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GS5 Series — Advanced PCIe Gen5 Storage Architecture for High-Performance Enterprise Workloads

Introduction

The GateStor SP7K-NVMe G5 Series represents an advanced open-systems hybrid storage platform purpose-
built to deliver deterministic, ultra-low latency performance at scale. Built upon GateStor’s patented Virtual
Storage Architecture (VSA), it diverges fundamentally from conventional cache-bound and network-
clustered architectures such as NetApp AFF, Dell PowerStore, HPE Alletra, Huawei OceanStor, and Pure
Storage FlashArray. By leveraging PCle Gen5 interconnects with an aggregate throughput of 1 Tbps, the
SP7K-NVMe G5 achieves sustained I/O performance exceeding 20 million IOPS per system while
maintaining linear scalability from 2.94 PB in a single 2U configuration to 8 Exabytes via OmniBUS®-based
PCle clustering. Rather than relying on traditional Ethernet or InfiniBand network fabrics, the SP7K employs
a hardware-level interconnect model that allows direct PCle-based memory and I/O transactions between
nodes with sub-1 microsecond latency, completely eliminating protocol overhead, network congestion, and
cache thrashing during saturation events.

The VSA consolidates all physical storage devices—NVMe, SAS, SATA, or Fibre Channel—into a unified
virtual memory space abstracted from host dependencies. Logical volumes are instantiated dynamically with
selectable protection modes, including multi-tiered RAID levels (0, 1, 3, 5, 6, 10, 50, 60, 550, 560) and multi-
domain mirroring (intra-node, local, cross-node, reflective, and remote replication). Each dataset can be
reconfigured in real-time without downtime, allowing per-volume adjustments in stripe width, parity
configuration, or redundancy policy. By operating at the PCle bus level rather than the network layer, the
architecture achieves fully parallelized access paths that bypass metadata servers and data routing daemons
typical of distributed storage systems. This approach provides deterministic I/O, consistent latency profiles,
and zero metadata contention across clustered nodes.

The OmniBUS® interconnect acts as a PCle fabric backbone linking up to 1024 nodes in an active-active
topology. Each node communicates through direct memory access (DMA) operations over the PCle fabric at
1024 Gbps bandwidth, delivering up to 5x faster transfer rates compared to high-performance InfiniBand or
Ethernet alternatives. This bus-level clustering eliminates the overhead associated with TCP/IP and enables
native peer-to-peer communication between controllers, dramatically reducing synchronization latency.
Furthermore, OmniBUS® supports dynamic partitioning and hot-node integration, allowing the cluster to
expand linearly in both capacity and performance without requiring system reinitialization or metadata
redistribution.

The SP7K storage server functions as a distributed operating entity, coordinating asynchronous processes
across nodes. Its optimized kernel manages parity computation, block mapping, and I/O scheduling in real
time. Intelligent parity acceleration mechanisms minimize CPU involvement during XOR or Reed-Solomon
encoding, while operation elimination algorithms suppress redundant reads and writes at the driver level. The
VSA also incorporates a hierarchical storage memory subsystem that merges DRAM, persistent NVDIMM,
and UPS-backed cache into a single addressable space, allowing adaptive allocation of volatile and non-
volatile memory segments for optimal throughput and durability.

By unifying SAN and NAS functionality within a single hybrid framework, the SP7K-NVMe G5 eliminates
the traditional separation of block and file workloads. Block-oriented protocols such as iSCSI, FCP,
InfiniBand SRP, and NVMe-over-Fabrics coexist with file-based protocols like SMBv3 and NFSv4.1 within
the same namespace, managed through a unified GUI that consolidates provisioning, monitoring, and access
control. This integration not only removes administrative silos but also prevents the performance penalties
associated with multi-protocol bridging. The platform supports dynamic LUN or file-share reallocation,
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allowing immediate reassignment of resources across workloads without requiring a restart or client-side
remount.

Unlike cache-reliant architectures that exhibit erratic performance during saturation—such as NetApp (AFF
series), Dell (PowerStore), HPE (Alletra), Huawei’s (OceanStor series), which demonstrates tail latencies
exceeding 1500ms at the 99.9th percentile during cache flush operations—the SP7K-NVMe G5 maintains
stable, sub-millisecond performance under full-load conditions. Its broadcast-based data movement model
and virtualized storage memory reduce I/O operations by 50—70% through elimination of redundant data
copying, enabling sustained throughput even during heavy random I/O workloads.

This whitepaper provides a detailed exploration of the GateStor SP7TK-NVMe G5’s architectural design,
focusing on its low-level data handling mechanisms, bus-level clustering, intelligent parity processing, and
adaptive memory virtualization. It highlights how the convergence of Al-driven workload prediction, multi-
dimensional RAID resilience, and metadata-free scaling delivers exabyte-class capacity with predictable
latency and 99.999999% availability. Through this design, the SP7K-NVMe G5 redefines the operational
and architectural limits of enterprise storage, establishing a new benchmark for high-performance, fault-
tolerant, open-systems storage in Al, analytics, media, and hyperscale environments.

Virtual Storage Memory Management vs. Traditional Cache

Traditional storage arrays, such as Huawei OceanStor and similar systems, rely on multi-tiered caching
architectures that often suffer from performance inconsistencies during high-load conditions. When cache
memory becomes saturated, input/output operations must pause while data is flushed from cache to disk,
resulting in latency spikes and significant reductions in throughput. In contrast, the Virtual Storage
Architecture (VSA) consolidates all storage resources into a unified virtual storage memory layer. This
integration combines physical RAM and persistent memory, such as NVDIMM or UPS-protected modules,
to deliver a high-speed and resilient data path.

Through address virtualization, the system dynamically maps data blocks to reduce fragmentation and
maintain efficiency. The broadcast mechanism enables simultaneous data distribution via PCle Gen5,
reducing I/O overhead by 50—70%. A persistent cache of up to 8 TB NVDIMM supports both write-back and
write-through modes, ensuring data durability without compromising performance. Memory mapping
techniques stage operations to delay commits and eliminate transient data, while page-stripe alignment
removes the need for read-modify-write cycles in RAID 5 and 6 configurations. This is perhaps one of the
most important benefits of GateStor’s memory mapping technique, avoiding the task of reading old data,
XOR it with new data to generate parity and then write it to the corresponding parity drive. Avoiding three
data transfers when witting drastically improves the write speed, especially in applications where the write
ratio is substantially higher than the read ratio. This technology has significant impact on data acquisition
applications by improving availability and performance.

Predictive algorithms for pre-fetching and statistical eviction sustain consistent performance by preventing
cache overflow and ensuring optimal data locality. ECC memory and integrated UPS or battery backup
maintain data integrity during unexpected outages, and optional NVDIMM modules further strengthen
persistence. As workloads scale, the system preserves stable and predictable performance, avoiding cache
degradation and thrashing typical of traditional architectures.
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RAID-on-RAID Architecture

The Virtual Storage Architecture (VSA) incorporates a flexible nested RAID system supporting levels 0, 1,
3,5, 6, 50, 60, 550, 560, and JBOD, allowing per-dataset (File) or volume configuration for maximum
adaptability. It provides tolerance for three or more simultaneous failures per group, surpassing the
limitations of fixed schemes such as NetApp RAID-TEC. Base RAID groups, such as RAID 6, can be striped
or mirrored at a meta-level configuration like RAID 560, with tunable stripe sizes ranging from 4K to 128K
to optimize performance for specific workloads. The system supports dynamic reconfiguration without
downtime, enabling seamless performance enhancement and capacity expansion while maintaining
continuous availability.

Back-End Drive Support and Hybrid Configurations

The platform integrates NVMe Gen5 technology with SAS and SATA SSDs, enabling seamless coexistence
and performance balance across different media types. Automatic tiering intelligently migrates hot data to
faster NVMe drives for optimal efficiency as a configurable option. The head unit supports 24 NVMe bays,
expandable through two JBOD enclosures with 36 NVMe drives each, providing a total capacity of 120
NVMe and 480 SAS/SATA drives. OmniBUS® clustering scales the system to an impressive 8 exabytes,
ensuring massive scalability for enterprise environments. Advanced flash optimization algorithms minimize
write operations, significantly extending the lifespan and reliability of NVMe and SSD media.

Connectivity and Protocols

Front-End Connectivity

The system supports high-speed interconnects including InfiniBand up to 400 Gb/s, Ethernet up to 800 Gb/s,
Fibre Channel up to 32 Gb/s, and OmniBUS® up to 1024 Gb/s, ensuring exceptional data throughput and low
latency. iSCSI bonding further enhances performance by aggregating bandwidth across multiple network
paths. Its hybrid architecture enables concurrent SAN and NAS operations without the need for dedicated
hardware, providing a unified and flexible storage solution that optimizes both performance and resource
utilization.

Protocol Support and Virtualization

The system features dynamic protocol assignment, enabling volumes to function seamlessly as LUNs
(SAN) or shares (NAS) based on workload requirements. A unified graphical user interface (GUI)
centralizes configuration, monitoring, access control, and protocol switching, streamlining management
across diverse environments. The integrated metrics dashboard provides real-time visibility into both
block and file workloads, complete with alerting and logging capabilities for proactive system health
monitoring. The platform supports an extensive range of enterprise protocols, including iSCSI, FCP,
InfiniBand SRP, IPoIB, CIFS/SMBv3, NFSv4.1, iSER, NVMeoF, NDMP, and RoCE, with full LDAP and
Active Directory integration for unified authentication and access management. This flexible, protocol-
agnostic architecture allows organizations to consolidate storage services while maintaining high
performance, compatibility, and administrative simplicity.

Enabling the Open Enterprise

The Virtual Storage Architecture (VSA) is fully host and drive agnostic, supporting a wide range of interfaces
including InfiniBand, 100GbE, Fibre Channel, OmniBUS®, SATA, and SAS. Its flexibility ensures seamless
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integration across diverse hardware environments without vendor lock-in. The system leverages SNMP for
distributed monitoring, allowing administrators to maintain visibility and control across multiple nodes and
networks. Designed for long-term adaptability, it employs multi-dimensional scaling to accommodate both
performance and capacity growth, effectively protecting infrastructure investments while ensuring
continuous scalability and efficiency.

Performance and Scalability

The system delivers exceptional performance and scalability, achieving up to 20 million IOPS through PCle
parallelism and multi-core Xeon processors with as many as 112 cores x 4 per node. Its broadcast architecture
minimizes memory copy operations, while the Virtual Storage Architecture (VSA) eliminates coherency
delays, ensuring ultra-low latency performance. In 4K random benchmarks, the platform fully leverages deep
queue depths of 65,536 per drive and hardware offloading to sustain maximum throughput. The solution
scales seamlessly starting at 2.94 PB in a scale-up configuration, expandable to 7.86 PB, and extendable to
8 exabytes through OmniBUS® clustering for scale-out growth with dynamic partitioning.

High availability reaches 99.999% to 99.999999% through active/active controllers, 3—1024-node clusters,
hot-swappable components, and multi-path redundancy. Virtual Storage Architecture further enhances
efficiency through intelligent broadcasting, parallelism, optimized mapping, and operation elimination,
achieving superior parity and reduced overhead. Data transfers are halved via simultaneous bus operations,
while multi-node clustering enables data replication without additional latency or resource penalties.

Processing is distributed across all system components to maximize concurrency, while memory staging
optimizes caching by discarding transient data, pre-fetching intelligently, and using statistical models for
efficient eviction. Advanced mapping algorithms delay commit operations and balance space utilization to
ensure predictable performance, while ECC, UPS, and NVDIMM maintain data integrity. Finally, protection
schemes such as RAID or mirroring can be dynamically applied per dataset(file) or LUN without requiring
system reconfiguration, offering unmatched flexibility and resilience.

Advanced Features and Management

Storage Management Options

The virtualization layer within the system implements a comprehensive abstraction model that unifies
heterogeneous storage resources, allowing both legacy and modern devices to participate within a common
address space. It employs an advanced stripe mapping algorithm that distributes I/O across devices in a
balanced manner, optimizing seek time, concurrency, and throughput while reducing contention on slower
subsystems. This design extends to legacy disk arrays, where logical striping overlays physical media to
harmonize performance across mixed generations of storage hardware. The subsystem supports up to 1024
immutable snapshots per logical volume using a copy-on-write mechanism at the block level, which
ensures zero-impact consistency points and protection against accidental or malicious data alteration. Thin
provisioning is implemented at the metadata layer, enabling virtual allocation of capacity that can exceed
physical limits by 50-80% through deferred block instantiation.

Inline deduplication and compression engines operate at the memory tier, using variable- length pattern
recognition and entropy-based reduction to achieve 3—5x space efficiency without introducing write
latency. Replication and mirroring are handled by asynchronous and  synchronous transport mechanisms
at the block layer, providing site-level resilience and ensuring recovery point objectives close to zero.
Ransomware protection is achieved through immutable snapshot retention, anomaly detection based on I/O
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heuristics, and statistical ~deviation modeling that can isolate compromised data streams in real time. The
hybrid cloud tiering subsystem extends the logical namespace to public or private cloud storage,
automatically migrating cold data based on access frequency metrics and policy-defined thresholds. This
enables seamless elasticity between on-premises and cloud resources, optimizing both cost and
performance while maintaining unified visibility across the entire storage topology.

Fault Tolerance

The architecture provides comprehensive data protection through RAID 6 dual-failure tolerance, ECC error
correction, and flexible multi-RAID configurations such as 550 and 560. Mirroring options include intra-
array for multi-copy and component failure protection, local for array-level redundancy, cross for host,
array, or link failures, remote for disaster recovery, reflective for peer synchronization, and replicated for
multi-site environments, all of which can be combined with parity for enhanced resilience. NVDIMM
modules with mirroring and parity ensure data integrity, while each node includes a dedicated UPS to
safely flush data during power outages. A non-volatile cache mirrors in-transit data, preventing loss under
any failure condition. The integrated web GUI provides detailed monitoring of throughput, IOPS, CPU
utilization, idle time, sampling, historical statistics, logs, connections, and alerting via email, LED
indicators, or audio notifications for events such as failures or mirror breaks.

Defying Downtime: How GateStor Engineers True 8-Nines Availability

GateStor’s architecture achieves an extraordinary 99.999999% availability, not through theoretical
projections, but through a layered, mathematically compounded, and physically verifiable design built for
zero-interruption data access. At its foundation lies the Virtual Storage Architecture (VSA), which
abandons the legacy RAID mindset in favor of advanced multi-parity erasure coding capable of tolerating
up to four simultaneous device or data chunk failures within a protection group. This high-resilience design
uses triple (m=3) and quad (m=4) parity schemes, maintaining full data integrity even during concurrent
rebuilds of multi-terabyte drives—a scenario that would cripple conventional RAID systems.

Each VSA protection domain is deployed as an independent failure zone, complete with its own controllers,
power isolation, and network fabric segmentation. These domains communicate through OmniBUS®,
GateStor’s proprietary PCle Gen5 interconnect, which provides 1024 Gbps of low-latency bandwidth and
sub-microsecond direct memory access (DMA) between nodes. By enabling synchronous mirroring of fully
protected datasets across distinct physical enclosures, GateStor compounds availability according to the
reliability equation:

Atota] =1- (1 - A_domain)2

Where each domain, individually achieving 99.99% (four nines), combines to deliver a system-level uptime
01 99.999999% (eight nines). This compound availability model is not theoretical—it’s enforced by
deterministic fault isolation, active-active controller operation, and real-time parity distribution across the
PCle fabric.

GateStor’s resilience extends beyond redundancy. Its parallel rebuild engine leverages PCle multi-lane
throughput to reconstruct failed drives or stripes concurrently, reducing rebuild times from hours to
minutes. Predictive analytics continuously monitor drive latency profiles, thermal signatures, and parity
health vectors, preemptively reallocating data before degradation occurs. Meanwhile, automated failover
orchestration and self-healing logic ensure uninterrupted service during component swaps, firmware
upgrades, or site-level disruptions.
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By combining mathematical precision, hardware isolation, and Al-assisted recovery orchestration, GateStor
transcends the industry’s “five-nines” benchmark to deliver a truly continuous, self-protecting storage
environment. The result is an enterprise-grade storage fabric engineered not merely for uptime, but for
perpetual availability—a system that doesn’t just survive faults but anticipates and neutralizes them before
they ever impact data access.

Hardware Specifications

Component
Processors
Cache
Power Supply
Cooling
Dimensions (Head Unit)
Weight (Head Unit)
Environmental
OS Compatibility
Drive Sizes - HDD
Drive Sizes - NVMe/SSD

Global Hot spare
OS Certified

Controller Configurations and
Redundancy

Features (Options)

Backplane

HDD Bays Interface
NVMe Bays

Capacity

JBOD Expansion

Write Mode
Copy/Mirror/Replication

Monitoring

Local and Remote Alert

SW License

Hot-swap Power Supply Head
Unit

Hot-swap Power Supply 32
drive chassis

Cooling

Power Source

Operating Temperature
Non-operating Temperature
Operating Humidity
Non-operating Humidity

Description
2 or 4 Intel Xeon 64-bit, 8-112 cores each
64GB to 4TB volatile + 8TB persistent
Head: 1,280W Titanium redundant; JBOD: 1,000W Titanium
5 hot-swap fans
17.2"Wx3.5"Hx27.76" D (437 x 89 x 705 mm)
Net: 37 Ibs (16.8 kg); Gross: 63 1bs (28.6 kg)
Operating: 10-35°C, 8-90% RH; Non-op: -40-60°C, 5-95% RH
Windows 10/11/Server 2019/2022, Red Hat, CentOS, Rocky, SuSE, Solaris, Oracle Linux, VMware
18TB, 20TB, 22TB, 24TB, 30TB
3.84TB, 7.68TB, 15.36TB, 30.72TB, 61.44TB, 122.88TB

Minimum 1 per drive type to 256
Windows 11/10, Windows Server 2019, 2022, Red Hat, CentOS, Rocky, SuSE Linux, Solaris, Oracle Linux,
VMWare *Request your representative for latest OS versions certified.

Single, Dual (Active/Active), 3 to 1024 Cluster mode

Immutable Snapshots: Up to 1024 per volume, Thin Provisioning, Encryption, Compression/Dedupe,
Replication, iISCSI Port Bonding Bonding Mode, Balance-rr, Active-backup, Balance-xor, Broadcast,
Balance-tlb, Balance-alb, all software carries a perpetual license model

NVMe Gen 5.0 /SAS supports SES-II, SGPIO

Head Unit NVMe options SAS (16gb/s) / SATA3(6Gb/s)

24 On head Unit

NVMe 15.6PB (Petabytes) with 122TB Drives Optional SAS/SATA 30TB drives -14.4 PB (Petabytes)
Up to 2 JBODs (36 NVMe GS5 drives each)

Write Back / Write Through

Local Mirror, Remote Mirror, Remote Replication, Duplication, Volume Copy

Throughput Gb/s, IOPS, CPU utilization, Idle time, Channel sampling, Volume historical read / write
statistic, GUI login / logoff, log, client connections, GbE interface.

Alarm type : Mail / LED / Audio Alarm Trigger : HDD Failure / Fan Failure / Redundant Power Supply /
Remote Mirror Broken

Software License for Firmware & All System Software - Perpetual

1,280W Titanium Level hot-swappable redundant power

1000W Titanium Level hot-swappable redundant power

5*hot-swappable fans

AC 110V~240V Full Range 50-60Hz, 13A-6.5A Max, C13 Power Cords
10°C~35°C (50°F~95°F)

-40°C~60°C  (-40°F~140°F)

8%~90% (non-condensing)

5%~95% (non-condensing)
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SP7K NVMe G5

(Angled Rear View — System)

1 of 2 Hot-swap Controllers.

Model Specifications

Model

Host Ports

Drives
Encryption

Management
Console

Standard
10GbE Ports
iSCSI

FCP

IB SRP
IPoIB
CIFS/SMBvV3
NFSv4.1

iSER

NVMeoF

NDMP
RoCE

LDAP/Active
Directory
Internet

Content
Adaptation

Application
Support

SP7K-NVMe 200

1B: 100/200/400 Gb/sec, 4 to 8 Ports
Ethernet: 10/25/40/100/200/400/800
GbE/sec, 4 to 8 Ports (RJ45, SFP, SFP+,
SFP-28, SFP-DD)

FC: 16Gb/sec, 32Gb/s, 4 to 8 Ports
OmniBUS®: PCle 5.0, 1,025 Gb/sec

24 NVMe + 240 SAS/SATA
AES-256, TLS 1.2, TLS 1.3, IPSec

Web HTTPS with SSL unified
SAN/NAS

4 Base-T

Supported, with bonding for aggregated
bandwidth

Supported, up to 32Gb/s

Supported, up to 400 Gb/s

Supported, integrated with InfiniBand
Supported for NAS file sharing
Supported for NAS file sharing

Supported, enhances iSCSI.
performance

Supported, leveraging NVMe over Fabrics

Supported for backup and recovery
Supported, for low-latency RDMA

Supported for user authentication

Supported for content inspection

Integrated: Bacula (backup), Commvault
(backup), Veeam (backup, replication),
Zerto (replication), VMware
(hyperconvergence and virtualization),
Hyper-V (hyperconvergence and
virtualization),), Proxmox (clustering,
hyperconvergence and virtualization),
KVM (hyperconvergence and
virtualization), Hanna (in-memory storage),
Vaultsafe (ransomware)

SP7K NVMe G5

(Rear View — System)

Dedicated IPMI LAN Port

Serial Port

2RJ45 10GDE Ports
2USB Ports

Redundant 2000W Titanium Level Power Supplies

Slot Description (Per Controler) |

[ I
|

FCle 5.0 x16 LP. |

£33

PCla 5.0x8 LP. |

SP7K-NVMe 400

1B: 100/200/400 Gb/s, 8 to 16 Ports
Ethernet: 10/25/40/100/200/400/800
GDbE/s, 8 to 16 Ports (RJ45, SFP, SFP+,
SFP-28, SFP-DD)

FC: 16Gb/sec, 32Gb/s, 8 to 16 Ports
OmniBUS®: PCle 5.0, 1,025 Gb/s

60 NVMe + 240 SAS/SATA
AES-256, TLS 1.2, TLS 1.3, IPSec

Web HTTPS with SSL unified
SAN/NAS

4 Base-T

Supported, with bonding for aggregated
bandwidth

Supported, up to 32Gb/s

Supported, up to 400 Gb/s

Supported, integrated with InfiniBand
Supported for NAS file sharing
Supported for NAS file sharing

Supported, enhances iSCSI
performance

Supported, leveraging NVMe over
Fabrics

Supported for backup and recovery
Supported, for low-latency RDMA

Supported for user authentication

Supported for content inspection

Integrated: Bacula (backup),
Commvault (backup), Veeam (backup,
replication), Zerto (replication),
VMware (hyperconvergence), Hyper-V
(hyperconvergence), Proxmox
(clustering, hyperconvergence), KVM
(hyperconvergence), Hanna (in-
memory storage), Vaultsafe
(ransomware)
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1B: 100/200/400 Gb/s, 8 to 16 Ports
Ethernet: 10/25/40/100/200/400/800
GDbE/s, 16 to 32 Ports (RJ45, SFP,
SFP+, SFP-28, SFP-DD)

FC: 16Gb/sec, 32Gb/s, 16 to 32 Ports
OmniBUS®: PCle 5.0, 1,025 Gb/s

120 NVMe + 480 SAS/SATA
AES-256, TLS 1.2, TLS 1.3, IPSec

Web HTTPS with SSL unified
SAN/NAS

8 Base-T

Supported, with bonding for aggregated
bandwidth

Supported, up to 32Gb/s

Supported, up to 400 Gb/s

Supported, integrated with InfiniBand
Supported for NAS file sharing
Supported for NAS file sharing

Supported, enhances iSCSI
performance

Supported, leveraging NVMe over
Fabrics

Supported for backup and recovery
Supported, for low-latency RDMA

Supported for user authentication

Supported for content inspection

Integrated: Bacula (backup),
Commvault (backup), Veeam (backup,
replication), Zerto (replication),
VMware (hyperconvergence), Hyper-V
(hyperconvergence), Proxmox
(clustering, hyperconvergence), KVM
(hyperconvergence), Hanna (in-
memory storage), Vaultsafe
(ransomware)
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Core NAS Functions

Features Functions
Category

Delayed Allocation (delalloc)
Dynamic Inode Allocation
Online Defragmentation

Online Resize

Sub-Second Timestamp Precision
Sparse File Support

64-bit Block Numbering

Reflink / Copy-on-Write (CoW)
CRC-Enabled Metadata

Reverse Mapping (rmapbt)
Parent Pointer (pquotino)

Quota Management

Extended Attributes (xattr)
Access Control Lists (ACL)

File System Freeze/Thaw
Preallocation / fallocate()

Write Barriers and FUA Support

Performance
Optimization

Category
Aggressive Read-Ahead

Parallel I/O Scaling

Allocation Groups (AGs)

Direct I/O Support
Asynchronous Metadata Updates
Log Buffering

Memory-Mapped I/0 (mmap)

Security Functions

Category
NFS and SMB Exportable
POSIX Compliance

Extended Attributes for ACLs
and SELinux

GateStor SP7K-NVMe G5 Technical Whitepaper

Description

Defers block allocation until data is flushed to disk, optimizing layout and reducing fragmentation.

Allocates inodes dynamically as needed (not preallocated like ext2/ext3).
Allows defragmentation while mounted and in use (xfs_fsr).

Supports online file system expansion (no unmount required).
Nanosecond-level timestamps on files and directories.

Efficient storage of large files with unallocated zero regions.

Supports extremely large block devices and files.

Introduced in kernel 4.9+, allows lightweight snapshot-like clones of files.
Protects critical metadata with checksums for early corruption detection.
Maps physical blocks back to owners (for integrity and deduplication tooling).
Tracks directory ancestry to improve repair reliability and quota management.
Supports user, group, and project quotas with separate accounting.

Stores additional metadata such as SELinux labels, ACLs, or application data.
Fine-grained permission management beyond UNIX mode bits.

Allow consistent snapshots by freezing I/O during backup operations.
Preallocates space for files to reduce runtime fragmentation.

Ensures data ordering and integrity in journaling operations.

Description
Predictive caching of sequential data blocks to improve throughput.

Designed for SMP and multi-core scalability; multiple allocation groups (AGs) support concurrent
operations.

Divide the file system into independent regions for parallelism and reduced lock contention.
Allows bypassing the page cache for high-performance applications (databases, HPC).
Improves transaction throughput by batching and deferring non-critical metadata writes.
Uses log buffers to group metadata transactions for faster journaling performance.

Efficiently maps file data into user-space address space.

Description
Fully compatible with Linux NFSv3/v4 and Samba/SMBv3 for NAS deployment.
Supports all major UNIX file semantics.

Integration with networked and multi-tenant security environments.

Networking and NAS Functions

Function

NFS and SMB Exportable
POSIX Compliance
Extended Attributes for ACLs

and SELinux
Additional Functions

Type
Type

Description
Fully compatible with Linux NFSv3/v4 and Samba/SMBv3 for NAS deployment.
Supports all major UNIX file semantics.

Integration with networked and multi-tenant security environments.

Description

64-bit journaling file system designed for scalability and high concurrency on SMP and NUMA.
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Type

Origin

Architecture

Addressing

Allocation Groups (AGs)
Logging Model
Metadata Journal

Log Buffering

Write Barriers and FUA
CRC-Protected Metadata

Reverse Mapping B+-Tree
(RMAPBT)

Allocation Group
Free/FreeList (AGF/AGFL)

Extent-Based Allocation
Delayed Allocation
Preallocation

Unwritten Extent
Conversion

Dynamic Inode Allocation
AG Free Space Trees
Multithreaded Allocation
Asynchronous Metadata
Direct /O
Memory-Mapped 1/0
Read-Ahead Optimization
I/O Alignment

Per-CPU Queues
Transaction Atomicity
Crash Recovery

Online Scrubbing
Offline Repair

Metadata Coherency
Power-Loss Resilience
CRC Validation
Freeze/Thaw Interface
Immutable / Append-only
AES-256 Encryption
Reflink Cloning
Deduplication

Sparse Files

Extended Attributes
Access Control Lists
Quotas

Real-Time Subvolume
Directory Indexing
Timestamps

xfs_repair

xfs_db

xfs_fsr

xfs_growfs

xfs_logprint
xfs_metadump

xfs_scrub

xfs_quota

Security Integration

GateStor SP7K-NVMe G5 Technical Whitepaper

Description

Developed by Silicon Graphics (SGI) for IRIX and ported to Linux under GPLv2.

Extent-based structure using dynamic B+-trees for allocation, metadata, and directory management.

64-bit addressing; supports up to 8 EiB filesystem and 8 EiB maximum file size.
Independently managed regions enabling parallel metadata and allocation operations.

Metadata journaling through circular log devices with atomic transactional commits.

Write-ahead log preserving structural consistency for superblocks, directories, and inode maps.

Groups multiple metadata transactions for reduced 1/0 overhead and improved performance.
Ensures correct ordering of journal writes on SSD and NVMe devices.

Uses checksums in superblocks, inodes, and B+-tree nodes to detect corruption.

Tracks physical-to-logical ownership of blocks, aiding scrub and repair.

Per-AG freelist structures that support parallel block allocation.

Manages data in variable-length extents, reducing fragmentation and increasing throughput.
Defers block assignment until write-back, optimizing file layout.

space in advance through fallocate, reducing future fragmentation.
Converts unwritten to written extents upon I/O completion for consistency.

Allocates inodes on demand within clusters, improving utilization.
Maintains separate B+-trees per AG for free extent tracking and concurrency.
Lockless allocation per AG enabling simultaneous writes across CPUs.
Batches non-critical updates to improve transaction throughput.

Supports O DIRECT for database and HPC workloads bypassing the page cache.
Enables low-latency, zero-copy access between user space and file data.
Dynamically adjusts read windows based on detected sequential patterns.
Aligns writes to RAID or NVMe stripe units for optimal throughput.
Distributes AIO completions and locks per CPU for reduced contention.
Ensures all metadata changes are atomic within each journal transaction.
Replays committed transactions and discards incomplete ones at mount time.
Verifies metadata and ownership mappings live using rmap and CRC.
Rebuild file system trees and maps using xfs_repair.

Achieved through ordered log writes and enforced barriers.

Protected by log sequence numbers (LSN) and forced unit access.
Detects silent corruption in metadata.

Freezes 1/O for snapshot creation and backup consistency.

File flags preventing deletion or modification.

Supported through fscrypt or dm-crypt frameworks for secure storage.
Provides file-level copy-on-write functionality for efficient duplication.
Supported at file level through reflink and reverse mapping mechanisms.
Efficient handling of unallocated regions within large files.

Supports user, system, and security namespaces (e.g., SELinux).
Provides POSIX ACL enforcement for granular permission models.
Tracks user, group, and project usage with live accounting.

Optional allocation pool with deterministic latency characteristics.

Uses B+-trees for scalable O (log n) lookups.

Nanosecond-resolution timestamps for all file operations.

Tool for offline repair of damaged metadata and allocation structures.
Interactive debugger for raw inspection of file system objects.

Online defragmentation and extent reorganization utility.

Expands a mounted file system dynamically.

Displays and interprets journal records for debugging.

Exports metadata for offline analysis.

Online integrity verification tool.

Manages and enforces quota policies.

Works with SELinux and AppArmor through extended attributes.
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Type Description

Integrity Verification Combines CRC and rmap validation for structural safety.

NAS Export Compatible with NFSv3/v4 and SMB, maintaining POSIX compliance.
Clustered Operation Works with CTDB and Pacemaker for HA file exports.

Block Sizes Supports configurable block sizes from 4 KB to 64 KB.

RAID Alignment Aligns allocations with hardware stripe geometry for optimal performance.
NUMA Awareness Adapts allocation strategy across multi-socket servers.

Multi-Queue I/O Uses blk-mq to parallelize 1/O submission paths.

Logging and Tracing Provides detailed instrumentation via xfs_trace and perf.

Telemetry Exposes live metrics under /proc/fs/xfs and /sys/fs/xfs.

Compatibility Integrates with LVM, MD RAID, and device-mapper subsystems.
Snapshot Support Achieved via LVM snapshots or reflink-based cloning.

Virtualization Integration

POSIX Compliance

Fully supported by KVM, QEMU, and container backends.
Meets 2008 standard with full fsync and syncfs semantics.

SP7K NVMe G5

(Front View — System)

SP7K NVMe G5

Power Button

- l‘ f - = » / Status LEDs
(=
w { Drive Bay | Description ]
- | 24 Hot-swap 25" Dual Port NVMe Dine Bays |

Al-Enhanced Data Processing Architecture

The SP7K-NVMe G5 incorporates a next-generation Al-enhanced data processing framework designed to
deliver self-optimizing intelligence across all layers of the storage architecture. Developed over more than a
decade of continuous refinement, this framework integrates advanced machine learning (ML) and deep
learning (DL) methodologies into the core data management engine, enabling predictive analytics,
autonomous workload adaptation, and real-time decision-making within the storage subsystem. The
architecture leverages both supervised and unsupervised learning techniques to train models that can detect
anomalies, predict I/O behavior, and dynamically tune performance parameters based on evolving workload
patterns. Deep neural networks (DNNs) and reinforcement learning mechanisms further enhance the system’s
ability to optimize data flow, cache utilization, and tiering strategies without human intervention.

At the heart of this intelligence layer is the dedicated SP7K-AlI module, a computational subsystem optimized
for high-throughput, low-latency inference and model training. This module performs hierarchical data
preprocessing, feature extraction, and clustering for analytical workloads. It employs a range of contemporary
ML algorithms—such as gradient boosting, random forests, support vector machines, and long short-term
memory (LSTM) networks—to construct predictive and prescriptive models that anticipate I/O demands and
pre-stage data accordingly. Text and metadata analytics are also integrated, allowing the system to transform
unstructured information into structured insights that can be leveraged for system optimization, capacity
forecasting, and security anomaly detection.
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The SP7K-AI module interfaces directly with the Virtual Storage Architecture (VSA) via a comprehensive
set of modular APIs that serve as programmable interfaces between the Al subsystem and the storage fabric.
These APIs enable real-time integration of Al functions into the data path, allowing the system to
continuously analyze telemetry, transaction metadata, and performance counters from the SP7K storage pool.
Through these interfaces, Al-driven functions perform low-latency pattern recognition, usage heat mapping,
and temporal correlation analysis across diverse workloads.

By coupling Al inference directly to the VSA’s I/O and caching subsystems, the SP7K-NVMe G5 achieves
intelligent data placement, dynamic QoS adjustments, and latency-aware 1/O scheduling. Predictive models
guide prefetching and tier migration decisions, minimizing bottlenecks and maintaining consistent sub-
millisecond response times under high concurrency. Furthermore, the framework continuously retrains its
models using operational data, allowing the system to evolve with the environment and self-tune for optimal
performance across virtualized, containerized, and bare-metal deployments. This convergence of Al and
storage virtualization establishes the SP7K-NVMe G5 as a fully autonomous, self-learning data platform
engineered for the next generation of high-performance, data-centric computing environments.

Operational Mechanism

The Al engine functions as an autonomous, closed-loop predictive optimization subsystem embedded within
the I/O control layer of the storage architecture. Its primary objective is to minimize latency and optimize
throughput by dynamically forecasting access patterns derived from I/O telemetry and transactional
metadata. Operating continuously, the engine captures granular I/O traces generated by database workloads,
analytical queries, and sequential access streams. For database-intensive operations, it employs a multi-stage
analysis pipeline that decomposes SQL or structured query sequences into atomic I/O transactions,
correlating them with logical block access frequencies, temporal spacing, and dependency hierarchies. These
parameters are processed using a reinforcement learning framework based on policy-gradient optimization,
wherein the system incrementally learns optimal data placement and prefetch strategies by evaluating the
latency impact of prior actions.

Each iteration refines a per-volume predictive model maintained within a persistent knowledge base that
resides in low-latency NVDIMM or NVMe storage. This knowledge base encodes the statistical behavior of
I/O requests, including spatial locality, access stride, read/write ratios, and cache reuse intervals. Upon
recognition of a previously learned access sequence, the Al engine proactively stages the anticipated data
into the 8TB NVDIMM-based persistent cache, utilizing direct memory access (DMA) over PCle Gen5 for
sub-microsecond transfers. This pre-staging eliminates the traditional latency penalty associated with random
I/O bursts, as the target data is available in persistent memory before the host request is issued. The prefetch
granularity and cache retention policy are dynamically tuned using Bayesian feedback loops that weigh
historical accuracy against current system load, ensuring that predictive operations remain computationally
efficient and context-aware.

In sequential or streaming workloads, the Al subsystem employs a separate time-series inference model to
detect linear read progression and stride consistency. Through real-time signal analysis, it identifies
periodicity and access symmetry in block sequences, enabling anticipatory read-ahead of contiguous sectors.
The read-ahead pipeline utilizes the full bandwidth potential of PCle Gen5 interconnects to fetch large data
segments into the in-memory cache with minimal CPU involvement, thereby maintaining uninterrupted data
flow for high-throughput applications such as 8K media rendering or Al model training.
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Pattern recognition and temporal prediction are governed by an adaptive algorithm suite that dynamically
selects computational models based on observed workload entropy and access regularity. K-means clustering
algorithms segment workloads into behavioral classes—such as random, semi-random, and sequential—
enabling the Al core to apply differentiated caching and prefetch policies.

The result is a self-optimizing feedback system capable of reducing read latency by orders of magnitude
under mixed workloads while maintaining deterministic I/O performance. By leveraging PCle Gen5’s high
concurrency and low-latency fabric, the Al engine effectively transforms the storage layer into a predictive
data environment—one that anticipates requests, minimizes mechanical and computational overhead, and
adapts autonomously to evolving access dynamics.

Algorithmic Optimization

The algorithmic stack is fully optimized for execution across multi-core Intel Xeon processors, leveraging
instruction-level parallelism (ILP) and thread-level concurrency (TLP) through vectorized SIMD extensions
such as AVX-512. Each core executes parallel inference workloads on segregated data partitions managed
by a NUMA-aware scheduler, ensuring deterministic performance even under heavy analytical processing.
Model inference is accelerated through dynamic batching and asynchronous task scheduling, minimizing
inter-core synchronization penalties while maintaining memory locality. This enables the system to conduct
multi-level data analysis—ranging from microsecond-scale /O transactions to long-duration workload
behaviors—without introducing measurable latency overhead.

By combining deep learning, probabilistic modeling, and graph analytics under a unified framework, the
system achieves autonomous optimization of caching, tiering, and load balancing without human
intervention. This architecture enables continuous adaptation to workload variability, precise detection of
anomalies, and a high degree of operational transparency—all executed in parallel across a multi-core
compute fabric to sustain petabyte-scale data environments with sub-millisecond responsiveness.

Future Directions

The corporate business environment is increasingly driven by information as a strategic asset to deliver
superior customer service and achieve sustainable competitive differentiation. In response to this data-centric
paradigm, open system enterprises face a growing requirement for uninterrupted operation of their
information systems and continuous access to mission-critical data. This operational mandate imposes
significant demands on storage solution providers to deliver highly resilient, scalable, and adaptive
architectures. Vendors must not only preserve customer investments in existing RAID-based infrastructures
but also introduce next-generation capabilities that ensure non-disruptive service continuity, including
dynamic online capacity expansion, real-time storage reallocation, multi-host connectivity, non-disruptive
operating system upgrades, hardware hot-swap functionality, flexible volume re-partitioning, and
configurable data protection policies.

GateStor Data Systems, through its Virtual Storage Architecture (VSA) implemented in the SP7K product
line, directly addresses these challenges by offering a flexible and extensible framework designed for
continuous, 24x7 enterprise operations. The VSA’s modular and hardware-agnostic design supports both
vertical and horizontal scalability, allowing enterprises to adapt storage capacity, performance, and fault
tolerance in real time without service interruption. Furthermore, the integration of the Unified Bus
interconnect technology enables client systems or application servers to interface directly with the storage
cluster, bypassing traditional network and fabric layers. By deploying GateStor’s Unified Bus Host Bus
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Adapter (HBA) within the client servers along with the appropriate low-latency drivers, the system achieves
a direct, high-bandwidth connection to the storage backplane.

This architectural advancement allows clients not only to access the shared storage cluster with an order-of-
magnitude improvement in throughput and I/O response times but also to participate as resource-sharing
nodes within the same storage fabric, if desired. This effectively transforms the storage cluster into a unified,
distributed computing and data exchange ecosystem, enhancing resource utilization, fault tolerance, and
performance determinism. With these innovations, GateStor is positioned to meet the evolving needs of open
enterprise environments that demand scalability, data integrity, and true continuous availability without
compromise. (Font size: 10)

Conclusion

The GateStor SP7TK-NVMe G5 Series establishes a new performance and architectural benchmark in
enterprise storage engineering, surpassing traditional vendors through its PCle-clustered Virtual Storage
Architecture (VSA), concurrent hybrid SAN/NAS capabilities, and elimination of conventional RAID
performance bottlenecks. Designed for organizations requiring extreme throughput, resilience, and
scalability, the SP7TK-NVMe G5 delivers unparalleled value by integrating advanced bus-level clustering and
intelligent data management into a unified, high-efficiency framework.

In conclusion, the Virtual Storage Architecture (VSA) has consistently demonstrated its endurance and
adaptability across multiple generations of high-performance enterprise storage systems for open
environments. SP7K solutions built on VSA provide enterprises with a unique combination of flexibility,
efficiency, and operational continuity through the following capabilities:

+ Optimize performance across all data profiles and sizes using both automatic and user-selectable parity
mode switching.

* Deliver massive scalability—each node supports up to 1024 drives, with individual node raw capacities
up to 4 petabytes, expandable to 256 nodes for a total clustered capacity approaching one exabyte.

» Utilize the Unified Bus Cluster to support thousands of concurrent host connections, enabling enterprise-
grade storage services across heterogeneous computing environments that comply with industry-standard
protocols.

* Define logical volumes of any size and allocate storage dynamically to any host system based on
workload demands and policy controls.

* Select from multiple concurrent levels of data protection, including RAID 0, 1, 3, 5, 6, 10, 550, and 560,
with the ability to modify protection schemes dynamically in real time without interrupting active
operations or requiring physical reconfiguration.

* Configure concurrent multi-level fault-tolerant mirroring for any dataset, with real-time reconfiguration
capabilities that preserve system uptime and data integrity.

* Monitor all system and storage metrics through SNMP-compatible management interfaces, accessible
from centralized or distributed network operation centers, ensuring comprehensive visibility across the
enterprise.

Through these technical and architectural innovations, the SP7K-NVMe GS5 Series delivers the most

advanced and resilient open-systems storage platform available, purpose-built for continuous, data-intensive
enterprise environments.
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