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Outline

1. Motivation and problem statement

• Near-Data Processing (NDP) and the challenges of Processing in Memory (PIM)

• Processing Near Memory (PNM)

• The scarcity of development technologies

2. The Cache Compute System: An NDP solution for signal-processing

• Proposed architecture

• Prototyping/Evaluation methodologies

3. NDPmulator: Simulation platform for developing NDP solutions

• The architectural model

• The simulation framework

• Validation
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Motivation and problem statement
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• Memory systems constrain performance

• Limit bandwidth

• High latency to the CPU

• On average, 25 % of energy is spent in data transfers
Aga S. et al.: “Compute Caches”. In HPCA, 2017.

• And that fraction can be as high as 64 %
Boroumand, A. et al.: “Google workloads for consumer devices: Mitigating data movement bottlenecks.” In ASPLOS, 2018.

1%

25%

74%

CPU energy distribution

ALU operations (actual computation)

Data transfers

Instruction processing
Data-intensive algorithms exhaust memory resources 
before taking full advantage of processing hardware

Solution: Near-Data Processing (NDP) → Move computation near where data is stored



            

          

           

     

     

     

     

     

     

     

     
           

   

            

Processing in Memory (PIM)

• Processing in Memory (PIM) repurposes memory technologies for computation

• First solutions appeared in the 1980s

• Requires to reengineer memory chips

• Hard to use (each solution requires its own programming paradigm)

• PIM uses bit-line computation

• Several bit-lines are activated simultaneously

• Sensed result is interpreted as the result of a simple logic operation

• Only a few lines can be activated simultaneously
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Processing Near Memory (PNM)

• Processing Near Memory (PNM) devices are installed close to memory devices
• Not as efficient as PIM, but allow more complex operations

• Still have higher bandwidth and lower latency than the CPU

• PNM devices can be implemented using hybrid memory technologies (e.g., HMC, HBM)
• 3D-stacked memory arrays in the same chip as logic dies

• Dies communicate through high-performance Through-Silicon Vias (TSVs)

• In HBM2, bandwidth between logic and memory dies can be as high as 256 GB/s
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Hybrid Memory Cube (HMC) High-Bandwidth Memory (HBM)



Example: Apple Silicon
AMX on M4 SoC

• Motivated by the need of executing 

data-intensive workloads such as 

Neural Networks (NNs) 

• Microarchitecture implementation of 

ARM SME

• Direct access to Last-Level Cache (LLC):

• High-performance computing near data

• Processing Near Memory

Note: This image is simply illustrative of the example and 

bears no value for further analysis
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The Compute Cache System (CCS): 
Signal Processing, AI/Machine Learning

                                   

       

   

    
         

         
    

Convolutional Neural Networks (CNNs) are characterized by massive datasets

Depending on the CNN model, thousands of elementary operations are performed

Usually, over 90 % of the CNN’s workload is due to convolutional and pooling layers



An NDP solution for signal-processing

• The proposed Cache Compute System 
(CCS) consists of dedicated hardware 
to perform computation near the 
cache, taking advantage of:

• Operands locality

• Long cache lines

• Lower latency to the main memory

• Existing cache coherence protocols

• The CCS is integrated with the 
processing system:

• As a slave of the processing core

• Communicating with the LLC to get 
operands and store results
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An NDP solution for signal-processing

• The micro-architecture of the CCS 

consists of an inverted binary tree of 

Processing Elements (PEs) optimized for:

• Map Operations

• Reduce Operations

• Different levels have different PEs to 

accommodate the functionality of the 

different commands
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47 different
commands



The CCS is optimized for Map and Reduce Operations
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• Map operations: Same (simple) transformation in 

all elements of the input dataset

• E.g.: Increment all elements of a vector; vector 

addition

• Reduce operation: Process all elements of the 

input dataset into a smaller output

• E.g.: Sum of all elements of a vector; multiply and 

accumulate two vectors



The CCS is optimized for Map and Reduce Operations
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Evaluation methodology and preliminary results

• Simulated using gem5 architectural simulator

• ARM Cortex-A53

• CCS connected to the CPU through memory-mapped interface and 

coupled to LLC

• CCS can process up to 2 16-element vectors of 32-bit fixed-point 

operands per cycle

• Programming the CCS:

• Library (written in ARMv8 Assembly) to allow low-level control over the CCS

• Framework (written in C) to offload convolutional and pooling layers of 

CNNs to the CCS
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Learnings from the CCS

• Fabricating chips is expensive

• FPGA-based prototyping is slow, and the available resources may not suffice to 

emulate the entire processing system

• Existing simulators have limited support for NDAccs
E.g., gem5, gem5-X, gem5-Aladdin, gem5-SALAM, ZSim, Ramulator.

• There is a need for a simulation platform dedicated to the development of NDAccs 

that allows to simulate entire NDP-enabled systems
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Developing Near-Data Accelerators (NDAccs) can be complex
(they are closely coupled with the existing memory hierarchy)

There is a need for a simulation platform dedicated to the development 
of NDAccs that allows to simulate entire NDP-enabled systems



A Full System Solution for the 
Development of NDAccs



NDPmulator Overview

• From tool structure perspective – three components:

• Architectural model

• Simulation scripts

• Application development paradigm

• From an architectural perspective – three features:

• CPU-NDAcc programming interface

• Load/store unit

• Virtual memory translation and management

• Two modes: 

• Bare metal evaluation – SE mode

• With Operating System (OS) – FS mode
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Architectural components – Programming Interface

• Communication through 

programming interface 

implemented using 

Memory-Mapped IO (MMIO)

• On top of an OS → device driver
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Architectural components – Load/Store Unit
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• Memory accesses are split 

into smaller requests

• Gather/store data to FIFOs

• Coupled to any memory



Architectural components – Virtual Memory Management
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NDP-enabled memory = general-purpose memory

Direct address mapping → no explicit translation



Three case studies

20PhD Dissertation: J. Vieira – Accelerating Memory-Bound Applications with Near-Data Processing: From Architectural Design to Full-System Simulation • April 21st 2025

          

         

          

   

    

     

         

                  

    

    

    

   

    

    

    

    

          
    

            

                     

             

    

       

    

      

      

      

      

     

         
         

    

       

    

          

              

      

  

          

                

 
  
 
  
 

 
 
 
 
  
 
 
  
  
  
  
 
  

       

     

          

       

           

           

              

           

            

   

   

 
 
 
 

   

   

 
 
 
 

      

 
 
 
 

  

    

          

   

   

Das P. and Kapoor H.
Towards near-data processing of compare 

operations in 3d-stacked memory

Wang Z. et al.
Near-stream computing: General and 
transparent near-cache acceleration

Genc H. et al.
Gemmini: Enabling systematic deep-learning 

architecture evaluation via full-stack integration



Results (Das P. and Kapoor H.)
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Towards near-data processing of compare 

operations in 3d-stacked memory



Results (Das P. and Kapoor H.)
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System Emulation versus Full System
• Overhead of up to 7 ms
• Dynamic overhead – OS dependent

          

         

          

   

    

     

         

                  

    

    

    

   

    

    

    

    

          
    

            

                     

             

    

Das P. and Kapoor H.
Towards near-data processing of compare 

operations in 3d-stacked memory



Results (Das P. and Kapoor H.)
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Concurrent execution 
with memory-intensive 

workload

          

         

          

   

    

     

         

                  

    

    

    

   

    

    

    

    

          
    

            

                     

             

    

Das P. and Kapoor H.
Towards near-data processing of compare 

operations in 3d-stacked memory



       

    

      

      

      

      

     

         
         

    

       

    

          

              

      

  

Wang Z. et al.
Near-stream computing: General and 
transparent near-cache acceleration

Results (Wang Z. et al.)
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• Error below 5 %

• Independent of data type:

• Das P. and Kapoor H. → uint64

• Wang Z. et al. → float32

 

 

 

 

 
 
 
 
 
 
 
  
 
 

                        



Results (Gen H. et al.)
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Genc H. et al.
Gemmini: Enabling systematic deep-learning 

architecture evaluation via full-stack integration

(a) and (c): data is 

gathered by the CPU

(b) and (d): data is 

gathered by NDAcc



Results (Gen H. et al.)
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Genc H. et al.
Gemmini: Enabling systematic deep-learning 

architecture evaluation via full-stack integration

(a) and (c): data is 

gathered by the CPU

(b) and (d): data is 

gathered by NDAcc

  

  

  

  

 
  

 
  
 
  
 
  
 
 
 
 
 
 
  
 
 

 
 
  
 

 
 
  
 

 
 
  
 

 
 
  
 

 
 
  
 

Simulation performance 
improvements compared 
with Gemmini’s Verilator-

based simulation tool



Comparison with alternative solutions
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In summary, the contributions of 
               …



Conclusions

• Cache Compute System (CCS):
• It was developed for data-intensive tasks like CNNs and clustering, minimizing data movement 

and improving efficiency.

• Performance Gains: CCS achieved up to 40.6× speedup over an ARM Cortex-A53 CPU in 
benchmarks, benefiting from cache locality and parallelism.

• Architectural Flexibility: Unlike traditional PIM, CCS supports standardized functional units and 
easier programming integration.

• NDPmulator:
• Toolchain Development: A gem5-based pre-RTL toolchain was created for NDAcc design, offering 

full-stack simulation for realistic system evaluation.

• First-of-Its-Kind: The proposed toolchain is the first cycle-accurate simulation framework 
specifically for NDAccs, supporting multiple ISAs and OS-level evaluation.

• Impact: The study advances NDP adoption and provides essential tools for designing and 
validating new memory-bound accelerators.
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Future research directions

• Minimizing Offloading Overhead: Develop lightweight protocols to reduce latency and 

synchronization delays when transferring instructions or computational kernels to Near-Data 

Accelerators (NDAccs).​

• Unified Programming Model: Create standardized frameworks that abstract hardware 

complexities, facilitating seamless integration and utilization of NDAccs across various 

applications.​

• Extending NDPmulator for Streaming: Enhance simulation tools like NDPmulator to support 

streamed memory accesses, enabling accurate modeling of streaming NDP architectures.​

• Compiler Integration: Develop tools to translate compiler-generated code into configurations 

for streamed NDAccs, ensuring efficient execution of streaming operations.
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Thank you!
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A demonstration of easy reconfigurability
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