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Historical Context

NOMADPrevious Paper
Alloy Cache

OS-Managed Cache



Hardware Managed DRAM Cache

● Non-blocking + Good Parallelism
● Metadata Tag Store + Bandwidth



Hardware Managed - Alloy Cache (2012)

● Stores tag and data in same DRAM row
● Saves tag lookup bandwidth



Hardware Managed - Unison Cache (2014)

● Based on Alloy Cache and Footprint Cache
● Organizes metadata at start
● Use footprint predictor to learn which block is likely to be accessed 



Software Managed DRAM Cache

● No metadata traffic + fast lookup
● On DRAM cache miss, OS updates PTE and stalls



OS to HW Managed Comparison

● OS-managed DRAM relative to HW-based
● OS better for low RMHB, worse for high RMHB



Core Problem

Hardware-managed DRAM caches: non-blocking but suffers 
metadata bandwidth overhead

OS-managed DRAM caches: avoids metadata overhead but 
blocks DRAM cache miss



NOMAD Design



Overall Structure

● Decoupled tag and data management
● Front-end OS routines

○ Virtual address mapping (page frames)
○ Issues commands to back-end
○ Allows thread to continue execution

● Back-end hardware
○ Data management (cache fill, writebacks…)
○ Non-blocking cache



NOMAD Overall Structure



Miss in TLB and DRAM Cache
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1. Miss in TLB - start page table walk
2. Miss in page table, issue miss to handler
3. Allocate new cache frame, issue cache-fill & restore execution
4. Allocate page copy status holding register (PCSHR)
5. Update PCSHR state and service requests



Front-end OS Routines - Page Descriptors

● PPD - cacheable and non-cacheable
● CPD - valid, dirty

○ TLB - avoid TLB shootdown
○ PFN - reverse mapping when deallocated

Stores metadata as page table entry in OS



Miss Handling

- Utilizes FIFO replacement policy
- Miss handler allocates to the head
- Background eviction proactively from tail

OS keeps track of free frames using FIFO
Fully associative lookup



● Proactive eviction
● Skip entries in TLB to avoid TLB shootdown
● Reverse map PFN to recover page table entry (PTE)

Miss Handling 



Back-end Hardware - Interface

● Accessible by OS
● State - busy when working or no PCSHRs
● If idle, allocates a PCSHR - holds status of page copy

Hardware receives requests from OS and 
processes them concurrently



Back-end Hardware - Handling DRAM Access

● PCSHR holds outstanding cache-fills at page granularity
● Matched tags implies miss

○ Schedules a request in sub-entry
● Can use metadata to “hit” in page copy buffer

Each PCSHR fills a page, which can have 
multiple requests at the block-level



NOMAD Overall Structure



Other Design Details

● Distributed back-end for each HBM
○ Won’t become imbalanced because of FIFO allocation policy

● Supports caching of shared pages
● Supports superpage allocation to extend TLB reach

○ Pages much larger than 4KB, MB or GB



NOMAD Results



Experiment Details

● modeled NOMAD on the gem5 
simulator

● 1 GB shared DRAM cache
● HBM2 On Package DRAM
● DDR4 Off Package Memory
● Multi-level TLBs



Compared Memory Schemes

● Baseline
○ Only off-package memory

● TiD (tags in DRAM)
○ Unison Cache
○ HW-based,
○ 1KB cache line,
○ four-way set-associative

● TDC (tagless Dram Cache)
○ OS-managed DC design,
○ blocking miss handling

● Ideal
○ Ideal OS-managed DC, 
○ no latencies for tag miss handling, page copy



Evaluation

● NOMAD improved IPC by 16.7% over TDC, 25.5% over TiD
● With RMHB level in Few class, TDC performance similar to NOMAD



Evaluation

● TiD has high bandwidth usage which lead to longer DRAM cache access time



Evaluation

● TDC stalled more for workloads with higher RMHB
● NOMAD has slightly higher tag manage latency from its front end routines



Sensitivity to Number of PCSHRs

● PCSHR could bottleneck miss handling bandwidth
● 8 PCSHRs offer near-max performance
● IPC independent of CPU core counts as off package DRAM bandwidth 

bottleneck performance



Area Optimized Design

● Area Overhead is mainly from page 
copy buffers (4KB ✕ PCSHR count)

● Increasing PCSHR count help 
burst-RMHB workloads

● Number of page copy buffer is 
independent



Key Takeaways

● Decouple Tag Management and Data Management

● Tag Management in Front End using TLB and PTE

● Data Management in Backend

● Track Misses with PCSHRs

● Copy Pages in subblocks



Limitations

● Front end OS tag management work introduce more latencies

● Backend Hardware costs from 4KB Page Copy Buffer Area


