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ABSTRACT
This paper presents a pre-execution approach for improving GPU performance, called P-mode (pre-execution mode).
GPUs utilize a number of concurrent threads for hiding processing delay of operations. However, certain long-latency
operations such as off-chip memory accesses often take hundreds of cycles and hence leads to stalls even in the presence
of thread concurrency and fast thread switching capability.
It is unclear if adding more threads can improve latency tolerance due to increased memory contention. Further, adding
more threads increases on-chip storage demands. Instead we
propose that when a warp is stalled on a long-latency operation it enters P-mode. In P-mode, a warp continues to fetch
and decode successive instructions to identify any independent instruction that is not on the long latency dependence
chain. These independent instructions are then pre-executed.
To tackle write-after-write and write-after-read hazards, during P-mode output values are written to renamed physical
registers. We exploit the register ﬁle underutilization to repurpose a few unused registers to store the P-mode results.
When a warp is switched from P-mode to normal execution
mode it reuses pre-executed results by reading the renamed
registers. Any global load operation in P-mode is transformed into a pre-load which fetches data into the L1 cache
to reduce future memory access penalties. Our evaluation
results show 23% performance improvement for memory intensive applications, without negatively impacting other application categories.

1.

INTRODUCTION

GPUs use single instruction multiple thread (SIMT) execution model to execute a group of threads concurrently. The
grouping of threads is called a warp or a wavefront. Threads
within a warp execute the same instruction but on different
input operands using multiple execution lanes. Each execution lane uses in-order processing pipelines. Thus, a shared
front-end but with multiple in-order execution lanes enables
warp execution to be power efﬁcient. To hide instruction
processing delay GPUs rely on warp interleaving. Typically
tens of warps are interleaved, which is sufﬁcient for hiding typical ALU latency of tens of cycles [1]. However, in

the presence of long latency memory access operations interleaving of tens of warps alone is insufﬁcient to hide the
latency. Recent studies measured average access latency to
off-chip DRAM to be 400 to 600 cycles [1, 2]. The ﬁrst instruction that depends on the long latency instruction causes
the warp to stall. When multiple warps hit this stall bottleneck the number of warps that are ready for issue steadily decreases. As the number of ready warps decreases the ability
to hide even a typical ALU latency is compromised. Eventually the number of ready warps may dwindle to zero. Our
empirical evaluations (more details in Section 3) showed that
across 28 different GPU applications 23% of the execution
cycles are wasted due to a warp’s dependence on a long latency memory operation. The problem is even more acute
when we consider memory intensive applications only. Of
the 14 memory intensive applications, 40% of the cycles are
wasted.
Prior studies have proposed specialized warp scheduling
policies to tackle a variety of concerns, including memory
access latency. Some techniques showed energy efﬁciency
improvements [3, 4], while others improved performance
through improved latency hiding abilities [5, 6, 7, 8]. However, even after optimized warp scheduling policies were applied, these prior schemes showed that memory access latency is not hidden entirely. Increasing the number of inﬂight warps may seem like one possible solution. However,
increasing the number of concurrent warps requires increasing many of the microarchitectural structure sizes proportionally. For instance, more warps require more architected
registers, and more scratchpad memory. In some cases more
warps also increases memory resource contention.
In this paper, we explore a different approach to improve
latency hiding abilities of GPUs. We design and evaluate
warp pre-execution which continues to issue independent instructions that may appear after the ﬁrst stalled instruction.
Out-of-order CPUs have the ability to issue independent instructions. CPUs rely on a host of additional features such
as reservation stations, reorder buffers, and CAMing logic
to achieve this goal. Replicating these structures for multiple concurrent warps in a GPU is power inefﬁcient. Instead
we propose warp pre-execution mode (P-mode for short), a
concept that is inspired by non-blocking pipelines [9, 10, 11,

c
978-1-4673-9211-2/16/$31.00 2016
IEEE
163

EĞǁŽŵƉŽŶĞŶƚƐĨŽƌWͲŵŽĚĞ

ĂƐĞůŝŶĞ

^W
WŝƉĞůŝŶĞ

^ƚƌĞĂŵŝŶŐDƵůƚŝƉƌŽĐĞƐƐŽƌ;^DͿ
&ĞƚĐŚ

/ͲĐĂĐŚĞ

ĞĐŽĚĞ

/ƐƐƵĞ

KƉĞƌĂŶĚ
ŽůůĞĐƚŝŽŶ

^&h
WŝƉĞůŝŶĞ

WͲƋƵĞƵĞ

^ŬŝƉ

ZĞŶĂŵĞ

>^h
WŝƉĞůŝŶĞ
^ĐƌĂƚĐŚƉĂĚ
DĞŵŽƌǇ

tƌŝƚĞďĂĐŬ

>ϭĂĐŚĞ

/ŶƚĞƌĐŽŶŶĞĐƚŝŽŶEĞƚǁŽƌŬ

12]. When a warp is blocked due to a long-latency operation,
the warp is switched to P-mode. In P-mode, all the instructions that are independent of the long latency operation are
pre-executed, while those instructions that are on the dependent chain of the long latency operation are skipped.
The key challenge with the P-mode operation is to maintain sequential program semantics as independent but younger
instructions may have executed earlier than older dependent
instructions. When two instructions are executed the instruction that appears ﬁrst in the program order is referred
to as older instruction and the instruction that occurs later
in the program order is referred to as younger instruction.
Sequential semantics require solving register and memory
hazards. By deﬁnition P-mode does not have any read-afterwrite (RAW) dependencies, as instructions with RAW dependencies are skipped. However, write-after-read (WAR),
and write-after-write (WAW) hazards can occur. If a younger
independent instruction overwrites a register that may be
read by an older instruction, then WAR hazard may occur.
Similarly, if a younger independent instruction overwrites
a register that may be overwritten by an older instruction,
then WAW hazard may occur. P-mode does not generate any
memory hazards. If an independent global load instruction
is encountered in P-mode, it is transformed into a pre-load
operation which prefetches data into the L1 cache without
modifying the register ﬁle. Stores are not allowed to execute
in P-mode.
To solve register WAW and WAR hazards, we will rely on
a register renaming scheme. Recent studies on GPU register
ﬁles showed that they are underutilized [13, 3, 14, 15]. They
exploit the underutilization to reduce leakage and dynamic
power. In this work, we exploit the underutilized register
ﬁle to re-purpose a few unused registers to store P-mode results. During the P-mode execution a warp writes values into
a separate P-mode register set through renaming its destination register. During P-mode if the input operand register
of an instruction is not deﬁned by any prior P-mode instructions then that register is read from the architected register
ﬁle. If the input operand register was deﬁned by a prior Pmode instructions, the renamed register is consumed.
When the long latency instruction completes, the warp
switches from P-mode to normal mode of execution (N-mode).
In N-mode, the warp restarts fetching instructions from the
ﬁrst blocked instruction. Any instruction that is dependent
on the long latency operation would be executed normally.
However, any independent instruction that may have been
already executed in P-mode reused whenever possible. If
the stored pre-executed values are available in the renamed
registers the instruction completes immediately without reexecuting and simply renames the P-mode register to be the
new architected register.
This approach has multiple beneﬁts. First, we enable independent instructions to be pre-executed under the shadow
of long latency operation. Second, by repurposing unused
registers to save the P-mode register state we do not need
additional registers to support pre-execution. In the worst
case, if there are no available registers for renaming P-mode
is halted and the system falls back to the default baseline
execution mode. We improve the performance of all 28
benchmarks by 13% on average. If we apply the technique
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Figure 1: The proposed GPU pipeline
to memory intensive applications only the performance improvements are 23%.
We summarize the contributions of this paper as follows.
• We present the motivation for warp pre-execution on
GPUs to improve their ability to hide long latency operations. We then describe the architectural support
necessary to support the P-mode execution.
• We present a thorough design space exploration of Pmode. P-mode improves the performance of latency
sensitive applications by 23% by reducing long-latency
stalls from 40% to 24% of total cycles.
The rest of this paper is organized as follows. Section 2
presents the baseline GPU architecture used in this paper. In
Section 3, we present motivational data in support of warp
pre-execution. Section 4 discusses the microarchitecture of
P-mode execution with detailed design considerations. Section 6 presents the evaluation methodology and results. Section 7 discusses related work, and we conclude in Section 8.

2.

BASELINE GPU MODEL

A GPU has multiple streaming multiprocessors (SM). Figure 1 shows the high-level organization of one SM. The additional architectural blocks used in the P-mode execution are
shaded in the ﬁgure. We will describe the purpose of each of
these additional blocks shortly. Each SM supports 48 concurrent warps that are divided into two groups of 24 warps
each. Each cycle at most two instructions are fetched, one
from each warp group. If a conditional branch instruction is
found, the fetch logic will not fetch from the warp until the
direction of the branch is known. Decoded instructions are
stored in a per-warp instruction buffer which holds the next
instruction to be issued in program order.
A warp scheduler is associated with each warp group. Every cycle the scheduler selects one warp instruction from its
own group to be issued to the execution pipeline. The scheduler tracks dependencies between instructions using a perwarp scoreboard, which is implemented as a 63-bit vector.
Note that each warp can use at most 63 architected registers
in our baseline. Each bit in the vector corresponds to one
architectural register number. When the scheduler selects
an instruction for issue, the bit corresponding to the destination register number of that instruction is set to indicate that
register is waiting for new data, and it is cleared after the
destination register value is written back to the register ﬁle.
Before issuing an instruction, the scoreboard bits associated
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Figure 2: Breakdown of warp issue stall cycles
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Figure 3: Breakdown of cycles consumed by warp schedulers (normalized to baseline GPU)
with source register numbers of the instruction are examined. If any bit is set, the instruction is not issued pending
on source operands.
After an instruction is issued, the source register values
are read from a multi-banked register ﬁle. The input operands
are buffered in a collector unit (CU). When all the source
operands are read into the collector unit the corresponding
instruction is dispatched to functional units (FUs).

3.

MOTIVATION FOR PRE-EXECUTION

In this section, we ﬁrst classify the reasons for warp stalls.
One reason for a warp stall is if the next instruction is waiting for the result of preceding instructions. We call this a
RAW stall. The dependence could be due to a long latency
operation (greater than 100 cycles) or due to a short latency.
Although some ALU operations may take hundreds of cycles, such instructions are exceedingly rare in our benchmarks. Hence, global memory access instructions are primarily responsible for long latency operations. RAW stalls
due to a dependence on long latency memory instruction
is categorized as Long-latency RAW, otherwise it is categorized as Short-latency RAW. Second, a warp could be stalled
if the corresponding functional unit is unavailable. For instance, when memory subsystem is saturated due to unavailable cache tags the LSU pipeline will not accept any more
load instructions [16]. We classify such a stall as LSU Full.
Similarly if the integer, ﬂoating point ALUs (collectively
called SPs) or special functional units (SFUs) are busy to
accept a new instruction then we classify it as SP/SFU Full
stall. When the instruction buffer is empty, a warp is in the

Instruction Buffer Empty state. A warp is in Barrier Wait
state when the warp reaches a barrier and is waiting for other
warps. Finally when a warp completes execution the warp
cannot be released until the execution all warps in the thread
block are completed. In this case, the warp is in the No Instruction Left state.
We ﬁrst categorize warps using the two most common
stalls encountered in our benchmarks as shown in Figure 2.
Detailed description of benchmarks and simulation tools are
described in Section 6.1. Long-latency RAW stalls as a fraction of the total execution cycles are plotted at the bottom of
the stacked bar in Figure 2. The second major reason for a
warp stall is the LSU full stall and these stalls as a fraction
of the total execution cycles are plotted as the second component of the stacked bar. Finally, all other stalls are shown
in the top component of the stacked bar. We use this data
to categorize an application as latency sensitive (Type-L) if
majority of stalls are due to RAW stalls on a long latency operation. Otherwise, we classify that application as Type-M
(mixed) application. In Type-L applications 40% of execution cycles are wasted due to RAW stalls.
As stated in the prior section, GPU use thread level parallelism (TLP) to hide latency. To see the effectiveness of
TLP in reducing the stall time we show the detailed stall
breakdown with increasing number of thread blocks (also
called cooperative thread arrays) per each SM in Figure 3.
The labels for various stall categories are described earlier in
this section. We use the notation TBx where x indicates the
number of thread blocks assigned to an SM. The number of
thread blocks that can be assigned to an SM varies depend-
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Figure 4: Effect of increased TLP

ing on the amount of scratchpad memory and register ﬁle
demand per each thread block. But for the purpose of generating this motivational data we assume as much scratchpad
memory and register ﬁle space as needed are available to execute the given number of thread blocks. Figure 3 shows
detailed breakdown of warp scheduling cycles for each conﬁguration. The height of the stacked bars indicates total
scheduling cycles normalized to the baseline GPU which accommodates as many thread blocks as possible that ﬁt within
the baseline GPU limitations.
It is evident that for Type-L applications (the top chart) increasing thread blocks from TB2 to TB16 improves performance. The improvement is primarily due to reduced longlatency RAW stalls. However, even with 16 thread blocks
several applications still suffer from long latency RAW stalls.
Although more TLP reduces long-latency RAW stalls, in
some applications such as KM, SV, MU, CF, and LK performance is even degraded due to increased memory system contention, as indicated by the large increase in the LSU
stalls. This result has also been pointed out in recent studies [6, 17, 18], and the optimal performance can be achieved
by reducing the number of active thread blocks in these benchmarks [17, 18]. Type-M applications are less sensitive to
increasing TLP but the amount of stalls suffered by these
applications is not as large as Type-L applications to begin
with.
While increasing thread block count may reduce longlatency stall for some applications, this approach requires
additional on-chip storage space for register ﬁle and scratchpad memory. The primary Y-axis on Figure 4 shows the
total storage demand (register ﬁle and scratchpad memory
size) averaged across all benchmarks, and the secondary Yaxis shows the performance improvement as we increase
the thread block count. The X-axis labeled Base shows the
storage needs and performance of our baseline architecture
which allows up to 8 thread blocks per SM, with the additional constraint that the total number of threads assigned do
not exceed 1536 (maximum of 48 warps), cumulative register demand of all the threads does not exceed 128 KB register ﬁle, and cumulative scratchpad demand does not exceed
48 KB. In some cases the additional constraints prevent the
benchmarks from issuing the maximum 8 thread blocks per
SM. The X-axis labeled Base+NoTL shows the performance
and storage demand when using 128 KB register ﬁle and
48 KB scratchpad memory to the fullest extent possible assuming no limitations on thread count. In some cases more
than eight thread blocks may be assigned in this case. The
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Figure 5: Illustration of single-warp execution with Pmode
X-axis labeled TB8 shows the performance and storage demands if 8 thread blocks are assigned per SM, ignoring the
storage constraints imposed in the Base design. Clearly increasing thread block limit to 16 comes at the expense of
very a large increase in the on-chip storage to over 300 KB,
which is nearly double the baseline storage size. The X-axis
labeled P-mode shows the performance and storage demands
of our proposed approach. Warp pre-execution has negligible increase on the storage demands over baseline and yet
provides even better performance than TB16. The P-mode
implementation related storage overheads are also shown in
the ﬁgure and these overheads will be discussed in the next
section.

4.

WARP PRE-EXECUTION

Pre-execution overview: To reduce RAW long latency
stalls we rely on warp pre-execution. When a warp experiences a long latency stall, predominantly due to a cache
miss, it is switched from normal execution mode to preexecution mode (P-mode). In P-mode, all instructions dependent on the current blocking instruction are skipped and
only instructions independent from the blocking instructions
are issued. Hence, independent instructions are pre-executed.
Once the long latency operation completes the warp switches
back to normal mode of execution (N-mode). We propose
to exploit pre-execution for two different purposes. First,
during N-mode execution we propose to reuse computation
results that were already performed during P-mode. The
second beneﬁt is that P-mode increases memory level parallelism by issuing future load instructions that are independent of the current stalls. In our approach all global
load instructions in P-mode are converted into a pre-load instruction which only brings data into the L1 cache. Unlike
prefetching, pre-load requests are in fact accurate and the
loaded data is likely to be used soon.
Pre-execution illustration: We illustrate the concept of
pre-execution in Figure 5 focusing only on a single warp execution progress. The instruction at PC 0x80 is a long latency
instruction. Current GPUs can continue to issue any independent instruction that follows the long latency instruction.
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Figure 6: Microarchitecture of GPU with P-mode

5.

MICROARCHITECTURAL OPERATION
WITH PRE-EXECUTION

There have been many recent studies that showed that register ﬁles in GPUs are underutilized [13, 3, 14, 15]. We analyzed a wide range of applications across different benchmark suites and only handful of benchmarks were able to use
all the available registers. Figure 7 shows that across the 28
benchmarks in our evaluations on average only 78% of the
register ﬁle is occupied, in other words 224 out of 1024 warp
registers are unused. In P-mode implementation we use up
to 128 of these unused registers (out of 1024 registers) to
store pre-execution results.
In our baseline GPU there are a total of 1024 physical registers per each SM. Registers are banked into four banks of
each 256 registers. Each register is logically 1024-bits wide
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The instruction at 0x88 which is independent of the long latency operation can be issued next. However, the instruction
at 0x90 is the ﬁrst instruction that is dependent on the long
latency operation. Normally the warp is stalled at this time.
However, in our proposed approach the warp enters into Pmode and starts to fetch and decode instructions to identify
any independent instruction. Note that the warp schedulers
give priority to N-mode warps before fetching from P-mode
warps. The next ﬁve instructions in this example are guaranteed to be independent, and are then pre-executed. The
second instance of global load at 0x80 is converted into a
pre-load operation and is marked as a long latency operation. The second instance of mul instruction at 0x90 is again
skipped as it depends on the second instance of ld instruction
which is again a long latency operation.
Eventually the ﬁrst instance of the long latency ld operation completes and the warp is switched back to the normal mode of operation (shown as N-mode in the ﬁgure).
Then, the dependent mul instruction is re-fetched and redecoded and is eventually issued. The following two instructions were already pre-executed and hence the results
are simply read from the renamed register ﬁle, instead of
re-executing those instructions in N-mode. Given that today’s GPUs have deep execution pipelines (typically 8-10
cycle ALU pipeline) reusing the results allows the instructions that are dependent on short latency instructions to issue much faster during the N-mode operation. Furthermore,
the second instance of the global load instruction that has
already been issued during P-mode will hit the L1 cache or
will be merged to the corresponding MSHR entry, both of
which reduces its latency.

Figure 7: Warp register utilization of baseline GPU and
P-mode. A warp register is a collection of 32 32-bit registers.
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Figure 8: Organization of dual-mode augmented scoreboard
(32×32-bits) so as to store all the thread registers within a
warp into a single warp-wide register. The 1024-bit warp
register is actually split into 8 banks and each bank provides
data to four threads within a warp. Thus the register ﬁle is
implemented using 32 register banks. Current GPU compilers allocate registers in sequential manner while concurrently avoiding bank conﬂicts. Hence, at most the last 128
registers (register numbers 895-1023) are considered available for pre-execution.
Initially all warps begin in N-mode. Mode switch is triggered by the scoreboard logic of an N-mode instruction. Note
that the per-warp scoreboard tracks the register data availability of all the architected registers in that warp. At most
63 architected registers may be used in each warp in our
baseline. As illustrated in Figure 8, the scoreboard is augmented with one additional bit per each register. Thus the
scoreboard maintains two bits per each architected register
(126 bits in total). One bit per architected register is needed
for tracking if the register value is available or pending in
the pipeline. The another bit, called long-latency bit, tracks
if the register data is pending on a long latency operation. As
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are no prior skipped stores. The reason for this unique
restriction is that GPU’s memory model has the following semantics. A scratchpad store instruction from one
warp is only made visible to other warps in the thread
block after a barrier instruction completes. Therefore,
scratchpad loads can bring data into registers as long as
there are no prior stores in that warp that were skipped.
A prior store in the same warp could potentially cause
a memory hazard and hence a skipped scratchpad store
causes all future scratchpad loads to be skipped as well.
Until the scratchpad store is encountered there is no
reason to stop pre-executing the scratchpad loads to
bring data into register ﬁle.
Any global load instruction in P-mode is changed into
a pre-load instruction that brings the data only into the
L1 cache. Global loads are not pre-executed. Due
to in-order execution needs, a warp must wait for the
completion of the pre-executed load as soon as the warp
reaches the ﬁrst instruction that is dependent to the
load. If any pre-executed load misses the L1 cache,
then the load may complete later than the load which
triggered P-mode. This means it is likely that the warp
switches back to N-mode even before the pre-executed
load is available. Hence, pre-loading is a better option.

mentioned earlier, in our benchmarks the predominant reason for long latency stalls are global load operations. Hence,
when a global load operation is issued it sets the corresponding destination register bit to pending and also sets the long
latency bit. When the scoreboard detects that an incoming instruction is waiting for the result of a preceding longlatency instruction, the warp is switched to P-mode. We use
two scoreboards for independently tracking register pending
state in N-mode and P-mode.
When a warp is switched to P-mode then a per-warp mode
bit is set. The mode bit vector is 48-bits wide and stores the
current execution mode of each of the 48 warps in the SM.
Once the mode bit is set, the N-mode scoreboard is copied
to a P-mode scoreboard. Similar to the scoreboard case we
also need a new P-mode SIMT stack. On mode switch the
current N-mode SIMT stack is copied to the P-mode SIMT
stack. SIMT stack keeps track of branch re-convergence information and hence it is necessary to track a program’s control ﬂow [19, 20]. Even though the size of the stack is implementation dependent and not available in public, our applications require no more than 8 stack entries. Each stack
entry is 96 bits wide and consists of two 32-bit entries for
current and reconvergence PC values and one 32-bit active
thread mask. Therefore, replicated SIMT stack requires 768
bits (96 bytes). We modeled the energy and latency costs
for copying the scoreboard and SIMT stack in all our simulation results. The energy cost of copying the SIMT stack
and scoreboard is less than half of a single register write operation as reported in [21]. Once a warp enters P-mode, the
modiﬁed pipelined execution of the warp is described below.

5.1

• Barriers: Barrier instructions are always skipped in
P-mode. But instructions past a barrier can be preexecuted. Any scratchpad load instruction past the barrier is skipped even if there are no skipped scratchpad store instructions. The reason for this more stringent requirement on scratchpad loads past the barrier is
again due to the GPU memory model that allows stores
from other warps in the thread block to be made visible
to the current warp after a barrier.

P-mode Execution

Fetch/Decode stages: Instruction fetch and decode process in P-mode is the same as in N-mode. Decoded instructions are stored to instruction buffer even in P-mode. If later
the decoded instruction is determined to be skipped, then the
instruction buffer entry is simply invalidated and the next instruction is fetched to the buffer.
Issue stage: After decoding the instruction, the P-mode
scoreboard is looked up with architected source and destination register numbers. In P-mode, when the scoreboard
detects that any source register entry has a long-latency bit
set, the instruction is skipped. At the same time the longlatency bit of the destination register is also set, so that subsequent instructions in the long-latency dependence chain
are skipped. Some instructions such as branch instructions
do not have a destination register. But they implicitly set the
target PC and are handled as follows. Branch instructions
are issued normally in P-mode if the source registers are not
dependent on a long latency operation. On the other hand, if
a branch instruction is dependent on the long latency operation, then P-mode execution of the warp is halted, because
P-mode is unable to resolve the correct branch target.
Some instruction categories are skipped irrespective of
whether the instruction is independent of a prior long latency
operation.
• Stores and Loads: In P-mode all store instructions
(global and scratchpad stores) are skipped to prevent
memory hazards. Scratchpad loads are pre-executed
and their data is brought into registers as long as there

Since warps in P-mode are essentially pre-executing the
instructions they always get lower priority in warp scheduling. Hence, as long as there are N-mode instructions they are
selected ﬁrst by the warp scheduler. Only when there are no
N-mode warps the scheduler selects P-mode warps. When
multiple P-mode warps exists the scheduler uses round-robin
scheduling.
Operand collection stage: Once an instruction is determined not to be skipped in P-mode, then it uses register renaming to rename its destination register after being issued.
Since register renaming is restricted to at most 128 registers, a 128-bit physical register availability vector is added
to track which of the unused registers are available for preexecution. If the compiler already allocated some of these
128 registers to the application, then the register availability vector for those compiler used registers is set to prevent
them from being used for P-mode. Note that P-mode warps
are selected for issue only when renaming registers are available, to prevent a potential deadlock if no available renaming
register is left for storing the pre-executed result.
The physical register availability vector is looked up to
ﬁnd the ﬁrst unused register to store the destination result.
To minimize potential bank conﬂict, we ﬁrst search if an
unused register available in the same bank as the original
destination register. In that way, we can preserve the compiler generated bank allocation. A P-mode register renaming
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Figure 9: Organization of P-queue
table is used to point the architected register to the newly allocated physical register. The renaming table has 63 entries
and each entry corresponds to one of the at most 63 architected registers that may be used in a warp. Each entry stores
the 7-bit physical register ID since at most 128 registers are
used for renaming, and 1-bit renamed bit for indicating the
register is previously renamed. Source register is renamed
to the reassigned physical register only when the associated
renamed bit is set. Otherwise the value is fetched from the
original register location.
Once an instruction is renamed in P-mode, then the instruction enters into the P-queue, which is a queue structure
that holds the pre-execution state. The purpose of P-queue
is twofold. First, P-queue stores the mapping between the
architected register and physical register of the current warp
instruction. P-mode renaming table itself is not sufﬁcient
since the renaming table may overwrite the architected to
physical register mapping when a future warp instruction deﬁnes the same architected register. Each warp can use at at
most 63 architected registers. Hence 6-bit destination architected register name is associated with a 7-bit renamed register number. The second beneﬁt of P-queue is to reduce the
need to re-fetch and re-decode instructions when the warp
eventually switches back to N-mode. Hence the post-decode
instruction is cached in P-queue, which is analogous to trace
cache [22].
Figure 9 illustrates the organization of P-queue. Each Pqueue stores a 10-bit PC offset which is the relative distance
of the pre-executed instruction from the last stalled long latency operation which triggered the P-mode switch. As a
result of this 10-bit limitation pre-execution is limited to executing instructions that are at most 512 bytes offset from
the stalled long latency operation. This restriction is not a
serious concern since GPU applications rarely jump to a target that is very far from the current PC. If an instruction
does jump farther, then it is simply skipped. The second
ﬁeld stores three 6-bit architected register ﬁelds, and a 7bit Phy.Dst ﬁeld for physical register, and a 1-bit Reuse.Rdy
ﬁeld for indicating whether the result is ready for reuse and a
1-bit valid ﬁeld. Hence each P-queue entry requires 37 bits.
The P-queue also has two pointers that point to the head and
tail entries. Entries are added always into the tail pointer
and it is incremented on each entry insertion. We use an 8entry P-queue as the default size. Hence, a 3-bit head and
tail pointers are used to access the P-queue. Thus the total
size of the P-queue is about 2 KB.
Note that while we advocate the use of P-queue, it is possible to enable pre-execution without P-queue. In the absence
of P-queue pre-execution only improves memory level parallelism as it enables future load instructions to pre-load data
into cache. Hence, without P-queue all P-mode instructions

should be fetched/decoded/executed again later in N-mode.
If P-queue is full (once the tail pointer reaches the P-queue
size limit) no more instructions can be reused and P-mode is
only useful for pre-loading cache lines to L1 cache. In Section 6.5 we present a detailed design space evaluation of the
impact of P-queue size.
Writeback stage: When a P-mode instruction is completed in the functional unit, the output value is written to
the allocated physical destination register. If the instruction
is reusable, the renamed register is updated to the associated
P-queue entry and the Reuse.Rdy bit is set to indicate the
register value is now eligible for reuse. Note that branch instructions do not have a destination register. Hence, branch
instructions that are selected for pre-execution would update
the P-mode SIMT stack rather than the N-mode SIMT stack.

5.2

Reusing Pre-executed Instructions

Fetch/Decode stages: Once the long latency operation
that initially triggered the P-mode switch completes, the warp
switches to N-mode. This mode switch is triggered when the
long latency instruction writes to its destination architected
register. Once N-mode switch is triggered the warp points
to the N-mode SIMT stack and N-mode scoreboard. Recall that both these structures were left unperturbed from the
prior P-mode execution.
The ﬁrst instruction that is dependent on the long latency
operation is then released for execution. Then the warp starts
the next instruction fetch in program order. Note that instructions are fetched in exactly the same order as in the P-mode
when the warp switches back to N-mode. But in N-mode the
warp has to check if each fetched instruction is pre-executed
or skipped. To determine this outcome the warp in N-mode
reads the head entry in the P-queue and gets the PC of the
ﬁrst pre-executed instruction. If the PC of the P-queue head
matches with the PC of the instruction fetched next, then that
instruction is already pre-executed. Since P-queue entries
are inserted in the fetched order there is no need for N-mode
warp to search all the P-queue entries. Instead it only has
to check the head of the P-queue. If the fetched PC did not
match the P-queue head entry then the instruction is deemed
to have been skipped and it is executed normally. Note that
when the P-queue head reaches the end of P-queue there is
no further possibility of reuse and all instructions from that
point in N-mode are treated as skipped instructions and are
executed normally as well.
As illustrated in Figure 6, decoded instructions of reused
instructions are directly moved from P-queue head to instruction buffer after bypassing fetch and decode stages. Instruction buffer carries Reuse.Rdy bit to mark the instruction
is ready for reuse and Phy.Dst ﬁeld that records the location
of the reused result, as well as source and destination register IDs. The matched P-queue head entry is deleted at this
time and the head pointer is moved to the next entry.
Issue and operand collection stages: Even though reused
instructions do not re-execute, they must still update the scoreboard and should pass scoreboard checking to prevent WAW
and WAR hazards before they are deemed completed. To
reuse results, the N-mode warp renames its own destination
register to point to the renamed physical register that is currently holding the pre-executed result. N-mode only needs
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Table 2: List of benchmark applications

Table 1: GPU microarchitectural parameters
Parameter
SM Clock Frequency
SMs / GPU
Warp Schedulers / SM
Warp Scheduling Policy
SIMT lane width
Max # Warps / SM
Max # Threads / SM
Max. Registers / SM
Register File Size
Scratchpad Memory Size
L1 Cache
NoC
L2 Cache
DRAM
P-queue entries
Renaming Energy
P-mode Switch Energy
P-queue Access Energy

Value
700 MHz
15
2
Greedy-Then-Oldest
32
48
1,536
32,768
128 KB, 32K 32-bit Registers
48 KB
32 KB 64 Sets 4-way, 96 MSHR
Fully connected crossbar
32 B/direction/cycle @1.4GHz
6 partitions, 128 KB 8-way, @1.4 GHz
200 cycles latency [16]
32 entry scheduling queue, @924MHz
440 cycles latency [16]
8 (varied)
2.94 pJ
100 pJ
4.15 pJ

to maintain the mapping information between its destination
and physical registers. We use a 63-entry N-mode renaming
table to store this mapping information. The structure of Nmode rename table is identical to the P-mode rename table.
Each entry is indexed by the architected destination register
and the entry itself stores the corresponding physical register ID. Thus on a PC match the N-mode stores the Phy.Dst
register number in the renaming table entry indexed by the
architected register. Source registers of subsequent N-mode
instructions will be also renamed for fetching values from
the previously reused physical registers.
Note that it is possible to eliminate the use of renaming
table in N-mode if the renamed physical register data is explicitly moved back to the original architected register space.
But that process requires a register-to-register move operation. Since warp registers are quite wide the move operation
is energy intensive. Instead we chose to use the renaming
process to avoid register move operation.

5.3

Overhead

As described above, our proposed approach has the following storage overheads. First, it replicates the 8-entry
SIMT stack with 96 bits per entry, requiring 768 bits per
warp. It replicates the scoreboard which has 126 bits per
warp. Each P-queue entry is 37 bits. We assume 8-entry Pqueue requiring 334 bits per warp including 3-bit head/tail
pointers and a base pointer. The renaming table is 63 entries
and each entry stores a 7-bit physical register ID and a 1-bit
renamed bit. Recall that renaming is limited only to the last
128 registers (7-bit register ID). We need two renaming tables for N-mode and P-mode. Hence, a total of 1008 bits per
warp are needed for storing the renaming tables. Thus a total
of 2236 bits per warp are needed. Register availability vector requires 128 bits for the entire SM. Assuming 48 warps
per SM, the total overhead is 13.1 KB/SM. We estimate the
size of an SM is 22mm2 based on the die photo of GF100
and according to the CACTI modeling the additional SRAM
cells takes less than 0.5mm2 , which is 2.3% of an SM.

Type-L
Name
sgemm
LIBOR
MonteCarlo
WeatherPred
kmeans
bfs
spmv
FDTD3d
MummerGPU
b+tree
Laplace3D
Needleman-Wunsch
FastWalshTF
CFD Solver

Abbr.
SG
LI
MC
WP
KM
BF
SV
FD
MU
BT
LP
NW
FW
CF

6.

EVALUATION

6.1

Methodology

Suite
[23]
[25]
[26]
[25]
[24]
[24]
[23]
[26]
[25]
[24]
[25]
[24]
[26]
[24]

Type-M
Name
Abbr.
leukocyte
LK
dwt2d
DW
pathﬁnder
PF
dct8x8
DC
SRAD (v1)
S1
backprop
BP
SRAD (v2)
S2
MersenneTwist MT
lbm
LB
stencil
ST
AES
AE
SobelFilter
SF
mri-q
MQ
sad
SD

Suite
[24]
[24]
[24]
[26]
[24]
[24]
[24]
[26]
[23]
[23]
[25]
[26]
[23]
[23]

We used a simulator derived from GPGPU-Sim v3.2.2 [25].
The simulation parameters are listed in Table 1. Energy consumption is modeled using CACTI [27] and GPUWattch [28].
As shown in Table 2, we used 28 applications from Parboil [23], Rodinia [24], NVIDIA CUDA SDK [26], and ISPASS [25]. We found that some applications do not create
sufﬁcient number of threads with small input set. However,
with large input set the simulation time takes excessively
long. In this reason, we used the largest set available for each
benchmark and executed up to 1 billion instructions [7]. All
benchmarks are compiled with -O2 ﬂag using NVCC 4.0.
The PTXPlus feature of GPGPU-Sim is used to evaluate realistically optimized machine code.
For comparison purpose we also used a direct prefetching scheme inspired by the state-of-the-art GPU prefetching
techniques [29, 30]. This prefetcher computes memory access stride per-warp and per-PC basis, which is similar to the
many-thread aware prefetching (MTA) [29]. Each warp has
its own memory access history table indexed by PC. When
a load instruction is processed in the load/store unit, new access stride is calculated and updated to the table using the
previously recorded access address generated from the instruction. For minimizing ineffective prefetch requests, our
prefetcher also adopts a threshold-based throttling mechanism [30]. Each stride table entry has a conﬁdence saturating
counter, which is incremented when the new stride matches
the previously computed stride value. Otherwise, the counter
is decremented, and only when the conﬁdence exceeds a predetermined threshold a new prefetching request is generated
by adding the stride value to the current demand request address. We empirically determined the threshold value of 2,
meaning at least two consecutive stride predictions should
be correct. Prefetching requests are stored in the prefetch
queue connected to the L1 cache, and they are injected to
the memory system by accessing the cache when there is no
demand requests to be processed in the load store unit.

6.2

ILP Opportunities with Pre-execution

Figure 10 shows the average number of instructions skipped
or issued in P-mode. We found that on average 8.4 more in-
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Figure 10: Average number of instructions processed per
warp for one switch to P-mode
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Figure 11: Percent of N-mode instructions covered by Pmode

Section 6.1. We also modeled the performance with the optimal number of thread blocks are assigned, which is marked
as OptTB [6, 31, 17]. We determined the optimal thread
block count for each benchmark based on the results presented in Figure 3.
Compared to the baseline, P-mode shows 23% speedup
for Type-L applications. P-mode+OptTB achieves 36% and
it surpasses the performance of all the prior scheme compared in the ﬁgure. P-mode does not affect Type-M applications that do not suffer as many stalls. As previously mentioned in these applications P-mode is rarely triggered.
Figure 13 shows the breakdown of scheduling cycles using the methodology presented in Section 3. Across Type-L
applications long-latency RAW stall is reduced from 40%
to 24% of total cycles. In SG, P-mode reduces 64% of longlatency RAW stalls to 6%. The combined impact of prefetching and reuse of P-mode was very effective in reducing the
stall time. On the other hand, in LI only P-mode reuse capability effectively reduces RAW stalls but the prefetching
beneﬁts of P-mode are never triggered, and in KM, SV, and
FD, performance degradation is observed when applying only
prefetch but even in this case P-mode improves performance.
In these workloads we observe DirectPrefetch increases the
fraction of LSU Full, indicating that additional prefetching
trafﬁc increased memory system contention but pre-execution
enabled us to overcome the negative impact of prefetching.

6.4
structions per warp are pre-executed and 17.3 instructions
are skipped when a warp is switched to P-mode.
We also measured the fraction of P-mode instructions that
were reused in N-mode. Figure 11 shows the breakdown
of N-mode dynamic instructions for short-latency (Top) and
long-latency operations (Bottom). An instruction is Reused
if the instruction is issued in P-mode and reused in N-mode.
Not Reused instructions are at least executed once in P-mode
but were not reused because the instruction is non-reusable
type; note that all pre-load instructions are non-reusable, as
those are used only for L1 cache warm up. Dependent instructions skipped in P-mode are marked as Skipped. We
observe that in Type-L applications 26% of the total shortlatency instructions are executed in P-mode (top chart in the
ﬁgure), and 21% of long latency global memory loads are
pre-loaded in P-mode (bottom chart in the ﬁgure). TypeM applications show lower coverage of 7% (short-ops) and
5% (long-ops), because long-latency RAW stall happens less
frequently and warps are rarely switched to P-mode. Although BF suffers from long-latency RAW stall for 40% of
time as shown in Figure 2, only 3% of short-latency instructions are covered. This small coverage is because BF has
a branch which is dependent to the long-latency memory
load, and this prohibits P-mode operation to continue past
the branch.

6.3

Performance

We evaluate the performance (total execution time) of preexecution and compare it with various alternatives. As shown
in Figure 12 different approaches are compared, and all numbers are normalized to the performance of the baseline GPU
(Base). DirectPrefetch indicates the prefetcher presented in

Impact on Memory System

We measured the impact on memory system with P-mode
and the direct prefetching approach. Figure 14 shows the
fraction of L1 accesses in N-mode either hits in the cache or
merged to outstanding memory requests. In Type-L applications L1 cache hit rate is improved from 24% to 33%. In SG,
although direct prefetching improves L1 cache hit rate 22%
more than P-mode, the performance with P-mode is better.
We observed DirectPrefetch consumes a signiﬁcant portion
of memory trafﬁcs for prefetching, as a result the round-trip
latency of demand requests is increased, which offsets the
effect of increased L1 hits.
Figure 15 summarizes the changes in on-chip trafﬁc due
to both a direct prefetching approach and with P-mode. This
metric measures the total amount of data moved between
L1 and L2 cache. Across Type-L applications prefetching
increases data trafﬁc by 10%, while P-mode reduces average trafﬁcs by 2%. Using prefetch alone in SV, DW, ST
increases data trafﬁc by 27%, 42%, and 34%, respectively.
Such a large increase in prefetch trafﬁc results in increased
LSU Full by 15%, 10%, and 10%, which degrades performance. Hence, P-mode reduces data trafﬁc demand while
simultaneously improving performance.
Note that P-mode does not change the memory trafﬁc because the pre-load cache lines are guaranteed to be accessed
soon and in most of the cases the lines are likely to remain
in the L1 cache. But in practice some of the lines that can be
evicted and brought back into cache during P-mode execution, which potentially increase cache contention and memory trafﬁcs. SG, LI, MC show noticable trafﬁc increase due
to some contention. However, the negative impact of cache
contention was overall negligible and P-mode improved performance at least 40% on these benchmarks.
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Figure 13: Scheduling cycle breakdown (B:Baseline, F:DirectPrefetch, P:P-mode)
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Figure 15: Impact on data trafﬁcs between L1 and L2
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Figure 14: N-mode L1 cache hit rate (B:Baseline,
F:DirectPrefetch, P:P-mode)
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Energy Consumption

P-mode reduces leakage energy by reducing execution time.
However, P-mode also increase fetch and decode demands
and hence may increase the dynamic energy. Figure 16 shows
the leakage and dynamic energy changes compared to baseline. We split the dynamic energy into two categories. Dynamic indicates the total dynamic energy including additional energy consumption for executing non-reused instructions multiple times. Overhead indicates increased energy
consumption for supporting P-mode execution, including register renaming, P-queue access, and the overhead to switch
between N-mode and P-mode. The net energy increase is
2.7%. Additional structures for P-mode increase energy consumption by less than 1%. Without P-queue, which is denoted as NoPQ, energy consumption is increased up to 5.1%,

hence reusing improves performance and simultaneously minimizes energy increase with pre-execution. We also explored
the energy impact with additional P-queue entries. Compared to the 8-entry case, additional energy saving with 16entry P-queue is 0.3%.

6.6

Impact of Microarchitectural Parameters

More concurrent threads: As discussed in Section 3,
increasing thread parallelism provides higher latency tolerance. We compared the performance and storage demand
of our technique with a hypothetical GPU having twice the
in-ﬂight threads in the scheduling pool, which is denoted as
2xTLP on Figure 17. From the baseline GPU we doubled the
size of register ﬁle, scratchpad memory, thread count limit,
and thread block limit. Across the 28 benchmarks 2xTLP requires 205 KB of storage, which is about twice of 105 KB on
the baseline GPU. Due to increased latency hiding, 2xTLP
achieves 9% speedup across all benchmarks, while P-mode
improves 13%. Additional storage for architectural support
and increased register utilization with P-mode is about 13
KB. Hence, our technique provides higher performance with
only about 12% of additional storage space.
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RELATED WORK

SIMT model adopted in GPUs requires threads to be executed in a lock-step fashion. Thus, effective instruction
throughput is proportional to the number of SIMT lanes activated per instruction [19, 32, 33, 20]. Hence, a number
of techniques have been proposed for improving SIMT lane
utilization when threads take divergent branching path on a
conditional branch. Dynamic warp formation [32] and dynamic warp subdivision [33] dynamically regroup warps for
improving lane utilization. While, dual-path [19] and multipath model [20] interleaves instructions belong to multiple
control paths for reducing pipeline stalls. These techniques
require modiﬁcations of scoreboard logic to simultaneously
keep track of multiple control ﬂow paths. For instance, in the
dual-path model [19], two scoreboards per warp are needed
to interleave up to two path at the same time. Similarly, our
technique uses an augmented scoreboard for independently
tracking N-mode and P-mode control ﬂow paths.
Warp scheduling policies have been extensively studied
for improving both performance and energy efﬁciency [6,
5, 7, 6, 8, 34]. Greedy-then-oldest (GTO) [6] and two-level
warp scheduling [5] mitigates inefﬁciency of the round-robin
scheduling. GTO is used as our baseline scheduler. CTAaware scheduling [7] reduces L1 cache contentions and improves long-latency hiding capability by exploiting locality
among thread block and bank-level parallelsim of DRAM.
Criticality-aware warp scheduling [8, 35] manage warps so
that reducing the disparity in execution time between slowest
and fastest warp in the same thread block, thereby mitigating
warp stalls due to synchronization. These warp scheduling
policies are based on the premise that all GPU applications
have sufﬁcient level of thread parallelism, while our tech-
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Higher memory bandwidth: We also explored the impact of doubling memory bandwidth. As shown the primary
beneﬁt with additional TLP is reduced long-latency RAW
stalls incurred by long memory latency. We doubled operating frequency of on-chip crossbar, L2 cache, and offchip memory to model memory system with 2x higher bandwidth. Figure 7 shows the performance and fraction of stall
cycles. Base performance is improved by 20%, and 14 out
of 28 benchmarks show more than 10% speedup. After doubling bandwidth, the fraction of LSU full stall is 12% and
clearly RAW stall becomes new bottleneck of 20%. P-mode
can again be applied to this new system to alleviate RAW
bottleneck, and P-mode achieves 33% performance across
all benchmarks.
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Figure 18: Impact of memory bandwidth

nique addresses the case when no issueable warp is left in
the warp scheduling pool due to long-latency RAW stalls.
Excessive TLP may harm performance due to increased
memory contention, and several thread throttling techniques
have been proposed [6, 31, 17]. Cache-conscious wavefront scheduling [6] adjusts the number of scheduled warps
dynamically based on cache locality. DYNCTA [31] and
LCS [17] controls the number of thread blocks to reduce
contention. P-mode can be applied independently with thread
throttling and we have modeled and evaluated the impact of
combined techniques in Section 6.
By deﬁnition, long-latency RAW stalls happen when all
warps waiting for the result of memory operation. Hence,
data prefetching [36, 37, 38, 29, 30] can be a solution for
reducing effective memory access latency by bringing cache
lines to L1 cache prior to demand request. Although existing studies have shown prefetching is also effective in GPUs,
there are inherent challenges in data prefetching; accurate
address prediction and timely prefetching. Existing prefetching schemes are designed on an observation that many GPU
workloads have relatively regular access stride [29]. In our
technique, regardless of access pattern if any independent
future load is found it can be used to pre-load cache lines.
Further, ineffective prefetching due to address misprediction may harm performance regarding GPUs have smaller
cache and performance is often bandwidth limited. In Section 6, we have quantitatively compared prefetching with
pre-execution.
Latency tolerance of conventional out-of-order processors
is limited by the size of the instruction window [39]. Out-oforder execution in GPUs may achieve higher latency tolerance by executing more independent instructions per warp.
Further, it will improve MLP by issuing more demand memory accesses and hence better utilize memory bandwidth.
However, out-of-order issue logic is needed which is more
complex and power hungry than in-order issue adopted in
GPUs [40, 41, 42]. Alternatively, our pre-execution technique is inspired by non-blocking pipeline approaches [9,
10, 11, 12] which allows the processor to continue execution
beyond any blocking instructions.
Our technique does not allow any speculation that potentially increase complexity and harm energy efﬁciency of Pmode [10, 43, 44]. Speculatively executed instructions are
difﬁcult to be reused by nature since reusing is possible only
when the result speculation turns out to be correct later [10,
45]. Massive thread parallelism of GPUs allows continuing
to issue from non-halted P-mode warps although some warps
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may be halted at long-latency dependent branch. Prohibiting speculation enables effective reuse of instructions in Nmode, thus improves performance and minimizes energy increase with P-mode. Unlike helper thread approaches, such
as assisted warp [46], our approach is a purely hardware
technique and additional software support is not necessary.

8.

CONCLUSIONS

In this paper, we propose warped-preexecution, which executes instructions that are independent of a long latency operation in the shadow of the long latency. The pre-executed
results can be reused later during normal operation. We
presented the design and evaluated a wide range of design
choices. Pre-execution improves performance of latencysensitive applications by 23%. We also explored various
design space choices to show that pre-execution is advantageous in a wide range of microarchitectural conﬁgurations.
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