age
matrix does not consider branch misprediction. This infers
that branch slices often include an oldest ready instruction.
However, the IPC of the AGE is less than that of PUBS in

2We have explained the operation based on [11]. A different but essentially
the same age matrix circuit is presented in [7].
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D-BP (see “GM dift”), although it is slightly more than that
of PUBS in E-DP (see “GM easy”).

Combining PUBS with AGE further increases the IPC over
PUBS. This is because each considers the issue priority from
different viewpoints. In other words, PUBS focuses on the
criticality related to branch misprediction, while the age matrix
considers general criticality. As a result, the gap between AGE
and PUBS+AGE becomes significant, where the IPC increase
of AGE over the base is 6.5%, while that of PUBS+AGE is
10.2% on average in D-BP.

Note that above results are those with respect to IPC, but not
performance. To compare the performance, we must consider
the clock cycle time. Because the delay of the IQ is one of
the critical paths in a processor, the delay increase can directly
lengthen the clock cycle time. As described in Section V-G1,
the age matrix increases the delay of the IQ by 13% according
to our LSI design. Figure 15(b) shows the performance of
PUBS over that of AGE, assuming that the increase of the
IQ delay in AGE directly increases the clock cycle time. As
shown in the figure, the performances of PUBS over AGE is
11.1% on average in D-BP.

As described in Section V-G1, the benefit of introducing
the age matrix is determined by balancing the IPC increase
and delay increase. According to our evaluations, the delay
increase is larger than the IPC increase, and thus introducing
the age matrix is not beneficial if we assume that the delay
increase directly lengthens the clock cycle time. Nonetheless,



TABLE IV
PROCESSOR MODELS OF DIFFERENT SIZES.

P Processor model
arameter Small  Medium Large Huge
Fetch/decode/Issue/ 3 4 6 8
commit width
1Q size 32 64 128 256
Load/store queue size 32 64 128 256
Reorder buffer size 64 128 256 512
Physical regs (int+fp) | 64+64  128+128 2564256  512+512
Number of iALUs 2 2 3 4
Number of FPUs 1 2 3 3
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Fig. 16. IPC increase when varying the size of the processor.

several processor vendors introduce the age matrix. This fact
does not immediately imply that our delay evaluation is
incorrect, because LSI parameters, including the layout rules,
wire capacitance and resistance, and the characteristics of
transistors in commercial processors, can be different from
the assumptions in our LSI design. Nonetheless, it is a firm
fact that the width of the age matrix is wide. Recall that the
age matrix is a two-dimensional matrix with the number of
rows and columns equal to the issue queue size. Thus, the
global wires for the request and grant signals are significantly
lengthened by traversing the age matrix, and consequently,
the 1Q delay is increased. Therefore, the gap in performance
between PUBS and AGE is increased more than the gap of
the IPC shown in Figure 15(a).

H. Sensitivity to the Size of Processor

In this section, we evaluate the IPC of PUBS, AGE, and
PUBS+AGE when varying the size of a processor. In this
evaluation, we do not consider increase of the clock cycle time
caused by the age matrix. We evaluated four processor models
of different sizes, which are shown in Table IV. The medium-
sized processor is our default processor. The seven parameters
are scaled; the other parameters remain unchanged from the
default values. The larger the window size (i.e., the size of 1Q,
load/store queue, reorder buffer, and register files) is, the more
the issue conflicts occur, thereby increasing the effectiveness
of PUBS and AGE. In contrast, the more the issue width and
the number of function units are increased, the less the issue
conflicts occur, thus decreasing the effectiveness of PUBS and
AGE.
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Figure 16 shows the average IPC increase over the base
of each processor model in D-BP. As shown in the figure,
the criticality-aware selection schemes (i.e., PUBS and AGE)
become more effective as the processor size is increased.
Comparing PUBS with AGE, PUBS achieves a higher IPC
in any processor model. In addition, PUBS+AGE is more
effective than PUBS or AGE alone. These results indicate that
the effectiveness of the PUBS scheme is stable if the processor
resources are balanced independently of their sizes.

VI. RELATED WORK

The issue queue was extensively studied around 2000. A
comprehensive survey was carried out by Abella et al [28].

Butler et al. investigated the effect of several select policies
of the IQ, including random selection and selection assigning
higher priority to instructions on branch paths (which we call
branch slices in this paper) [29]. According to their evaluation
results, the select policies they investigated deliver almost the
same performance for integer programs (SPEC89 benchmark)
but have performance differing by up to 20% for floating-point
programs. They pointed out that the similar performance arises
from the number of ready instructions in a clock cycle being
heavily skewed to zero. In contrast, our results are different
from their results. These differences arise because Butler et al.
assume full function units capable of integer execution, which
avoids issue conflicts in the function units. We also confirmed
that the number of ready instructions is skewed to zero, but
there are still a significant number of clock cycles where the
number of ready instructions is more than two. These statistics
are highly dependent on the program.

A processor that implemented a strict age-based policy
(i.e., shifting queue) is DEC Alpha 21264 [10]. Because the
complex compaction operation is inserted into the critical path
of the IQ, the shifting queue is practical only in a small IQ
(20 entries in Alpha 21264). In current processors with large
1Qs, it is not used anymore.

Although age is correlated with instruction criticality, it
is only a heuristic. Ideally, instructions on a critical path of
the dataflow should be selected with high priority for high
performance. Fields et al. proposed a scheme that predicts
the criticality of an instruction, including the consideration of
branch misprediction [30]. However, the scheme is difficult to
implement because of its high complexity and large area.

In several modern processors, a random queue with age
matrix is used [11]-[13]. Because the position-based select
logic cannot implement the age-aware policy in the random
queue, the age matrix that selects the oldest ready instruction
helps the age-aware selection. An age matrix circuit was
proposed in [11], while a similar circuit was presented in [7].
Although the age matrix increases IPC, the delay of the IQ
is also increased. To take advantage of the IPC increase, an
advanced LSI technology that reduces wire delay is required.
However, despite the efforts of LSI fabrication companies, the
wire delay increases significantly as the generation of LSI
technology advances in general [24], [27], which is a long
and firm trend in LSI technology.



The delay of the conventional age matrix can increase the 1Q
delay. Because the wire delay is dominant in the delay of this
circuit, reducing the number of cells that the wires traverse is
effective in reducing the delay. This is also helpful to reduce
the delay of global wires traversing this circuit. Sassone et
al. proposed a scheme that dynamically allocates transposed
issue request lines for a group of instructions to reduce the
width of the age matrix [7]. The downside of this scheme
is that it still requires an arbiter that arbitrates the requests
among the instructions in a group. Because the instructions
are distributed in the IQ even for a single group (because the
queue is a random queue), the wires for the arbiter traverse
the 1Q vertically. The arbiter delay is thus not trivial, and the
effectiveness is consequently reduced.

Speculative precomputation extracts a program slice that
includes the instructions that are necessary to compute the
outcome of difficult branches, and forking the slice from the
original thread as a helper thread in a different context [31],
[32]. The precomputation thread forwards the branch outcome
to the original thread, avoiding the branch misprediction.
While this method is effective, it has a large overhead because
of the need for helper threads. Specifically, they consume a
part of the processor core resources and this causes conflicts
with the original thread in a simultaneous multithreading
(SMT) implementation, or consumes the entire core resources
when using the cores for helper threads.

VII. CONCLUSIONS

Single-thread performance has been hardly improved in
this decade. This is a very serious problem, especially in
the smartphone era. Now that Dennard scaling has ended,
restudying core architecture has become important again. One
of the major hurdles for single-thread performance improve-
ment is branch misprediction. Branch predictors that reduce
the frequency of misprediction have been studied extensively
for several decades. However, reducing the misprediction
penalty has been rarely studied. This paper proposes a scheme
called PUBS that reduces the misspeculation penalty. More
specifically, the waiting cycles of a branch in the 1Q, which is
included in the misprediction penalty, are reduced by issuing
instructions the branch directly or indirectly depends on with
the highest priority.

Our evaluation results using SPEC2006 benchmark pro-
grams show that PUBS improves the performance by 7.8% on
average of the programs with difficult branch prediction (D-
BP), with only 4.0KB cost. We also evaluate the performance
with respect to a processor with an IQ using an age matrix, and
found that the performance of PUBS significantly outweighs
that of the processor with the age matrix.
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