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Motivation & Goal
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Memory-bound GPU applications
leave some cores under-utilized

Our Goal:
Leverage the under-utilized cores

to boost the performance and energy efficiency
of memory-bound applications



Our Work
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Morpheus
First technique that leverages some GPU cores’ private memories

to extend the total GPU last-level cache (LLC) capacity

Morpheus employs (1) a software helper kernel in cores
and (2) a new hardware unit in the LLC partitions

Morpheus significantly improves performance and energy efficiency
of memory-bound GPU applications

and enables a 4x larger LLC with the same LLC hardware
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Memory-Bound GPU Applications
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Conventional GPUs do not benefit (significantly)
from all cores for memory-bound applications
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Little to no performance benefit
for memory-bound applications

Our Goal
Leverage the under-utilized cores

to boost the performance and energy efficiency
of memory-bound applications
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Key Idea
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Conventional LLC

Morpheus

On-Chip Memory
of Conventional GPU

On-Chip Memory
of Morpheus-enabled GPU

Well-Utilized Cores’
Private Memories

Under-Utilized Cores’
Private Memories

Conventional LLC

Well-Utilized Cores’
Private Memories

Extended LLC

Morpheus’ Key Idea:
Repurpose under-utilized GPU cores’ private memory

to extend the GPU’s LLC capacity
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More LLC generally improves performance 



Key Idea
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Conventional LLC

Morpheus

On-Chip Memory
of Conventional GPU

On-Chip Memory
of Morpheus-enabled GPU

Well-Utilized Cores’
Private Memories

Under-Utilized Cores’
Private Memories

Conventional LLC

Well-Utilized Cores’
Private Memories

Extended LLC

Morpheus’ Key Idea:
Repurpose under-utilized GPU cores’ private memory

to extend the GPU’s LLC capacity



GPU Core Execution Modes in Morpheus
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GPU Core

Execution Units

Register File

L1 Cache

Shared Memory

Application Kernel

Operates Conventionally

Application Data

Extended LLC Kernel

Lends Private Memory
to Extend the LLC

Controller State
Tag Array
Data Array

Compute Mode Cache Mode



Serving an LLC Request in Morpheus
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ModeCore operating
in Compute Mode

Core operating
in Cache Mode

Interconnection Network

LLC Partition
Morpheus Controller

Conventional LLC

New Hardware Unit

Generates LLC Request

Makes Forwarding Decision
Existing Hardware Unit

Serves Fraction of LLC Requests

Core operating
in Cache Mode

Extended LLC Kernel
Serves Fraction of LLC Requests

LLC 
Request

Application Kernel
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Morpheus Controller
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Forwarding Decision
Address Separation, Combinational Logic1

Query Conventional LLC
Simple Forwarding2

Query Extended LLC
Warp Status Table3
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Morpheus Controller
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Forwarding Decision
Address Separation, Combinational Logic1

Query Conventional LLC
Simple Forwarding2

Query Extended LLC
Warp Status Table3

1 2

3



Morpheus Controller
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Forwarding Decision
Address Separation, Combinational Logic1

Query Conventional LLC
Physically Co-Located, Simple Forwarding2

Query Extended LLC
Warp Status Table3

1 2
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Morpheus Controller
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Forwarding Decision
Address Separation, Combinational Logic1

Query Conventional LLC
Physically Co-Located, Simple Forwarding2

Query Extended LLC3 Warp Status Table

1 2

3



Morpheus Controller Warp Status Table
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Core operating
in Compute Mode

Core operating
in Cache Mode

Warp Status Table
in the Morpheus Controller

• Tracks ongoing requests per set
• E.g., read/write, tag, hit/miss

• Memory mapped

LLC Requests
Regular

Loads/Stores
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Extended LLC Kernel
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Query L1 Cache1
Query Shared Memory2

Query Register File3

Query Shared Memory

Query Register File

2
3

Query L1 Cache
Load/Store Instructions1 Query L1 Cache
Load/Store Instructions1

Query Shared Memory
Software Engineering2

Query Register File3

Query L1 Cache
Load/Store Instructions1

Query Shared Memory
Software Engineering2

Query Register File3

Regular Kernel
on Unmodified Core

Repurpose
to Extend LLC

1
2
3

1
2
3

Data Layout across Threads for Parallelism



Extended LLC via Register File
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Extended LLC via Register File
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Extended LLC via Register File
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LLC Timelines
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LLC Timelines
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Misses in the extended LLC are particularly expensive
Correctly predicting them can reduce the miss latency significantly



Hit/Miss Predictor
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Yes
Hit? Yes

Insert into BF2

n ≥ associativity

Yes

Clear BF1

Insert into BF1In BF1? Query
Extended LLC

Access DRAM

No No

Request for
Extended LLC Address

Insert Cache Block
into Extended LLC Set

Send Response
from Morpheus Controller

to Requesting Core
Done with 

Request’s Updates

No

Request 
Handling

Bloom Filter 
Management

Cache Block
Re-Used

Swap BF1, BF2

n := num_elems_in(BF2)



Is There A More Sophisticated Hit/Miss Predictor?
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Hermes
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https://arxiv.org/pdf/2209.00188.pdf
Bera+, “Hermes: Accelerating Long-Latency Load Requests via 

Perceptron-Based Off-Chip Load Prediciton”, MICRO ‘22

https://arxiv.org/pdf/2209.00188.pdf


§Detailed mechanisms
• Morpheus Controller
• Extended LLC kernel

§Optimization techniques
• Indirect-MOV
• Cache compression applied to Morpheus

More in the Morpheus Paper: Mechanisms

34

Morpheus on arXiv
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§17 representative applications
• 14 memory-bound
• 3 compute-bound

§Experimentally characterize the extended LLC
• On a real NVIDIA RTX 3080, as the extended LLC kernel requires 

no special hardware
• Capacity, latency, bandwidth, energy/byte of the extended LLC

§Simulate a Morpheus-enabled GPU using AccelSim [Khairy+ ISCA’20]

• Performance, energy efficiency, bandwidth utilization

Methodology

36



Morpheus Performance
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Morpheus performs better than or equal to the baseline for all applications
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Morpheus Performance
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Morpheus performs better than or equal to the baseline for all applications

Morpheus accelerates memory-bound applications by 39% on average

Morpheus performs within 3% of a 4x larger conventional LLC

within 3% 

39%
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Morpheus Energy Efficiency
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Morpheus uses less or the same energy as the baseline for all applications

NVIDIA RTX 3080 NVIDIA RTX 3080
4x larger conventional LLC
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Morpheus Energy Efficiency
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Morpheus uses less or the same energy as the baseline for all applications

Morpheus improves energy efficiency by 58% on average for memory-
bound applications

Morpheus’ energy efficiency is within 6% of a 4x larger conventional LLC

58%
within 6% 
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More in the Paper: Evaluation
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§Characterization of extended LLC on a real GPU

§Performance and energy comparisons with more baselines

§Total LLC throughput with Morpheus

§On-chip and off-chip memory bandwidth utilization

§Storage and power overhead analysis

More in the Paper: Evaluation

42
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Motivation Memory-bound GPU applications leave some cores under-utilized

Summary

Goal Leverage the under-utilized cores to boost the performance and 
energy efficiency of memory-bound applications

Morpheus
First technique that leverages some GPU cores’ private memories to 
extend the total GPU last-level cache capacity

Key Results

Morpheus outperforms state-of-the-art GPU architectures for 
memory-bound applications
• 39% performance improvement (relative to RTX 3080)
• 58% energy efficiency improvement (relative to RTX 3080)
• Morpheus performs within 3% of a 4x larger conventional LLC
• Morpheus provides a 4x larger LLC with the same LLC hardware

Conclusion
Morpheus effectively repurposes the private memory
of under-utilized cores to extend the GPU LLC capacity
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§ Performance Benefits of a Larger LLC
§ Memory-bound vs. Compute-bound Applications
§ Morpheus’ Logical Data Flow
§ LLC Timelines
§ Hit/Miss Predictor
§ Extended LLC Query Logic Unit
§ Registerfile Layout
§ Cache Compression
§ Indirect-MOV Algorithm
§ Indirect-MOV Instruction
§ Extended LLC Characterization
§ Simulation Parameters
§ Number of Compute Mode Cores
§ Morpheus LLC Capacity
§ Morpheus Energy and Power
§ Hit/Miss Prediction Benefits
§ Evaluated Applications
§ Extended LLC Tag Lookup Algorithm

Backup Slides
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Morpheus’ Logical Data Flow
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Morpheus Controller

Forward

Conventional LLC

Forward
Extended LLC Controller

New Components

Repurposed Components

LLC Request

Address Separation

L1 Cache

Forward Query

Register File

Query

Shared Memory

Address Separation



LLC Timelines
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Hit/Miss Predictor
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Yes
Hit? Yes

Insert into BF2

n ≥ associativity

Yes

Clear BF1

Insert into BF1In BF1? Query
Extended LLC

Access DRAM

No No

Request for
Extended LLC Address

Insert Cache Block
into Extended LLC Set

Send Response
from Morpheus Controller

to Requesting Core
Done with 

Request’s Updates

No

Request 
Handling

Bloom Filter 
Management

Cache Block
Re-Used

Swap BF1, BF2

n := num_elems_in(BF2)



Extended LLC Query Logic Unit
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Registerfile Layout
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Cache Compression
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Indirect-MOV Algorithm
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Indirect-MOV Instruction
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§NVIDIA RTX 3080

Simulation Parameters
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Number of Compute Mode Cores
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§Conventional LLC: 5 MiB

§Extended LLC Per Core in Cache Mode: 328 KiB
• 128 KiB from L1
• 256 KiB from Register File

» 200 KiB useable to extended LLC data

§Number of Cache Mode Cores: Application Dependent
• E.g. 50 for Needleman-Wunsch (nw) => 16 MiB
• Theoretically up to 67 => 21.4 MiB

Morpheus LLC Capacity (NVIDIA RTX 3080)
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Evaluated Applications
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Extended LLC Tag Lookup
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