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$ whoami

- B.Sc./M.Sc. Electrical Engineering
- PhD candidate Computer Science (research: distributed storage)

Academic:

Industry:
- Software/Hardware engineer AI Stealth startup (currently)
- Hands-on: 

• FPGA/ASIC/GPUs
• Compilers, and DSLs
• OS, kernel drivers, networks, and storage
• C, C++, and Python

Codebase: BabarZKhan, and bk-TurbaAI (Babar Khan )
Stackoverflow: User BZKN - Stack Overflow  (121K people reached through 52 answers)
Publications: Babar Khan - Google Scholar    (mainly distributed storage and networks)

-  Worked as broadcast engineer (past)

https://github.com/BabarZKhan
https://github.com/bk-TurbaAI
https://github.com/bk-TurbaAI
https://github.com/bk-TurbaAI
https://github.com/bk-TurbaAI
https://stackoverflow.com/users/10152674/bzkn
https://stackoverflow.com/users/10152674/bzkn
https://stackoverflow.com/users/10152674/bzkn
https://scholar.google.com/citations?hl=en&user=KYMKPaoAAAAJ
https://scholar.google.com/citations?hl=en&user=KYMKPaoAAAAJ
https://scholar.google.com/citations?hl=en&user=KYMKPaoAAAAJ
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Overview (outline) 

1. Background and Motivation 
2. SMRs: Reflecting 17 years of “shingles on roof or clapboards on a wall”
3. SMR and HAMR: 2025 and onwards 

Takeaways of talk? Mainly 2:

1. SMRs as of 2025? Alive and kicking
2. HAMR 2025? Physics DONE ✓. Now is the time for systems engineering/research in HAMR

Disclaimer : 
- I promise NOT to sell you an AI panacea for every problem.
- Strictly disk related talk.

Mainly 3 topics:
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Setting the stage…..
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1. Background and Motivation
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Background and Motivation

1. I/O in data center and HPC
2. Limitations of traditional I/Os

- Knowledge base for SMR (Shingled Magnetic Recording ) is scattered
- Can we somehow help storage practitioners/researchers/community with lessons learnt from SMRs?

While working on above topics, I realized the following two things:

Background:

Motivation:

I have been doing academic research on following two topics: 

Next 2 slides will visually sum up background and motivation: 
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Background: I/O stack (layer) in Data Center and HPC

Note: Understandably, the end hardware 
remains same.

HPC I/O stack fig*: I/O Access Patterns in HPC Applications: A 360-Degree Survey
JEAN LUCA BEZ and SUREN BYNA, Lawrence Berkeley National Laboratory, USA, SHADI IBRAHIM, Inria, University 
of Rennes, CNRS, IRISA, Rennes, France
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Motivation based on a research problem:

• Problem 1 (first circle): 
     Programming APIs: intent mismatches end-result  

• Problem 2 (second circle):
     Performance: 60%-90% of total execution time in kernel 

Background

So, while working on these two problems, the question was:

    How are HDDs performing?
1. how is SMR performing?
2. how will future drives perform?
3. how will HAMR perform?
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Motivation

rigorous peer review: took 1.5 year to finally publish (thanks to reviewers and editors) 
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2. SMRs: Reflecting 17 years of SMRs 
(shingles on roof/clapboards on a wall)
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SMRs: Reflecting 17 years of SMRs

1. Lessons learnt from Drive-Managed Shingled Magnetic Recording (DM-SMR)
2. Lessons learnt from Host-Managed Shingled Magnetic Recording (HM-SMR) 
3. Lessons learnt from Host-Aware Shingled Magnetic Recording (HA-SMR)
4. What is a Hybrid-SMR?
5. Has SMR paved way to HAMR?

Following 5 key-takeaways in next slides:

Q: Why 17 years?
A:  Most SMR practical and academic breakthroughs emerged around 2008/2009
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HDD technology

Future:

•2028:  > ≈  4 Tbit/in² 
•2032: > ≈  6 Tbit/in² 
•2036: > ≈  8 Tbit/in² 
•2040: > ≈ 10 Tbit/in² 

Past and Present:
•1878: Concept of magnetic recording (Oberlin Smith)
•1956–57: First HDD – IBM RAMAC, ~2 kbit/in²
•1960s–2000s: Rapid progress in CMR
•2003: ~60 Gbit/in² (30M× increase over RAMAC)
•Kryder’s Law: Areal density doubled ~every 18 months
•2000s: Superparamagnetic effect → scaling limits (“media 
trilemma”)
•2013: First consumer-grade SMR
•Present: Transition to SMR + HAMR (>1.5 Tbit/in² potential)

Magnetic recording has been a quantum marvel, with areal density improving by 600 million times since the first hard drives. From the 
quantum effects behind GMR/TMR sensors to HAMR’s laser-enabled breakthrough….Xiaodong Che

HAMR, HAMR+, HDMR/3D etc 
under AI/ML workload
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Shingled Magnetic Recording (SMR) Architecture 

Next: Let’s bisect briefly
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Areal Density of SMR

1.   Bands/Zones 
2.   Tracks per inch (TPI) 
3.   Common band sizes
4.   Inside each band?
5.   Individual track size?
6.  Number of tracks shingled together?
7.  Shingled guards?

•Bands/Zones:Contiguous overlapping tracks, written sequentially
•Tracks per Inch (TPI):TPI of disk radius → higher TPI = higher density
•Common Band Sizes:256 MiB (8 TB disks); also 13–36 MiB / 15–40 MiB
•Inside each Band:tracks overlap; random reads allowed, writes restrictive
•Track Size:100 kB – 1 MB
•Tracks per Band:~100 (limits overhead ≤10%)
•Guard Regions:Gaps between bands; prevent overwrite across zones

Basically following 7 variables 

- Implications: balance of  increased areal Density (AD) and write amplification (WA)
- Did the industry and research community quantify AD and WA? Yes, next slide
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Increase Factor Areal Density: Shingling Writing Geometrical Model*

•Conventional Recording:
– Track width 25 nm, guard gap 5 nm
•Shingled Writing:
– Wider tracks (70 nm)
– Sharper edges, down-band spacing reduced to 10–20 nm
•Geometrical Model Insights:
– Disk surface divided into unshingled (f) and shingled (1–f) regions
– Areal density increase factor A ≈ 2.25× – 2.5×
– Potential gains up to 3–5× (industry estimates)

Key-takeaway: SMR geometry enables up to threefold density gains, 
surpassing the conventional 1 Tbit/in² superparamagnetic limit.

Quantification of Write amplification
Write Amplification Issue:
- Small updates trigger large sequential writes
- Example: updating 4 KB → 64 MB rewrite
Impact:
- Write amplification significantly HIGH for 4 KB update in 64 MB band
- Larger band sizes = more severe amplification

*Storage Systems for Shingled Disks
Garth Gibson Carnegie Mellon University and Panasas Inc
Anand Suresh, Jainam Shah, Xu Zhang, Swapnil Patil, Greg Ganger
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Road to standardization:
SHINGLED MAGNETIC RECORDING FOUNDATIONAL
RESEARCH: 
BANDS AND GARBAGE COLLECTION METHODOLOGIES
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Classification of Shingled Magnetic Recording 

• Extensive research (study) of 250 references that include: 
  - Scientific peer reviewed papers

      - Selective patents of SMRs
      - Specifications doc
      - Blogs/whitepapers/technical reports
      - SDC content

•Classification Basis: 
   - Research categorized by SMR drive types: 
      DM-SMR, HM-SMR, HA-SMR, and the newer H-SMR.

•Code Contributions: 
 -  Explicitly highlights open-sourced works
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Road to Standardization

•Academic and industry practitioner shaped trajectory of SMR
•Focused on backward compatibility with legacy CMR

Period of Intensive Collaboration (2009-2016):

Three Pillars of Early SMR Research:
• Garbage Collection Algorithms
• Design Space Exploration of SMR bands (zones, layout, workload)
• Filesystem and workload

Path to Standardization:
• DM-SMR
• HM-SMR
• HA-SMR
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Drive-Managed Shingled Magnetic Recording 
(DM-SMR) 
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Drive-Managed Shingled Magnetic Recording (DM-SMR)

DM-SMR:
- First consumer-grade SMR (2013)
- Firmware-managed shingling & I/O
- Also known as autonomous disks or type-1 SMR
- Backward compatible, no standard command set

STL (SMR Translation Layer):
-   SMR’s version of FTL
- Maps LBA → PBA across shingled tracks
- Handles Read-Merge-Write (RMW) internally
- Performs garbage collection & data relocation
- Key factor in DM-SMR performance Drive-Managed Shingled Magnetic Recording (DM-SMR) main architecture

Research focus of DM-SMR:
- Reverse-engineering DM-SMR internals
- On-disk persistent cache studies
- Hybrid drives (SSD + DM-SMR)
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Types of DM-SMRs

- Out-of-place update SMR (O-SMR)
- In-place update SMR (I-SMR)
- Hybrid (O-SMR + I-SMR)

Three* types of DM-SMRs:

O-SMR:
- updates managed by writing updated data to new  

location rather directly overwriting existing data.
- COW (copy-on-write)

I-SMR:
- Static LBA-to-PBA mappings (no mapping tables)
- No garbage collection required

O-SMR +_I-SMR = Hybrid:
- Adaptive (dynamic) update
- Integrates track-level mapping 

 novel space management scheme

*These three terminologies were coined by Lin et al. and He et al
* These three types do not mean three types of consumer-grade drives
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1.Lessons learnt from DM-SMR
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Lessons Learnt from DM-SMRs 

Unpredictability:
•STL vs. FTL:

•STL (SMR Translation Layer) in DM-SMR differs significantly from FTL (Flash Translation Layer) in NAND flash.
•Flash memory avoids seek latency; SMR drives incur significant seek latency, impacting STL performance.

•Write Constraints:
•SMR → sequential-write constraint to prevent overwrites.
•Flash → erase-before-write with asymmetric program/erase sizes.

•Cleaning Overheads:
•SMR cleaning operates on large zones (256 MB vs. 2–16 MB in flash).
•Cleaning may re-read/re-write zones multiple times, causing 1–2 second delays.

Black Box Model:
•Lack of Standardization: No standardized command set compared to other SMR drives.
•Metadata vs. User Data: Drives struggle to differentiate → risk of write amplification.
•Fixed Metadata Handling: Unlike SSDs, disks limited to 4 KB sectors with firmware-only metadata access.
•Disk Heterogeneity:

•Even same-model drives show variable performance due to adaptive zoning techniques.
•Results in non-uniform performance across multi-disk systems.

•System Implication: Storage optimization becomes harder due to unpredictable, heterogeneous behavior.

Two main lessons: (1) Unpredictability and (2) Black Box Model
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Host-Managed Shingled Magnetic Recording 
(HM-SMR) 
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Pushing intelligence up: 
Host-Managed (HM) SMR

Host-Managed SMR (HM-SMR):
- Research began ~2012; first disk released in 2014.
- Alternative to DM-SMR due to GC-related bottlenecks.
- Also known as *Type-II SMR*.

Key Characteristics:
- Intelligence shifted to the host (not firmware-managed).
- Provides predictable performance vs. DM-SMR’s 
- Requires filesystem modifications or new filesystem designs.
- Uses standardized interfaces:
     ZBC (Zoned Block Commands, ANSI INCITS 536)
     ZAC (Zoned ATA Commands, ANSI INCITS 537)

Research focus of HM-SMR:
Understandably filesystems
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Lessons learnt from Host-Managed Shingled 
Magnetic Recording (HM-SMR) 
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Lessons learnt from HM-SMR DMRs
•High Software Overhead:
- effort required to revamp I/O stack & filesystems.
- use cases lean toward backup & archival workloads.

•Sequential Write Challenges
   - most I/O stacks reorder accesses → out-of-order writes.
   - lead to I/O errors in HM-SMR drives.

•Linux Kernel Issues
  - CFQ scheduler caused frequent write errors.
  - Deadline scheduler adopted as temporary SMR-aware fix.
  - Long-term goal → universal dispatch layer for all I/O schedulers.

HM-SMR remains workhorse  of       of  hhyperscalers 
- Dropbox
- Alibaba
- Google’s advocacy for Caveat Scriptor
- Huawei
- ……………..

Temporary uphill battle with Linux mainline kernel

details mentioned in paper
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Host-Aware Shingled Magnetic Recording 
(HA-SMR) 
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Host-Aware (HA) 
SMR

Host-Aware (HA)-SMR:
- Research began 2013 → first consumer grade 2016.
- Academic studies appeared 2017 onwards.
- Represents a superset of DM-SMR & HM-SMR.

Core Idea:
- data retention model of DM-SMR + performance 
   traits of HM-SMR.
- Firmware manages mix of random + sequential writes
- Tolerates occasional deviations from strict sequential patterns.
- Integrates T10 ZBC & T13 ZAC APIs with disk firmware.

Key targets:
- Intelligent host policies via APIs for better control.
- Backward compatibility with fewer Linux changes vs HM-SMR.
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Lessons learnt from Host-Aware Shingled 
Magnetic Recording (HA-SMR) 
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Lessons learnt from HA-SMR
By and large, HA-SMR was (or is) to mitigate and improve following, respectively:

- DM-SMR: Tail latency, characterized by prolonged response times due to blocking cleaning in STL
- HM-SMR: better filesystems 

Question: Why lower adaptability?
Enterprises/Users/Customers want a clear contract and control

Some of the HA-SMR work cited in paper:
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Hybrid Shingled Magnetic Recording 
(H-SMR) 
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Dynamic Hybrid – Shingled Magnetic Recording (H-SMR)

H-SMR Overview:
- Combines CMR zones (hot data) + SMR zones (cold data).
- Host can dynamically reconfigure zones via H-SMR APIs.
- Hot data → CMR: in-place updates, avoids SMR overhead.
- Cold data → SMR: sequential writes, high density.

Architecture:
- CMR zones: lower LBA, short-stroked → low latency, high IOPS
- SMR zones: higher LBA → high capacity, cold data storage.
- Zone conversion: (online/offline) changes usable zone count 

due to areal density differences.Key factor in DM-SMR 
performance

Research Themes:
- Limited: only 3 key studies
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3. SMR and HAMR 2025 onwards
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Overall lessons learn and extending SMR to Future Disk 
Technologies

• TDMR (Two-Dimensional Magnetic Recording)
• MAMR (Microwave-Assisted Magnetic Recording)
• IMR (Interlaced Magnetic Recording)
• HAMR (Heat Assisted Magnetic Recording)

Overall lessons learnt:
- SMRs remain highly relevant.
- SMRs still untapped in non-hyperscalers
- Good with WORM
- Most important: paves way for future disks

In my paper, following four disk technologies 
were discussed:

Main focus?
- Obviously HAMR
     - 400+ patents, strong research focus
      - System-level study still underexplored
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Heat Assisted Magnetic 
Recording (HAMR)

HAMR principle:
- A laser heats the writing spot temporarily
- Heat reduces coercivity → magnetic field can write to 

smaller region.
- HAMR write head = magnetic writer + laser diode
- Enables high areal-density
- Boosts storage capacity

Heat Interlaced Magnetic Recording (HIMR):
- Proposed in 2016
- Combines HAMR’s heat-assisted writing 

with interlaced track layout

Two variants were discussed in our paper:
- Shingled-HAMR (S-HAMR)
- Heat Interlaced Magnetic Recording (HIMR)
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SMR+ HAMR = Systems 



38 | ©2025 SNIA Developer Conference. All Rights Reserved. 

SMR+ HAMR = Systems and Application 

1.  New Rule of thumbs?
2.  Filesystems?
3.  Simulators?
4.  Data storage solutions: Deduplication and RAID 

What’s next?
From materials to machines: the next leap 
is systems and application

What in Systems?
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Larger disks and existing rules
of thumbs

1. Rule of thumb 1: Average seek distance ≈ 1/3 of the full seek distance
2. Rule of thumb 2: seek latency + rotational latency + transfer latency 

Two rule of thumbs in CMRs:

Question: Do these rule of thumbs are relevant to SMRs and HAMR?
Answer: It would be interesting to revisit. Why?

Future larger disks may break the rule:
• 1/3rd rule remains useful approximation for current disks (∼4% error)
• As platter sizes increase (larger radius, more tracks), error will grow.
• For high-precision modeling, 1/3rd shortcut may no longer be acceptable.

Citing two* papers (academia + industry) that has compelled to 
revisit rules of thumbs (not our papers, we are merely citing): 

* Revisiting HDD Rules of Thumb: 1/3 Is Not (Quite) the Average Seek Distance
Serkay Ölmez MIT Lincoln Laboratory,Yifan Dai University of Wisconsin,John Bent Los Alamos National Laboratory,Remzi Arpaci-Dusseau

* Radius and Skew Effects in an HAMR Hard Disk Drive
Michael A. Cordle, Drew M. Mader, Steven D. Granz, Alfredo S. Chu, Pu-Ling Lu, Frank Martens, Ying Qi, Tim Rausch, Jason W. Riddering, and Kaizhong Gao
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SaunaFS (Leil Storage):

What is SaunaFS?
- a distributed, exabyte-scale file system from Leil Storage
- has roots in Google Filesystem
- primarily supports Host-Managed SMR (HM-SMR)

Where does HAMR fits in SaunaFS?
- SaunaFS 5.0 for HAMR
- SaunaFS 5.0 for HAMR + SMR

SaunaFS codebase?
- open-sourced, C++ (of course), and active 
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Simulation of HAMR drives

Why simulation?
A significant part of SMR academic and industrial research is built on the foundation of simulators.

HAMR simulators and granularity?
In my research, I found following two* academic references (fine work – moved the needles):

- Work: “Simulation of Heat Assisted Magnetic Recording System” et.al Jao
Granularity: work centers on simulation methodologies for HAMR (media generation, recording, playback, and state detection)

- Work: “System and Media Optimizations for improved HAMR Performance” et.al Natekar
Granularity: work targets system and media optimization techniques for improved HAMR performance.

* Simulation of Heat Assisted Magnetic Recording System, Yipeng Jiao, 2018
* System and Media Optimizations for improved HAMR Performance, RANDALL H. VICTORA, 2020
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RAID (black-art) 

“The chain is only as strong as its weakest link”
mixing SMRs and CMRs in RAID was not a preferable choice. 
Performance of a RAID array that mixes SMR and CMR drives would 
be similar to an SMR-only RAID array.

RAID 0 – Data striping, no fault tolerance.
RAID 1 – Disk mirroring
RAID 2 – Bit-level striping for error correction (rarely used).
RAID 3 – Byte-level striping (obsolete).
RAID 4 – Block-level striping with dedicated parity disk
RAID 5 – Block-level striping with distributed parity (most common)
RAID 6 – Like RAID 5 but with dual parity, survives two disk failures.

in-short: RAID’s fixed data distribution pattern (striping + parity) assumes 
disk can handle random updates 
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Deduplication 
1. SMR-aware Fingerprint Store (2018, Wu et al.):
2. SMRTS (2022):
3. LaDy (Recent):

SMR-aware Fingerprint Store (2018):
•Joint dedup + HM-SMR integration
•Used chunk lifetime to reduce reclamation delay
•Evaluated with Skylight emulator + fio tool

SMRTS (2022):
•SSD + SMR tiered storage
•SSD-tier: metadata, index, hot files
•SMR-tier: deduplicated cold files stored sequentially

LaDy (2023):
•Locality-Aware Deduplication
•Selectively writes duplicates to preserve locality

HAMR ≠ SMR:

•Characterize HAMR’s write/latency/error profile under 
   realistic dedup-induced write patterns
•HAMR-specific optimizations that leverage its higher density for 
   deduplication benefits - like storing larger fingerprint indexes or 
   enabling more aggressive dedup ratios due to increased capacity.
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Heated Dot Magnetic Recording (HDMR)

•Definition: 
  HDMR = Heat-Assisted Magnetic Recording (HAMR) + Bit Patterned Media (BPM).

•Target:
  - ultra-high areal densities (potentially >10 Tb/in²).
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Repository of Reflecting 17 years of SMRs publication

 BabarZKhan/shingled-magnetic-
recording

https://github.com/BabarZKhan/shingled-magnetic-recording
https://github.com/BabarZKhan/shingled-magnetic-recording
https://github.com/BabarZKhan/shingled-magnetic-recording
https://github.com/BabarZKhan/shingled-magnetic-recording
https://github.com/BabarZKhan/shingled-magnetic-recording
https://github.com/BabarZKhan/shingled-magnetic-recording
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Thank you for attending! 
Please remember to rate this session. You get access the presentations at 

http://sniadeveloper.org/conference

http://sniadeveloper.org/conference?utm_source=SDC+Denver&utm_campaign=f65c8b5790-2018Recognition_COPY_01&utm_medium=email&utm_term=0_43e301a4b3-f65c8b5790-
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