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Abstract—Graphics processing units (GPUs) deploy a large
register file (RF) to achieve high compute throughput. This RF,
however, consumes a large portion of the total dynamic power
in the GPU. Additionally, the RF banks and operand collectors
(OCs) are designed with limited number of ports causing access
serialization and negatively impacting performance. In this work,
we introduce CMRC, a coalescing-aware RF organization that
takes advantage of frequent narrow-width data present in general
purpose applications to increase performance and reduce energy
for GPGPUs. CMRC is a low-cost comprehensive approach to
register coalescing capable of combining narrow-width read and
write accesses from same or different warp instructions into fewer
accesses, reducing port contention and access pressure. On general
purpose applications, CMRC reduces RF accesses by 31.8%,
achieves a performance speedup of 16.5%, and reduces overall
GPU energy by 32.2% on average, outperforming best of class
prior work by ~1.8x without the requirement of compiler support.

[. INTRODUCTION

Graphics processing units (GPUs) are thread parallel pro-
cessors that concurrently run thousands of hardware threads,
originally designed for graphics applications. General-purpose
GPUs (GPGPUs) apply GPUs to achieve high compute
throughput on general compute applications and become ideal
accelerators for data-parallel workloads. In these systems, scal-
ing performance is primarily accomplished by integrating more
compute resources and deploying a large register file (RF) to
promote higher numbers of parallel threads in the GPU.

Power-hungry RF: To support massive thread level paral-
lelism (TLP) and fast context switching between active threads,
GPUs provide a large number of execution units to execute
threads in parallel and a large RF to hold the execution state
(context) of each thread. The RF size has been almost doubling
for every new generation of the Nvidia GPUs, recently reaching
20MB in Tesla VG100 [17]. Prior power analysis done on the
Fermi GPU, showed that the RF is one of the most power
consuming components, contributing 16%-18% of the total chip
dynamic power [14]. A percentage that is more likely increased
on recent GPUs.

Serialized RF access: To avoid the high cost of multi-ported
RF design, GPUs deploy a multi-banked structure with physical
banks constructed from 6T SRAM arrays, each having a single
read/write access port. The 6T arrays have a significant area
benefit over dual-ported 8T arrays, at the cost of reducing
the number of ports from two to one. Additionally, GPUs
use single-ported operand collector (OC) units (smaller SRAM
arrays) to capture and buffer the data read out of the RF banks
and organize it for use in the functional units. The OCs and
RF banks operate in parallel to support high access demand
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and provide high bandwidth. Due to access port limitations on
the banks as well as the OC units, however, multiple access
requests that target the same bank or OC unit at the same time
experience port conflicts and their access is serialized. As a
result, RF access latency increases, negatively impacting overall
GPU performance and energy efficiency.

Wasted RF bandwidth and energy: Per-thread data values
used in compute applications vary in size and some values
can be represented by 8, 16, or 24 bits with the upper most-
significant bits being either all zeros or all ones (carrying the
sign bit). However, these frequent narrow-width values found in
general purpose applications are still being treated as full-width
when read and written into the RF, wasting RF bandwidth as
well as access energy on unneeded bytes.

Contribution: We present CMRC, a new RF microarchitec-
ture that supports read and write access coalescing in the GPU
RF banks and OCs, to improve performance and reduce overall
energy for GPGPU applications. CMRC addresses the RF
access serialization issue by leveraging coalescing opportunities
which arise from the frequent narrow-width data found in
general purpose applications with low cost and complexity.
As we show, read and write requests of narrow-width data
can be combined into fewer number of bank accesses, yield
higher bandwidth utilization for both RF banks and OCs, reduce
RF and OC port contention, and as a result, improve overall
performance and energy efficiency for GPGPU workloads.

II. MOTIVATION

We motivate our approach to coalescing-aware RF by ex-
amining compute-intensive GPGPU benchmarks from Rodinia
[5] and obtaining results by running those benchmarks on the
GPGPU-sim v3.2 simulator [4].

Impact of limited access ports: With limited access ports on
RF banks and OCs, read or write requests can experience one
of the following types of port conflicts, causing their access to
be serialized: (1) Write-write conflict. (2) Read-write conflict.
(3) Read-read conflict. (4) OC write conflict. Fig. 1 shows the
potential benefit of reducing RF port conflicts. In the figure we
show the performance improvement achieved by removing all
port conflicts (as if the banks had infinite ports) is ranging from
7% to 40%. From the figure we see that a large performance
improvement is possible if port conflicts can be removed.

Wasted RF bandwidth: Narrow-width read and write ac-
cesses do not fully utilize the RF bandwidth as they carry
unneeded bytes having only the sign-bit in their value. We
found that only 29% of RF accesses, reads and writes, require
a full register width on average. Fig. 2 shows that the wasted
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Fig. 1. A limit study on the potential speedup of reducing RF port conflicts.
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Fig. 2. Wasted RF bank and OC unit bandwidth.

bandwidth on RF banks and OCs due to narrow-width accesses
is more than 50%. In addition, the unneeded bytes in narrow-
width values waste dynamic power on every read and write to
the RF and when propagate down into the OCs.

CMRC comprehensively addresses each form of conflict by
coalescing conflicting narrow-width requests, reads or writes,
targeting an RF bank or an OC unit into a single access, taking
advantage of wasted RF bandwidth to reduce port contention
and access pressure. With register coalescing, the number of
RF accesses and the average access latency are reduced which
lead to improving overall performance and energy.

III. RELATED WORK

A. Non-coalescing Optimization Techniques

Significant work exists on RF power reduction for GPUs.
RF caching [6], hierarchical RF [7], partitioned RF [2], RF
renaming [9], RF with different power states [1], compiler-
assisted RF [10], and an operand staging unit [12] have been
proposed as alternative solutions to reduce dynamic power.

Data-dependent mechanisms have been proposed to reduce
RF power. Lee et al. used a data compression technique
to reduce power [13]. Liu et al. proposed another form of
compression to handle scalar execution in GPGPU [16]. Li et
al. proposed a mechanism to reduce SRAM memory power
when reading and writing bit-1 data [15]. RF packing has been
proposed by Wang et al. [19] to to reduce the number of register
entries used and gate off unused entries.

Several mechanisms have been proposed to improve GPU
performance. Gilani et al. took advantage of narrow-width
values that can only be represented by 16 bits [8] to increase
performance. Khorasani et al. proposed time-sharing a subset
of physical registers between executing warps [11]. Oh et al.
proposed increasing the number of concurrent thread blocks to
improve performace [18]. All of these proposed power reduc-
tion and performance improvement techniques are orthogonal
and potentially complementary to CMRC.

TABLE I
REGISTER COALESCING SUPPORT IN CORF/CORF++ [3] vs. CMRC.

Coalescing | Bank Warp CORF/CORF++ | CMRC
‘ Support ‘ ‘ Instr. H ‘

2 reads Same Same Yes Yes

2 reads Same Different || No Yes

2 writes Same Different || No Yes

I read and | Same Different || No Yes

1 write

2 reads Different | Same No Yes

B. Register Coalescing Techniques

Esfeden et al. [3] introduced a Coalescing Operand Register
File (CORF) for GPUs in two design flavors, a limited CORF
(CORF from here forward) and an enhanced CORF++, to im-
prove performance and reduce energy for GPGPU applications.
This work is an important milestone, introducing the concept
of GPU register coalescing. However, as the first such work,
there are a number of limitations and overheads to the software-
hardware approach taken there that we examine as key goals
for improvement in our proposed CMRC technique.

CMRC represents a significant advance versus CORF/
CORF++. First, CMRC is purely microarchitectural, with
no need for compiler changes, unlike CORF/CORF++. The
hardware-only approach removes the need for compile-time
hints and software changes and allows the system to leverage
per-workload/program behavior. Compile-time approaches lack
information about actual data width as well as dynamic program
behavior and add more hardware overhead and complexity
(register packing and renaming in CORF/CORF++) that we
wish to avoid. Further, CMRC’s approach takes advantage of
narrow-width data not only within warp registers but also across
different warps that software approaches can not do. Second,
CMRC supports a much wider variety of different coalescing
types, (2-5) as listed in Table I, that CORF/CORF++ can not
support. With more coalescing capabilities, our design is able to
achieve a 1.8x speedup vs. the enhanced CORF++, with much
lower area overhead (see Sections IV-C and V-F).

IV. COMPREHENSIVE MICROARCHITECTURAL REGISTER
COALESCING DESIGN

A. Design Overview

As shown in Fig. 3, the baseline RF for GPUs! is divided
equally into number of banks. Each bank holds multiple register
entries each of which is 128B wide. Physically, the bank is
constructed using four narrow sub-banks where each sub-bank
holds a 32B slice of every register. Each bank offers a single
128B access port to either read or write a full register in a cycle.
OC units are required to capture source operands as they are
read out from the RF banks over multiple cycles. Each OC
offers a single 128B write port that can be used by one bank
at a time. The RF banks are connected to the OCs using a
crossbar network with 128B wide links.

Here we focus on the Fermi architecture for easier comparison with prior
works [3], the techniques developed can easily be applied to more modern
GPU microarchitectures with minor changes.
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Fig. 3. GPU RF design. Shaded regions highlight our proposed additions.
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Fig. 4. Coalescing-friendly format and alignment for warp data: (a) Default
right alignment and (b) Left alignment using intra-thread byte-swap MUXing.

Highlighted in Fig. 3 are the microarchitectural enhance-
ments and additions of CMRC. The key feature of CMRC is
enabling finer control on RF banks, crossbar network, and OC
units such that the available 128B wide ports and data buses are
shared among coalesed RF accesses. This allows for CMRC to
provide comprehensive register coalescing at a very low cost
and complexity.

B. Implementation Details

1) Register Data Format: Fundamental to register coalesc-
ing, is the ability for two narrow-width requests to be able
to access different sub-banks within a bank at the same
time. Therefore, instead of the byte-interleaved format used
in baseline GPUs which poorly utilizes the effective sub-bank
bandwidth, as shown on top in Fig. 4a, we use a coalescing-
friendly data format, as shown at the bottom in Fig. 4a, that we
refer to as a thread-interleaved format. In this format, register
data starts with BO for all 32 threads in the warp, then Bl
for all of the threads, and so on. This allows for a narrow-
width request to consume and fully utilize only a subset of the
sub-banks and allow for the free sub-banks to be utilized by
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Fig. 5. RF bank with sub-bank controls to support register coalescing.

another coalesced access. We use the thread-interleaved format
only within the RF (banks, interconnect, and OCs).

2) Register Data Alignment: Representing narrow-width
data in the thread_interleaved format would make it right-
aligned, by default, and allows only lower sub-banks within a
bank to be used to hold the data. To support access coalescing,
however, other narrow-width registers would need to be left-
aligned or mapped to upper sub-banks such that a coalesced
request would access non-overlapping sub-banks across the two
targeted registers within a bank.

CMRC addresses registers left-alignment in a cheap way
based on the fact that warp data does not have to be stored
in the RF in a specific order (ie. Little-endian). Therefore, as
shown in Fig. 4b, instead of shifting data across the entire warp-
width when writing to the RF, CMRC swaps the data bytes
(locally within each thread) such that, when data is represented
in the thread_interleaved format, all BO’s would map to sub-
bank 3, B1’s would map to sub-bank 2, and so on. When data
is read from the RF, the same byte-swapping technique is used
to revert data to its original order. Fig 3 shows the byte-swap
MUXing placed on the write and read sides of the RF.

CMRC adopts a hardware-only solution to guide data align-
ment of warp registers with the goal of avoiding the high
complexity and overhead associated with dynamic allocation
and register renaming. Registers in CMRC are aligned based
on their entry numbers with even entries being right-aligned
and odd entries being left-aligned.

3) RF Banks with Sub-bank Controls: With the support
of data formatting and alignment, it can be possible for two
registers, even and odd, to be accessed at the same time given
that their data reside in non-overlapping sub-banks. Therefore,
CMRC provides each sub-bank with a separate read/write and
address (entry number) control to allow for two narrow-width
requests, reads or writes, targeting even and odd entries, to
be coalesced and access the sub-banks at the same time, as
shown in Fig. 5. Each narrow-width request uses a 4-bit mask
(determined based on effective width) to indicate the sub-banks
to be accessed. The ANDing of the two coalesced requests
masks must be zero which means they do not conflict on
any sub-bank. Each request provides its read/write and address
controls to the targeted sub-banks separately.

4) RF Interconnect and OC Writes: To support more co-
alescing scenarios, we updated the RF crossbar that connects
the banks with the OC units to have separate controls for every
32B slice of the data. Instead of using a crossbar with 128B
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TABLE IT
OVERHEAD OF CORF/CORF++ [3] AND CMRC OVER THE BASELINE.

Design Overhead | CORF/CORF++ | CMRC

Rename table 3.7KB 0

Free register map 512B 0

Register width (sub- | 1.47KB 384B

bank enables) buffer

Code size increase 1.3% average 0

Data alignment 10 cross-thread | 5  thread-local
shifters MUXes

links, we split the crossbar into four narrower crossbars each
having 32B links with same per-bit MUXing cost. This allows
each 32B crossbar to connect a given sub-bank (across the 4
banks) into a 32B slice of the OC write port. Fig. 6 shows the
separate crossbars (MUXing) on one OC.

Fig. 6 also highlights the control updates on the OC unit
to handle coalesced reads. Instead of capturing the coalesced
read data in a single buffer entry and unpacking it as it is read
out which would cost additional MUXing, CMRC unpacks the
coalesced data as it is written into the OC, in a low-cost way,
by having separate write controls for every 32B of the OC data
buffers. The unpacking approach we use falls naturally as the
single 128B write port on the OC now behaves as four 32B
write ports where each narrow port writes to a 32B slice of the
buffer entries separately.

5) Register Width Detection (Sub-bank Mask Generation):
Width detection is added at the end of the execution pipeline
(in write-back stage). We detect positive and negative narrow-
width values by using reduction-OR and NAND gates on all
bits with same byte-position, respectively. This is applied on
bytes 1, 2, and 3 for all warp-threads and produces a 3-bit
(sub-bank) mask (byte 0 mask-bit is implicitly set). The mask
is captured in a buffer for the destination register being written.
The total buffer space needed is only 384B (3-bitx 1024 warp
registers). The generated mask is used on current register write
and future reads to enable register coalescing.

6) Control Divergence: Here we note that the proposed
solution has a limitation on handling control divergence of
threads within the same warp. This limitation also exists in
similar proposals [3]. We plan on addressing such limitation in
our future work.

1806

TABLE III
GPU CONFIGURATION PARAMETERS.

Parameter Name | Value |
Number of SMs 16

Number of Warps 48 per SM
Number of warp threads 32

Register file size 128KB per SM

Register file banks 4 per SM

Register file bank width 128B

Operand collectors (OCs) | 4 per SM

L1 cache size 16KB per SM

Shared memory size 48KB per SM

L2 cache size 768KB
/" Bank0 Bank 1 Bank 2 Bank 3 " Bank0 Bank 1 Bank 2 Bank 3\“:‘
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(a) wid_layout (b) wshift_layout

Fig. 7. Different RF layouts (register-to-bank mapping).

C. Design Overhead

Table II summarizes the overhead of CORF/CORF++ and
CMRC over the baseline. CMRC avoids most of the complexity
and overhead found in the software-hardware approach, includ-
ing register packing and renmaing. The majority of updates in
CMRC are enabling fine-grain control on RF banks, crossbar
interconnect, and OC units which have very low overhead.
CMRC uses a small buffer to capture the sub-bank enables
for every warp register. It also uses cheaper thread-local multi-
plexers to perform warp data alignment. Both designs require a
small amount of logic to detect registers width and perform sign
extension when recovering narrow-width registers into their full
width. We estimated the power overhead of CMRC to cost less
than 2% of the RF dynamic power and less than 1% of the
total GPGPU power.

V. EVALUATION

To evaluate our CMRC design, we implemented it into the
GPGPU-Sim v3.2 simulator [4] and measured its dynamic
power consumption using GPU-Wattch [14]. We used a Fermi-
like Nvidia GPU model with configuration parameters listed in
table III'. For all evaluations we used the Rodinia benchmark
suite [5] which consists of general purpose benchmarks that
target GPU platforms with the standard input sets that shipped
with these benchmarks.

Fig. 7 shows two possible layouts for mapping warp registers
into RF banks. In Fig. 7a, all registers for a given warp are
mapped into the same bank which we call wid_layout. The
other layout in Fig. 7b shows registers for a given warp are
interleaved across the banks and we call this wshift_layout.
Unlike CMRC, CORF/CORF++ has the requirement to use
wid_layout. Here we implement CMRC with both layouts for
comparison.
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A. RF Coalesced Accesses

Fig. 8 shows the breakdown of coalesced accesses on RF
banks for the two layouts. In Fig. 8a, for wid_layout, we see
the majority of coalesced accesses are reads, representing 64%
of all coalesced accesses while coalesced writes represents only
10%. Fig. 8b, for wshift_layout, shows that more writes are
getting coalesced as the percentage of coalescing writes is
increased to 13% and also the percentage of coalescing read
and write requests significantly increased to 38%.

B. RF Access Reduction

CMRC reduces the number of accesses made into RF banks
as well as the number of writes to the OC units by combining
narrow-width registers accesses into fewer physical accesses.
Bank accesses are reduced by coalescing read and write ac-
cesses from same or different warp instructions into fewer ac-
cesses. OC writes are reduced by coalescing registers read data
from same or different banks into fewer accesses. Fig. 9a and
Fig. 9b show the percentage of RF banks access reduction and
OC units write reduction compared to the baseline, respectively.

With the low-cost alignment scheme, CMRC reduces RF
bank accesses by ~32% and reduces OC write accesses by
~36% on average. Reduction in RF accesses improves band-
width utilization as well as reduce RF dynamic energy con-
sumption. Interestingly, we find very small difference between
the wid_layout and wshift_layout register layouts, with the
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wid_layout register layout requiring ~1.5% fewer accesses for
both the banks and OCs.

C. RF Bandwidth Utilization

As CMRC is capable of combining narrow-width accesses
into fewer accesses, RF banks and OCs bandwidth is conse-
quently improved. Fig. 10a and Fig. 10b show the percentage
of bandwidth utilization improvement on RF banks and OCs
compared to the baseline, respectively. CMRC is able to in-
crease the bandwidth utilization on the RF banks by ~49% and
on the OCs by ~58% on average. The difference between the
wid_layout and wshift_layout register layouts are small, with
the wid_layout register layout showing ~2.5% more bandwidth
for the RF banks and ~1% more bandwidth for the OCs.

D. Performance

One of the primary objectives of CMRC is to improve per-
formance for general purpose applications on the GPU. CMRC
enables register coalescing that reduces the number of RF read
and write accesses, reduces RF pressure and port contention,
and improves bandwidth utilization which contribute to an
overall IPC performance speedup.

Fig. 11 shows the speedup of CMRC on the two RF
layouts. The speedup achieved is ~15.3% and ~16.5% on
the wid_layout and wshift_layout register layouts, respectively,
compared to baseline. These speedups achieved are more than
50% of the average upper bound value of 25% which repre-
sents the microarchitectural limit register coalescing can reach,
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TABLE IV
RESULTS ACHIEVED BY CORF/CORF++ [3] vS. CMRC.
Metric CORF | CORF++ | CMRC CMRC
‘ ‘ ‘ wid_layout ‘ wshift_layout ‘
IPC 4% 9% 15.3% 16.5%
speedup
Dynamic 8.5% 17% 31.1% 32.2%
energy
reduction
RF access | 10% 23% 31.8% 30.5%
reduction

given that RF requests are all coalescable and no coalescing
opportunity is lost due to registers size or alignment.

E. Dynamic Energy Reduction

Improving energy efficiency in the GPU is another primary
objective of CMRC. RF access coalescing improves perfor-
mance by making kernels have faster runtimes and also reduces
the dynamic energy of the RF by reducing the number of
accesses and improving bandwidth utilization. These improve-
ments lead to a more energy efficient GPU for general purpose
applications. Fig. 12 shows the percentage reduction of overall
dynamic energy in the GPU using our coalescing-aware design
for two RF layouts. With a wid_layout RF, CMRC is able
to reduce overall dynamic energy by ~31.1% on average
compare to the baseline. The achieved energy reduction with
wshift_layout RF is ~32.2% on average.

F. Comparison Against CORF/CORF++

Table IV summarizes the speedup and energy efficiency
CMRC achieves versus the prior work CORF/CORF++. As
shown together with the overhead comparisons listed in Ta-
ble II, we see that CMRC significantly outperforms the prior
work designs, while requiring lower hardware overheads and
no direct software changes.

VI. CONCLUSION

In this work, we introduced the new Comprehensive Microar-
chitectural Register Coalescing (CMRC) design to improve per-
formance and energy efficiency in GPGPUs. CMRC supports
register coalescing for narrow-width reads and writes, taking
advantage of wasted RF bandwidth to reduce RF banks and
OC units port contention. Compared to prior work, our design
provides higher register coalescing capabilities at a lower cost
and complexity. Our design provided a 16.5% performance
speedup and a 32.2% dynamic energy reduction on average
for GPGPU benchmarks.
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