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In Volta/Ampere for example, each SM has eight register file

banks, but each sub-core has access to only two [34], [35].

Even with compiler-orchestrated register swizzling among

banks, GPUs still need to make use of operand collectors [24],

[47] to keep multiple warps in the operand read stage and

maximize register file bandwidth. Increasing the number of

warps requesting operands each cycle is a straightforward

way to improve register bank utilization. However, doing so

involves scaling the number of collector units in each sub-

core, which adds area and energy to the SM (evaluated in

Section VI-B2), decreasing the gains made by moving to a

sub-core design in the first place. Instead of blindly scaling

collector units, we develop a novel Register Bank Aware

(RBA) warp scheduling mechanism to make better use of

the limited banks and collector units available in GPU sub-

cores. Although warp scheduling has been extensively studied

for other purposes [37], [39], [42], [46], [48], [49], [52],

[53], we are the first paper that uses it as a mechanism to

mitigate register bank conflicts, which are exacerbated by the

partitioned cores in recent GPU generations.

Imbalances across the work assigned to a sub-core can

lead to under-utilization and reduced performance. Through

extensive microbenchmarking (see Section III-B), we have

determined that contemporary Volta and Ampere GPUs assign

warps to sub-cores in a simple round-robin fashion. This

assignment balances the work across sub-cores, provided

warps execute a similar number of instructions. However,

not all workloads have well-balanced warps. In particular,

highly-optimized workloads that make use of warp specialized

programming [11], [14], [19], [20], [31] can exhibit severe

imbalance. Warp specialized programming is a technique used

to reduce the impact of control-flow divergence by grouping

threads with a similar control-flow path into the same warp.

Although the SIMD efficiency [27] of warp-specialized pro-

grams is high, there can be significant variations in the number

of instructions executed by warps in the same thread block.

This variation is easily smoothed in a monolithic core where

every warp has access to all the SM’s resources, but can lead

to severe imbalance in sub-core based SMs.

The assignment of warps to sub-cores adds an additional

layer to the GPU thread-scheduling hierarchy. Although these

sub-cores act as independent units, thread blocks are assigned

at the SM granularity. Once a thread block is assigned to an

SM, each sub-core is tasked with a subset of the warps that

make up the thread block. Table I contrasts the different levels

of thread scheduling in a contemporary GPU.

Sub-core warp assignment shares similarities with warp

scheduling and thread block scheduling (Table I), but its

position in the hierarchy makes it fundamentally different.

Sub-core scheduling operates at a warp granularity, however,

the assignment of a warp to a sub-core happens only once in

the lifetime of the warp and cannot be changed. As a result, de-

cisions are made less frequently than warp scheduling and each

individual decision has a greater impact. Sub-core scheduling

frequency is more similar to thread block scheduling, however

the granularity is different. Thread block scheduling can do

nothing about disparities among the warps within a thread

block, since it only decides which SM a thread block will be

assigned to.

This paper makes the following contributions:

• The first study to improve GPU sub-cores’ effect on

performance, quantifying the two primary sources of

performance degradation: increased register file bank

conflicts, and sub-core issue imbalance.

• A novel bank-aware warp scheduler to mitigate the effects

of increased bank conflicts in sub-core partitioned register

files. A quantitative cost-benefit analysis of the design

compared to scaling the number of collector units is

presented.

• A hashed sub-core scheduler to eliminate pathological

issue imbalances.

• Evaluation of the novel scheduling techniques resulting

in an average speedup of 11.2% across all applications

and 19.3% on applications sensitive to SM partitioning.

II. MOTIVATION AND BACKGROUND

A. The Streaming Multiprocessor Sub-Core

There has been a trend in scaling not only the number of

SMs in each new generation of GPUs, but also the capability

of each SM. For example, in 2006 Nvidia introduced their

first unified graphics and parallel compute architecture with the

Tesla [45]. The Tesla architecture SM contained a single multi-

threaded issue unit, eight Streaming Processor (SP) cores, and

two Special Functional Units (SFUs). In contrast, each SM

in the Ampere A100 (released in 2020) contains four warp

schedulers / issue units, four tensor cores, 64 FP32 units,

64 INT32 Units, and 32 FP64 units [3]. As the number of

schedulers and functional units within each SM has increased,

the need to subdivide the SM to reduce area and power require-

ments arose. The Maxwell architecture was the first Nvidia

design to partition the SM into sub-cores, and all subsequent

Nvidia architectures have used a similar SM partitioning. The

Maxwell architecture achieved twice the performance per watt

of the previous generation, Kepler, while using the same 28 nm

process [5]. Sub-core partitioning reduced the die area of each

SM while also improving power efficiency. By decreasing the

area per SM while providing about 90% of the performance of

the Kepler SM, Nvidia was able to increase the total number

of SMs from two in the Kepler GK107, to five in the Maxwell

GM107, with only a 25% increase in die area.

AMD has also adopted a partitioned Computational Unit

(CU) in the RDNA architecture, which it refers to as the dual

compute unit. Each dual compute unit contains four wavefront

schedulers, one for each of the four SIMD units [2]. Similar to

Nvidia’s partitioned SM architecture, the two sub-cores share

a common L1 data cache and shared memory scratchpad. Each

of the four SIMD units in the dual compute unit has its own

20-entry wavefront buffer. Likewise, the GCN architecture also

has 4 SIMD units per CU with a 10-entry wavefront buffer per

SIMD unit [1]. As work-groups are sent to a dual compute unit

the wavefronts within the work-group must be moved into the
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(a) Baseline: pb-mriq (b) RBA: pb-mriq (c) Fully-connected: pb-mriq

(d) Baseline: rod-srad (e) RBA: rod-srad (f) Fully-connected: rod-srad

Fig. 14: Number of 4-byte register file read accesses per cycle in two applications: pb-mriq and rod-srad. RBA improves

performance beyond fully-connected in rod-srad by increasing average register file read utilization across the entire

application (shown in red).

4) RBA Score Latency Sensitivity Study: RBA uses score

values from register bank contention to make scheduling

decisions. Although computing the scores is a relatively simple

process, it is possible that the distance between the register

file and the instruction scheduler may cause score updates

to influence the critical path. In such a scenario, an RBA

implementation may need to latch or pipeline the score update

to avoid changing the cycle time. To quantify the effect a

delay in score updates has on RBA, we evaluate RBA with

score update latencies swept from 0 to 20 cycles. Across the

top 15 applications where RBA shows a benefit, on average

the performance decreased by < 0.1% as the latency was

increased. We find that the majority of the applications tend

to have stable periods of register file access, in which a

slightly stale score value still provides a reasonable estimate

for making scheduling decisions. Of the 15 applications in the

latency study, only one, ply-2Dconv, had a performance impact

of >1%. In this application the speedup of RBA decreased

from 24.2% to 19.2% with a latency of 20 cycles.

5) RBA Bank Scaling Sensitivity Study: We found that the

effectiveness of RBA is reduced (from 19.3% to 15.4% on

average) when the number of banks per sub-core is doubled

from 2 to 4. As the number of banks increases the read-

operand stage becomes less of a bottleneck and there are fewer

opportunities for RBA to improve register file utilization.

C. Scheduler Issue Balancing Results

TPC-H is not limited by the read operand stage and there-

fore benefits only a few percent from the RBA warp scheduler

design. Both sub-core assignment hash functions maintain

performance across balanced applications. This can be seen

from the performance of Shuffle on the Parboil, Cutlass,

Cugraph, and Rodinia applications in figure 10.

Figures 15 and 16 show the speedup of all designs for

each query in the TPC-H benchmark suites with compressed

and uncompressed databases. SRR and Shuffle had average

speedups of 33.1%, 27.4% respectively on the compressed

benchmark, and 17.5%, 13.9% respectively on the uncom-

pressed benchmark. SRR performed the best in all queries

because the assignment function was designed to match to the

warp issue distribution of the benchmarks, i.e. one long run-

ning warp every 4th warp. However, the shuffle hash function

is more broadly applicable to other imbalance patterns, and

was within 5% of SRR on average.

The total number of instructions issued from each of the

four schedulers provides insight into how well each design

distributes work among the sub-cores. The coefficient of

variation quantifies the amount of variation between the four

schedulers in relation to the average number of instructions

issued from each warp scheduler. A smaller value indicates

better balancing across the four sub-cores in each SM. Fig-

ure 17 shows the coefficient of variation for SRR and Shuffle

on the uncompressed TPC-H benchmarks and is calculated as

cv = σ

µ
, where σ is the standard deviation and µ is the mean.

The SRR hashing function reduced the coefficient of vari-

ation from .80 to .11 on average across all queries. Query

8, which had the largest baseline coefficient of variation of

1.01, experienced the largest performance improvement due

to sub-core balancing with a 30.8% speedup. By improving

the balance of instructions issued from each sub-core, both

shuffle and SRR improved upon the baseline performance

within four percent of each other. A larger reduction in sub-
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however they cannot address fundamental programmatic im-

balances between warps and sub-cores. A work stealing hard-

ware structure seems like an obvious solution to the sub-core

issue balancing problem [21]. It is possible to design a system

to transfer a warp’s context from one sub-core to another

dynamically to maintain balanced execution. However, any

work stealing based design would be forced to transfer the

the register file state of all of the threads within the migrating

warp. Since the register file is partitioned across the sub-cores

and each thread maintains its own private register file state,

such a transfer would be prohibitively expensive. A work

stealing design would have a much higher implementation

overhead than the hashed sub-core assignment discussed in

this work. Random interleaving has been studied as a method

to improve memory bandwidth [51] but has not been used for

sub-core work assignment.

VIII. CONCLUSION

This work identified sub-core partitioning as a source of

SM underutilization in several generations of modern GPU

architectures. Issue imbalance stems from the distribution of

warps within a thread block to discrete scheduler and execution

blocks, and therefore cannot be resolved through alternative

warp or thread block scheduling algorithms. Applications

with high levels of warp-level-divergence are particularly

susceptible to underutilization due to sub-core imbalance,

such as those used in database query processing. A hardware

mechanism to reduce the likelihood of pathological imbalances

with hashed sub-core scheduling was proposed.

Additionally, the partitioning of register file and operand

collector structures has created bottlenecks in the read operand

stage of several common GPU applications. A cost benefit

analysis of scaling collector units to reduce bank conflicts was

presented. A register file bank aware warp scheduling design

was outlined to more efficiently utilize operand collector units

with a constrained amount of resources, such as those found

in partitioned SMs.
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