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AI presents a great challenge to memory, and it seems that every day there are new
innovations attempting to surmount the challenge. HBF, Z-NAND, CXL, CMX, ZAM, HBC, etc.
- supply chain are coming up with new ideas & acronyms at an unprecedented pace. It has
been a struggle for investors to understand them, and let alone put them into an overarching
framework & then to assess their relative positions, potential and investment implications.
This primer aims to address that & includes many photos & diagrams to help investors
visualize these technologies. Our prior primer covers memory technologies in general
and in this one we will focus on memories used in AI. We will zoom into LLMs based on the
transformer architecture, and will start with the needs for different memories at the different
parts of the workloads. We then summarize all these innovations into two hierarchies, from
the perspective of architecture & hardware, to establish the overall framework.

Different AI workloads need different memory. Training is the most demanding task,
and puts a difficult constraint on all tiers of memory. Inference can be divided into prefill
and decode, with prefill “compute-bound” and XPUs & HBM inside XPUs more important.
Decode is on the other hand “memory-bound”, esp. with KV cache size compounding
quickly with both token count & concurrent user count. Expanding HBM capacity at an
affordable cost, offloading to conventional DRAM & NAND, and/or creating additional
memory tiers among them are becoming a key focus for innovations. Creating an RAG
database requires large-capacity SSD/HDD & DRAM. Searching the database relies on
system DRAM more. Finally, agentic workflow first triggers many non-AI tasks for CPU &
system memory. The results of agentic works then need to be understood by AI & that in
turn calls for more compute & memory needs.

Innovations in the “architectural” hierarchy. We define this hierarchy with first memory
(usually SRAM) inside XPU on the top, followed by system memory, local SSD & finally by
shared storage (usually SSD/HDD/tape) at the bottom. HBM adds a new tier right beneath
the memory inside XPU. CXL & “Storage Next” try to insert tiers between system memory &
local SSD. And CMX is about adding a tier between local SSD & shared storage.

Innovations in the “hardware” hierarchy. LPU resorts to SRAM to minimize latency.
zHBM promises to outperform HBM by putting HBM on the top of XPU. NVHBM achieves
the same goal but compromises memory suppliers’ position with a base die designed by
NVIDIA. HBF is designed to complement HBM with the significantly higher capacity &
lower cost per bit of NAND, thus increasing overall bandwidth to XPU for AI inference. HBC
from Qualcomm has the same objective, but with LPDDR. XBM & ZAM from Intel are very
different, though also aim to complement/replace HBM. MRDIMM, SOCAMM2 & LPCAMM2

innovate on DRAM modules for high-performance needs. China is accelerating 4F2 & 3D
DRAM R&D for DRAM in general. And the industry has been trying to create SCM between
DRAM & NAND for a while, with for example Z-NAND & XL-FLASL based on “enhanced”
NAND, & MRAM, PCM (including XPoint), RRAM based on mechanisms fundamentally
different from DRAM or NAND. PIM mixes logic and memory in a piece of silicon, & is both
an architectural and hardware change. Adoption of PIM has been very limited as it differs
from the current computer systems & supply chain significantly. zNAND-O targets on-
device AI by stacking NAND dies with TSV.
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BERNSTEIN TICKER TABLE

28 Aug

2026

TTM Reported EPS Reported P/E (x)

Closing Price Rel.

Ticker Rating Cur Price Target Perf. Cur 2025A 2026E 2027E 2025A 2026E 2027E

005930.KS (SEC- Samsung) O KRW 256,500 440,000 236.5% KRW 6,611.53 48,393 77,273 38.8 5.3 3.3

005935.KS (SEC-Pref -

Samsung)

O KRW 186,800 374,000 197.4% KRW 6,611.53 48,393 77,273 28.3 3.9 2.4

SMSN.LI (Samsung) O USD 4,702.00 7,350.00 241.4% USD 116.15 812.39 1,290.80 40.5 5.8 3.6

000660.KS (SK hynix) O KRW 1,658,000 3,300,000 485.5% KRW 60,341 395,677 568,862 27.5 4.2 2.9

MU (Micron) O USD 935.39 1,300.00 647.4% USD 8.29 67.39 158.99 112.9 13.9 5.9

285A.JP (KIOXIA) U JPY 47,900 40,000 1806.5% JPY 1,014.00 10,013 9,656.84 47.2 4.8 5.0

SNDK (SanDisk) O USD 1,484.95 3,000.00 2799.8% USD 70.08 238.36 272.09 21.2 6.2 5.5

STX (Seagate) O USD 847.20 1,350.00 372.2% USD 15.53 40.61 64.40 54.6 20.9 13.2

WDC (Western Digital) O USD 462.00 770.00 443.9% USD 10.19 23.39 36.58 45.3 19.8 12.6

ASIAX 1,975.06

EM 1,837.35

SPX 7,730.99

O - Outperform, M - Market-Perform, U - Underperform, NR - Not Rated, CS - Coverage Suspended

MU, SNDK, STX, WDC estimate is Adjusted EPS; MU, SNDK, STX, WDC valuation is Adjusted P/E (x); SNDK, STX, WDC base year is 2026;

Source: Bloomberg, Bernstein estimates and analysis.

INVESTMENT IMPLICATIONS

Samsung Electronics: We rate Samsung Electronics Outperform with price target of KRW 440,000.

SK hynix : We rate SK hynix Outperform with price target of KRW 3,300,000.

Micron: We rate Micron Outperform with price target of US$1,300.00.

KIOXIA: We rate KIOXIA Underperform with price target of JPY 40,000.

Sandisk: We rate SNDK Outperform with a price target of $3,000.00

Seagate: We rate STX Outperform with a price target of $1350.00

Western Digital: We rate WDC Outperform with a price target of $770.
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DETAILS

DIFFERENT WORKLOADS & HENCE DIFFERENT MEMORY REQUIREMENTS IN AI
Before we look at different memories, we first summarize how AI workloads differ at different phases and the characteristics
of the corresponding memory usage. We focus on LLM (large language model) based on the transformer architecture as its
dominance in AI deployments now and divide the workloads into training, inference-prefill, inference-decode, RAG (retrieval
- augmented generation) & agentic workflow.

TRAINING
• This phase is very compute intensive, and memory bandwidth is often of particular importance too, as bandwidth often

dictates the absolute upper limit of model size & compute speed. HBM hence plays a critical role in the training phase. In
addition, massive training dataset has to be prepared and stored in advance, likely in some slower but cheaper memory.
Along the training process, the data needs to be cached and staged for pipelines in some faster memory before it is copied
into HBM. Moreover, checkpoints need to be inserted to take a snapshot of the intermediate result, as training can take
months, and can’t afford restart from the beginning in case that any hardware/software failures take place. This means in
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addition to HBM, system DRAM, local SSD, and networked storage, basically memory of all other tiers, are also essential to
carry out training large models successfully in practice.

INFERENCE - PREFILL
• In a transformer model, inference is executed over two stages - “prefill” & “decode”. The first stage “prefill” processes prompt

and generates the first token. Prefill is usually compute-bound, as it involves large matrix-matrix operations that will keep
GPU highly utilized. Memory relatively will be less an issue, as the heavy operations inside GPUs take more time than data
transfer. HBM is thus relatively more important type of memory in this stage. Once “prefill” completes, the first token will be
then cached in pairs of key and value (hence KV cache) as the input for the next stage - “decode”.

• As prefill is "compute-bound", the key performance index of this stage is usually "time to first token" (TTFT) (i.e. latency).
Some studies find TTFT of 0.5 second or lower ideal &1 second acceptable for chatbots. TTFT exceeding 2 seconds is
probably tolerable for large tasks (e.g. digesting a 100-page pdf) especially with a "thinking" indicator, but often results in
user frustration or abandoning the prompt.

INFERENCE - DECODE
• In the decode stage, tokens are generated “auto-regressively” - i.e. a model generates tokens one by one, and all prior tokens

will be part of the input necessary to generate the next token (Exhibit 1). And to avoid recomputing the prior tokens, modern
LLMs usually store the KV pairs of the prior tokens in a cache. This makes the memory requirement of KV cache grow linearly
with the number of tokens. Further though weights in the model are still needed to calculate every new token and will take up
some of HBM capacity, they are however “static” (i.e. read-only). Data in KV cache is on the other hand “dynamic” as it gets
updated with every new token. And while weights can be shared over many users, KV cache differs across different users
and grow linearly with the number of concurrent users. Growing linearly with the compound of token count & concurrent user
count makes the decode stage "memory-bound". It is also why in a large AI deployment KV cache very possibly will require
even more memory than the model weights, and become the dominant factor that determines the maximal concurrent users
and context window sizes. And given memory is a bottleneck now, that further means how to deal with KV cache efficiently is
a key factor in determining the deployment & revenue size of an AI model.

• The key performance index of the decode phase is usually "time per output token" (TPOT). The range of TPOT that users can
accept varies by applications, possibly as long as 50ms (i.e. 20 tokens per second) for text chat, and less than 10ms for high-
end use cases such as real-time voice conversation, coding and agentic works.

RAG (RETRIEVAL-AUGMENTED GENERATION)
• RAG is a technology that is widely used to argument AII models with data retrieved from databases. The database can for

example contain domain-specific & private data to complement models trained on general & public data. The database can
also store recent news/updates as the cost of training & keeping models updated is often prohibitively high. RAG is also very
helpful in grounding AI models on facts & avoiding hallucination, or providing links to exact sources of information.

• The workloads of RAG can be thus divided into two parts - database generation and search. The generation part is to digest
massive volumes of unstructured data (e.g. pdf, software code, web page) and organize them into a vector database with
searchable indices. It requires first large capacity to store the unstructured data, ideally in SSDs over HDDs in order to reduce
access time, and then large amounts of system DRAM to generate the vector database & indices. The use of HBM is relatively
lighter. Most importantly the generation part is carries out before deployments of the database, and the workload is therefore
offline and independent of the number of users or tokens. I.e. the RAG database generation is a "one-off" cost.

• The search part first converts a user query into a vector, typically with HBM, very quickly and then spends most time finding
the nearest match in the RAG database, usually with system DRAM. System DRAM thus usually plays a bigger role than HBM
& SSD.

• After the search finds & retrieves the nearest match, the data will be merged with user prompt, then go through the prefill &
decode stage of inference to “generate” output tokens. The memory requirement hence will be as what we discuss above for
inference.
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AGENTIC WORKFLOW
• Instead of a single step of “prompt → model → output”, an agentic workflow shifts the paradigm to an autonomous, multi-step

iterations. An agentic workflow will decompose a high-level objective into a plan of multiple smaller steps, interact with other
models, or tools & environment external to the AI model to execute these steps, evaluate the results of these steps & make
corrections if appropriate, until the objective is met or the process hits some limits.

• To support an agentic workflow, there is additional compute and memory need to oversee the entire workflow, decide on
branch points and remember intermediate results in case the process needs to fall back to a prior state. The workloads &
memory considerations of other AI models is as discussed above, but the interactions with external tools & environment
result in a lot more demand for CPU & conventional memory from traditional (i.e. non-AI) servers.

• More importantly the output of an agent will become part of the prompt to the next agent, and the need of inference-prefill,
inference-decode & the associate KV cache demand adds up very quickly when many agents are spawn, and compounds the
memory challenges mentioned above.

EXHIBIT 1: To generate a new token, LLMs need to consider all prior tokens. To avoid recomputing all the prior
tokens, LLMs now usually store all the prior tokens in a KV cache.

Source: Towards AI, Bernstein analysis

“ARCHITECTURAL” HIERARCHY & EMERGING TIERS IN AI
Below we first overview the “architectural” hierarchy of memory in a modern AI system. Please note it is based on the
architectural positions & purposes of different memories, and thus will be similar to but different from another memory
hierarchy that is based on hardware considerations. There is no official definition for this “architectural” hierarchy, but NVIDIA
and Solidigm help us define some of the basic hierarchy below.

More importantly, NVIDIA added HBM as G1 & “CMX” (Content Storage Memory) as G3.5 tier below. And with our own analysis
& judgments, we additionally map HBF (High Bandwidth Flash), CXL (Compute Express Link) & "Storage Next” memory into the
hierarchy too, as they’re emerging tiers to architecturally address the “memory wall” in high performance computing. These
additional tiers are underscored below and also in Exhibit 2so that investors can differentiate them from the tiers that are
commonly found in a usual “non-AI” server.
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G0 - MEMORY INSIDE PROCESSOR
• Extremely low latency, very small capacity, used for immediate active computations, usually through SRAM embedded inside

the same logic dies of the accelerator (Exhibit 3). G0 memory is therefore manufactured by foundries like TSMC along with
the entire logic dies.

G1 - HBM (HIGH BANDWIDTH MEMORY)
• Employing CoWoS to co-package stacked DRAM dies with accelerator together (Exhibit 4) provides high bandwidth & low

latency. Hot, latency-critical data from model weights, KV cache, etc. used in active generation will be stored here.

G2 - SYSTEM MEMORY
• Often also called DDR DRAM, these DRAMs are predominately based on the DDR (double data rate) standard and are usually

put right next to CPU in a module format (e.g. SOCAMM2 used in NVIDIA’s Grace & Vera CPU (Exhibit 8, Exhibit 9), DIMM (dual
inline memory module, Exhibit 27)). They have higher capacity than HBM but also longer latency. These DRAMs are managed
by CPU but GPUs from NVIDIA & AMD however can bypass CPU and access these DRAMs directly.

G2.5 - CXL (COMPUTE EXPRESS LINK) MEMORY
• Originally developed by Intel, CXL is now widely supported. It is initially meant for DRAM, with the aim to combine physically

separate DRAM together in a logically-common pool to avoid waste. For example through CXL, CPU can access HBM held by
accelerator and accelerator can access the G2 system memory managed by CPU. G3 memories that are away from CPU and
are connected with PCIe (PCI Express) sockets on the motherboard (often called memory expander, Exhibit 10, Exhibit 11)
can be shared too if they’re CXL-compliant. CXL is later expanded to support NAND as long as these NAND-based products
are enhanced to be more like DRAM and become CXL-compliant. A common approach is to pair NAND with DRAM or SRAM
and use DRAM/SRAM as cache to shorten the latency of the products. Samsung’s CMM-H (CXL Memory Module-Hybrid) is
an example as its a hybrid of DRAM and NAND together (Exhibit 12).

G2.6 - “STORAGE NEXT” MEMORY
• This is an ecosystem initiative led by NVIDIA and well-supported by basically all memory suppliers and many other industry

participants (Exhibit 13). “Storage Next" aims to 1) turn the management of memory from CPU-centric to GPU-centric and
more importantly 2) make NAND more like DRAM in order to enjoy the low cost and large capacity of NAND, but also deliver
low latency (i.e. high IOPS (input/out operations per second)) and small data access granularity that is close to what DRAM
can support. This is why NVIDIA puts “Storage Next” as an additional tier between DDR DRAM and local SSD (Exhibit 14). We
define this as G2.6 tier, as it is very similar to the CXL-compliant NAND products mentioned in G2.5 tier. These products are
often a hybrid of DRAM and NAND, and often use SLC (single-level cell) NAND that we will elaborate below. KIOXIA’s GP-
series SSD therefore offers “super high IOPS” and is a good example of “Storage Next” memory products (Exhibit 15).

G3 - LOCAL SSD
• This is NAND-based memory follows the standard of PCIe (a hardware standard (e.g. how highway should be constructed))

and NVMe (Non-Volatile Memory Express, a logic standard (e.g. the traffic rule for vehicles on highway)). These SSDs are
usually on the edge of motherboard but stay localized in a compute node (i.e. a tray that has GPUs & possibly pairing CPUs).
It is hence sometimes called “Compute SSD”. This tier extends capacity beyond DRAM but is not shareable across the pod.
The access to local SSD is managed by CPU but some accelerators (e.g. from NVIDIA & AMD) can bypass CPU and access
the local SSD directly.

G3.5 - CMX (CONTEXT STORAGE MEMORY) MEMORY & STX (STORAGE TECHNOLOGY EXTENSION)
• This is called ICMS (Inference Context Memory Storage) before & is an additional tier specifically added by NVIDIA &

optimized for KV cache. CMX-compliant SSDs sit inside data nodes (i.e. trays that are designed to store data), but are
accessible across multiple compute nodes in the entire pod, possibly for shared, evolving content for many agents
simultaneously. The communication among the compute and data nodes is via Ethernet, with a Spectrum-X switch chip
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in between, and a BlueField-4 DPU in the compute node & another talking to SSD via PCIe in the data node (Exhibit 16).
The access to CMX memory can be done by GPUs directly without CPUs involved. NVIDIA further introduced STX as the
reference architecture to integrate solutions & ensure compatibility from a wide array of storage & ODM partners to facilitate
the adoption of CMX memory.

G4 - SHARED STORAGE
• This can be NAND-based SSD or HDD connected with PCIe or through some networks for long-term storage, and for data

that is durable but is not on the immediate critical path. When with compatible networking & software, GPU possibly can
bypass CPU and access G4 storage directly too.

EXHIBIT 2: We define an “architectural” memory hiearchy to summarize memories at different tiers in a high
performance or AI system.

Source: NVIDIA, Solidigm & Bernstein analysis
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EXHIBIT 3: NVIDIA defines the memory (usually SRAM) embedded in the same logic XPU die “G0 memory”.

Source: NVIDIA and Bernstein analysis

EXHIBIT 4: HBM usually sits right next to the accelerator in a single CoWoS package to enable high bandwidth and
low latency.

Source: SK hynix and Bernstein analysis
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EXHIBIT 5: The exhibit below shows 8 HBM stacks are
packaged in a Rubin GPU package.

Source: NVIDIA

EXHIBIT 6: Each HBM stack has multiple DRAM dies & a
base die bonded together vertically, & is then packaged
with processor with CoWoS-equivalent inside a single
package.

Source: Samsung

EXHIBIT 7: Similar to DRAM dies stacked in HBM, NAND dies are stacked in HBF. HBF stacks then are mixed with
HBM stacks and are also packaged with XPU with CoWoS-equivalent packaging technology.

Source: Sandisk
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EXHIBIT 8: A Vera CPU is paired with 8 SOCAMM2
modules (4 a side, and 2 sides). The exhibit below
shows 2 Vera CPUs and 16 SOCAMM2 modules in total in
a mother board.

Source: NVIDIA and Bernstein analysis

EXHIBIT 9: SOCAMM2 module uses LPDDR (low-power
DDR) dies but packaged them in a module format
different from the usual DIMM.

Source: Samsung

EXHIBIT 10: Example of PCIe sockets on a motherboard

Source: Wikipedia

EXHIBIT 11: CXL combines the memores connected with
PCIe with system DRAM into a same common memory
pool.

Source: SK hynix
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EXHIBIT 12: A CXL-compliant SSD from Samsung. CXL is
mainly meant for DRAM but can support NAND-based
SSD as long as it is enhanced (e.g. through leveraging
DRAM as the cache) to be “DRAM-like”.

Source: Samsung

EXHIBIT 13: NVIDIA is working with Samsung, SK hynix, Micron, KIOXIA, Sandisk and many other companies to
prompt “Storage Next”.

Source: NVIDIA
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EXHIBIT 14: NVIDIA is defining “Storage Next” memory
as an additional tier between DDR DRAM & Compute
SSD (i.e. local SSD).

Source: ScaleFlux, NVIDIA

EXHIBIT 15: In response to NVIDIA’s “Storage Next”
program, KIOXIA takes advantage of XL-Flash to deliver
GP-series SSDs with “super high IOPS”.

Source: KIOXIA

GLOBAL MEMORY 12

 on 31-Aug-2026

 



Mark Li    +852 2123 2645  mark.li@bernsteinsg.com 28 August 2026

EXHIBIT 16: As shown in a diagram from Dell below, CMX memory sits in a data node & communicates with
compute nodes through Ethernet, with the help of BlueField-4 DPU on both ends & a Spectrum-X switch chip in
between.

Source: Dell

“HARDWARE” HIERARCHY & INNOVATIONS FOR AI
In addition to the "architectural” hierarchy above, we summarize another hierarchy below, based on the different cell structures
& storage mechanisms these memories employ (Exhibit 17). The tiers in this “hardware” hierarchy correspond to those in the
"architectural" hierarchy, but only approximately. In addition, different packaging and module technologies will be added onto
different tiers of the “hardware” hierarchy. Mixing & matching them together offers the supply chain even more flexibility to
derive solutions optimal for the needs.

SRAM (STATIC RANDOM ACCESS MEMORY)
• SRAM is faster than DRAM, but to build a cell & store a bit SRAM usually takes 6 transistors (“6T”) & more silicon area than

DRAM (“1T1C”, 1 transistor & 1 capacitor). Both DRAM & NAND are volatile (i.e. data will be lost when power is off), but DRAM
is “dynamic” & requires supporting circuit to constant refresh & recharge the capacitor in the cell, whereas SRAM is “static”
and does not refresh circuits.
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• SRAM in a dedicate die & package can be still found in niche segments, but most of SRAM is now “embedded” - i.e. they are
part of logic dies and are fabricated together by logic foundries like TSMC. The short access time (i.e. low latency) makes
SRAM ideal for the on-chip cache and correspond to the G0 tier in the “architectural” hierarchy above. Cache can be further
divided into different levels too, with level 1 (L1) being closest the computation circuits but smallest in capacity. L2 & L3
cache will have larger capacities, but will be slightly less responsive as they, even inside the same piece of logic die, are a bit
away from the computation circuits.

•
LPU

• An innovation that we are seeing because of AI is stacking an SRAM die on top of an AI accelerator. For example LP30, the
current version of Grog’s LPU (language processing unit) (that NVIDIA licenses), employs on-chip SRAM to provide very
short access time to latency-critical part of inference demand, but there are reports that the next version LP40 will have
an SRAM die on top of a logic processor die, & bond them together with hybrid bonding, to compromise on access time
only slightly but deliver more memory capacity at an affordable cost. When used this way, SRAM is effectively the G2 tier in
the “architectural” hierarchy.

•
Embedded DRAM

• Finally “embedded DRAM” is DRAM embedded in logic dies but differs from embedded SRAM as it is “dynamic” (i.e.
requiring refresh). Embedded DRAM hence should be considered in the G0 tier and will compete with embedded SRAM
as on-chip cache, especially when cache capacity is larger (e.g. L4) & the lower per-cell area of DRAM structure justifies
the overhead of the supporting refresh circuits. Vs. embedded SRAM, embedded DRAM however has a very small market
share, and is only in for example IBM POWER CPU & PlayStation processor.

DRAM (DYNAMIC RANDOM ACCESS MEMORY)
• NAND is also a common memory technology, but DRAM is even more important when we consider the portion of revenue

& profits from DRAM vs. NAND for the industry (Exhibit 18). DRAM is therefore better understood by investors, but we still
highlight a few points below.

• HBM is a kind of DRAM, & shares the same wafer capacity as conventional DRAM. DRAM thus maps into largely the G1 & G2
tier above. As DRAM can be used in CXL memory expander, DRAM can be found in the G2.5 tier too. In fact, as many NAND-
based products use DRAM as cache to store pre-fetched data to hide the long latency of NAND from users, DRAM can be
found in other tiers, but just as a complement and thus with much lower volume.

•
4F2 DRAM & 3D DRAM

• DRAM’s technology evolution is still mostly driven by Moore’s Law (i.e. lateral scaling or “node”) (Exhibit 19). This is
strategically important as this implies EUV is necessary to advance DRAM technology, and the lack of EUV will make
China, or specifically the Chinese DRAM company CXMT, eventually not competitive in DRAM market. To overcome the

lack of EUV, China is researching 4F2 DRAM. With F denoting the smallest dimension that lithography can pattern, the
current approach of shrinking cell size & increasing bit density is employing more advanced lithographic equipment

(e.g. EUV) to make F smaller. 4F2 attempts to achieve the same objective but differently by moving peripheral circuits

from the side of the capacitor to below or even to another piece of wafer (Exhibit 20). Currently it takes 6F2 to create the

“1T1C” structure & 4F2 builds “1T1C” too but with a different shape & hence a small areal size (Exhibit 21). That said,

similar to adopting FinFET in logic, 4F2 DRAM offers only one-time benefit, and further technology advancements still
require lateral shrink. China is also researching 3D DRAM which would like to follow 3D NAND and aims to put multiple
cells vertically in a piece of wafer (Exhibit 20). 3D DRAM hence amortizes the same areal footprint over many cells and

make the average cell area below 4F2. By building more & more cells vertically, 3D DRAM isn't just a “one-time” change

and promises scalability (i.e. longer technology runway) that 4F2 DRAM can’t. 3D DRAM is however more technologically
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challenging & commercialization of 3D DRAM will be even more years away.

•
zHBM

• As the connection between HBM stacks and XPU now is through an interposer beneath them, the packaging approach is
hence “2.5D”. With zHBM, Samsung aims to take it further to “3D” by putting HBM stacks on the top of XPU (Exhibit 22).
zHBM hence shortens the communication between HBM and XPU further, but we wonder how the DRAM dies in zHBM
can withstand the heat dissipated from XPU in the bottom and keep its operations within the designed specifications.
Probably to improve heat dissipation, Samsung plans to use wafer-to-wafer hybrid bonding to bond the DRAM dies
together. We understand that hybrid bonding indeed requires no gaps in between dies and can dissipate heat faster, but
also wonder if the yield & thus cost of hybrid bonding is ready for commercial production.

•
NVHBM

• This is basically HBM customized with base die designed by NVIDIA & manufactured by TSMC. By moving “memory
controller” circuits from XPU to the base die, NVHBM should reduce the die size & cost of XPU (or keep die size/cost the
same but give more areas to compute circuits), and enhance bandwidth & lower power consumption. Though the base die
is designed by NVIDIA, NVIDIA tries to make NVHBM “open” by 1) standardizing NVHBM implementation so that multiple
memory suppliers can provide NVHBM, & 2) expanding NVLink Fusion with NVHBM so that XPUs from others can adopt
NVHBM too. Amazon’s Annapurna Labs for example has announced to work with NVIDIA on NVHBM.

• Compared to standard HBM, NVHBM reduces the value provided by memory suppliers as the base die currently designed
by memory suppliers will be designed by NVIDIA. Some memory suppliers (e.g. Samsung & Micron) manufacture the base
die in the standard HBM, but the manufacturing value will be captured by foundries, most likely TSMC, in NVHBM. Memory
suppliers currently differentiate on base die but the room of differentiation will be “standardized” away by the base die
from NVIDIA.

•
XBM

• Intel unveiled XBM (cross-batch memory) in patents (here). The patent refers to using “backend” and thin-film transistor
(TFT), and many thus link it together with another patent (here) describing a similar transistor structure. We consider XBM

“emerging memory” too. Though the transistor described is also DRAM, but it builds cells in “back-end of line (BOEL)1”

among metal wires (Exhibit 23, Exhibit 24), whereas the usual DRAM builds cells in “front-end of line (FOEL)2” and keeps
BOEL with purely metal wires. This is an important difference, and as a result, it is possible that in a single piece of silicon
these backend transistors of DRAM can co-exist with logic circuits who build transistors in FOEL. Without details, we’re
not sure manufacturing compatibility between XBM and DRAM vs. logic chip and hence who, memory suppliers, Intel, or
others, will be more suited to produce XBM in the future. The possible co-existence of DRAM & logic circuits also makes
XBM a candidate of PIM that we’ll elaborate below.

•
ZAM

• In addition to lateral scaling, packaging & module is also being innovated on DRAM too. HBM is a proven example of using
DRAM does & packaging them differently to deliver higher performance, and ZAM (Z-angle memory) is a similar attempt
tried by Intel now. The main distinction of ZAM is reorienting DRAM dies in a stack by 90 degrees so that they become
side-by-side horizontally (Exhibit 25). Heat then can dissipate more quickly through the vertical gaps among them. In
an interview, Intel’s partner SAIMEMORY (a 100% subsidiary of Softbank) suggested that these DRAM dies can be still

1  Back-end of line (BOEL) refers to the later part of wafer fabrication process flow, usually to create metal wires & connect them
together transistors.
2  Front-end of line (FOEL) refers to the early part of wafer fabrication process flow, usually to create transistors.
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sourced from memory suppliers, implying that Intel & SAIMEMORY may focus only on the unique packaging & the base
die. In the same interview SAIMEMORY said that reorientation makes it difficult to physically connect DRAM dies & the
base die, and how to wirelessly transmit data among them is a challenge of ZAM, which is aimed to achieve practical use in
FY2029. ZAM should correspond to the G1 tier.

•
HBC

• Qualcomm’s HBC (high bandwidth compute) is another attempt of differentiating DRAM dies with a different package.
While ZAM resorts to the unusual orientation to improve performance, HBC decides to compromise on performance in
order to avoid the high cost of CoWoS. Using conventional packaging, HBC won’t have as many wires connecting memory
with accelerators, but avoids the cost of interposer and 2.5D organic substrate (Exhibit 26). Additionally, HBC will use
LPDDR (low-power DDR) die, vs. HBM using DDR dies, to lower power consumption. Qualcomm targets to ship HBC
gen-1 in its fiscal year 2027 and gen-2 in 2028. HBC is also considered as the G1 tier.

•
MRDIMM, SOCAMM2, LPCAMM2

• MRDIMM (multiplexed rank DIMM) (Exhibit 27) & SOCAMM23 (small outline compression attached memory module)
(Exhibit 8, Exhibit 9) are examples of module innovations for DRAM. Compared to SOCAMM2, MRDIMM is a smaller
change from the usual RDIMM (registered DIMM) used in servers as both MRDIMM & RDIMM share the same physical
dimensions but MRDIMM puts more interface chips on the module to enable higher bandwidth. SOCAMM2 is a bigger
change and has the shape & dimensions of the module different from RDIMM’s. By lowering its power voltage to support
LPDDR, widening the data bus width (128 vs. 64 bits) & lowering vertical profile to avoid obstruction, SOCAMM2 vs. DIMM
can reduce power consumption of memory module, increase bandwidth per module, and improve air flow & thus thermal

dissipation of AI server. SOCAMM2 is first supported by NVIDIA’s CPU Vera, followed by AMD’s CPU Verano. LPCAMM24

(Exhibit 28) similarly is a new module format, but is effectively a counterpart of SOCAMM2 for some of recent AI-focus
notebook PCs. MRDIMM, SOCAMM2 & LPCAMM2 are all in the G2 tier above.

•
PIM (processing-in-memory)

• PIM is sometimes called CIM (compute-in-memory). We put PIM under DRAM though technically PIM puts a combination
of logic & memory, mostly DRAM & possibly also NAND, circuits inside the same piece of silicon, so that processing
carried out by logic circuits happens inside a memory chip. As traffic between logic and memory is often the bottleneck
of computers, PIM’s value proposition is to reduce traffic and remove the bottleneck. PIM however differs fundamentally
from the computer architecture that was proposed by the mathematician & scientist John von Neumann in mid-1900s,
and is now widely followed by nearly all computers. The Von Neumann architecture separates processing from memory
whereas PIM mixes them together. Memory suppliers have been exploring PIM for a while, & proposing to realize PIM
in different implementations (Exhibit 29), but the adoption has been very limited as it requires changes to processor,
software and network, etc. as basically the entire system needs to be redesigned to realize the full potential of PIM. PIM
also differs from the current supply chain, which after decades of development, has matured into two manufacturing
bases dedicating for logic and memory separately with very large scales and very good efficiency.

SCM (STORAGE CLASS MEMORY)
• Unlike SRAM, DRAM or NAND that refer to a particular memory technology, SCM refers to generally all memory technologies

whose properties are in between DRAM & NAND. Some of these technologies can be “emerging memory” as they differ from
DRAM or NAND in the fundamental structure and mechanism, or can be NAND after enhancements. SCM broadly maps into

3  The first version of SOCAMM is a proprietary trial of NVIDIA. SOCAMM2 is formalized as an industry standard released by JEDEC.
4  LPCAMM is the early prototype led by Samsung, and LPCAMM2 becomes an industry standard formalized by JEDEC.
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the range of the low-end of the G2 tier to the high-end of the G3 tier.

•
MRAM, PCM (including XPoint), RRAM

• We classify MRAM (magnetic random access memory), PCM (phase change memory), & RRAM (resistive random
access memory) as “emerging memory” as their underlying mechanism of retaining information differs from DRAM and
NAND fundamentally. Please note the 3D XPoint memory that Intel once offered is a favor of PCM. We discussed these
“emerging memory” technologies in details in an earlier report (Weekend Tech Byte - Global Memory Series (Part 1): a
Memory Technology Primer) and Exhibit 30 compares these “emerging memories” with SRAM, DRAM, NAND & HDD on
key characteristics.

•
Z-NAND, XL-FLASH

• Some NAND products achieve higher IOPS, lower latency & small data granularity through pairing NAND with some
DRAM or SRAM. They can be viewed in the G2.5 tier (when CXL-compliant), or G2.6 (when supporting the “Storage Next”
initiative), or even high-end segment of G3 (when neither CXL nor “Storage Next” is supported). Also considered as good
technologies for the G2.6 tier, Z-NAND & XL-FLASH go further by using SLC or MLC to make NAND behave even more
like DRAM. KIOXIA’s XL-FLASH for example resorts to SLC (single-level cell, i.e. 1 bit per cell) & later MLC (multi-level
cell, i.e. 2 bits per cell) & sacrifices on capacity & cost benefit of TLC (triple-level cell, i.e. 3 bits per cell) to make its GP-
series SSD “super high IOPS” (Exhibit 31), as high as 10M IOPS this year & 100M+ in 2027. Samsung productizes Z-
NAND into Z-SSD to achieve “ultra low latency” (Exhibit 32). They both claim to be SCM, and are set to compete again
Intel’s PCM-based 3D XPoint earlier, and now to meet the requirements of some particular IO workloads. Beyond SLC
or MLC, pSLC (pseudo-SLC) is also used by some SSDs. While the NAND cell is capable of storing multiple bits (TLC
in most cases), pSLC will set aside part of the cells and store only a bit in them. As TLC is the most common multi-level
technology currently and has the best economy of scale, pSLC allows suppliers to take advantage of that, but offers the
high endurance & fast speed of SLC. Micron’s XTR SSD is an example of pSLC.

• Overall how NAND can be optimized for specific segments of AI inference need is summarized well in a slide from KIOXIA
(Exhibit 33). XL-FLASH leverages SLC/MLC & enables SCM-class products for NVIDIA’s “Storage Next” initiative (i.e. G2.6
tier). TLC is used in CMX-compliant products (i.e. G3.5 tier) thanks its right balance between performance and cost. QLC
(quad-level cell, i.e. 4 bits per cell) is deployed in products that have large enough capacity to compete against HDD (i.e.
G4 tier).

NAND FLASH
•

HBF

• Led by Sandisk and SK hynix, HBF (high-bandwidth flash) aims to match the bandwidth of HBM but with lower cost &
more capacity. Should we map it to the architectural hierarchy, HBF likely can be viewed as G1.5 tier. As NAND is 1 to 2
tiers lower than DRAM in the hardware hierarchy and HBM is at the top end of DRAM, it requires a big leap over multiple
tiers to make HBF performant enough to complement HBM and be G1.5. The technological hurdle is thus high.

•
zNAND-O

• While technologies above are meant to address the needs of AI in data centers, Samsung’s zNAND-O targets to run AI on
devices (edge devices). zNAND-O uses TLC to offer large capacity and thus differs from Z-NAND which resorts to SLC or
MLC to shorten latency. The packaging of zNAND-O is similar to that of HBM - multiple NAND dies will be first bonded in a
stack, and then one or multiple stacks will be connected with the processor with advanced, likely wafer-based, packaging
technology (Exhibit 34).
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HDD (HARD DISK DRIVE)
HDD is the second-bottom tier in our memory hardware hierarchy, and still represents a good storage choice for “cold data”
which requires large low-cost capacity but is infrequently accessed. HDD is in the G4 tier above and is benefiting from booming
data storage needs including KV cache overflow as the least critical data trickles down.

TAPE
Right at the bottom of the hardware hierarchy sits tape. Tape is traditionally only used for data archival & corresponds to also
the G4 tier above, but below HDD. Due to the huge demand for data storage and KV cache needs exploding, we have heard that
even tape needs are growing as there is not enough NAND or HDDs to fulfill current demand.

EXHIBIT 17: Memory can also be classified based on different cell structures and storage mechanisms.

Source: Bernstein analysis
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EXHIBIT 18: DRAM accounts for the majority of overall
memory revenue.
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EXHIBIT 19: DRAM’s technology evolution is still mostly driven by Moore’s Law.
2025 

MS

Samsung 34% 18 nm (1x) 17 nm (1y) 15/16 nm (1z)* 13/14 nm (1a) 12 nm (1b) 1c nm 1d nm

SK hynix 36% 18 nm (1x) 17 nm (1y) 15/16 nm (1z) 14 nm (1a)* 12 nm (1b) 1c nm 1d nm

Micron 22% 17 nm (1x) 17nm (1y) 15/16 nm (1z) 14 nm (1α) 13 nm (1β) 1γ nm* 1δ nm

Nanya 1% 1C nm
*

CXMT 6% G1 (2y nm) G3 (1x-1ynm) G4 (1z-1anm) G5

*: Beginning of EUV adoption in mass production; Samsung adopted EUV in 1x & SK hynix in 1y very limitedly
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1A nm
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28 nm

25 nm29 nm
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1B nm

20 nm25 nm30 nm

2x nm30 nm
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21 nm

Source: Company release, and Bernstein estimates and analysis.

EXHIBIT 20: 6F2 is the prevailing structure of DRAM cell, but the industry, including CXMT, is trying to advance to
4F2 structure & to 3D DRAM.

Source: Samsung, Bernstein analysis
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EXHIBIT 21: A top view of DRAM cell arrays to illustrate the chagne from 6F2 to 4F2. By moving peripheral circuits
below capacitor in the same wafer, or even to a different wafer, 4F2 architecture reduces the area of a DRAM cell
from 6F2.

Source: Samsung

EXHIBIT 22: zHBM moves HBM stacks from the sides of XPU to the top. Samsung also aims to use W2W hybrid
bonding to improve the interconnections and thermal dissipation across the DRAM dies.

Source: Samsung
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EXHIBIT 23: Usual DRAM builds cells in FEOL but XBM
builds cells in BOEL.

Source: Intel

EXHIBIT 24: In a patent, Intel proposes to use 2
transistors to build a DRAM cell in BOEL.

Source: Intel

EXHIBIT 25: Intel’s ZAM reorients DRAM dies in a stack by 90 degrees to improve thermal dissipation.

Source: Intel, Bernstein analysis
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EXHIBIT 26: Using conventional packaging instead of CoWoS, Qualcomm’s HBC compromises on performance but
avoids the cost of interposer & 2.5D organic substrate.

Source: Qualcomm

EXHIBIT 27: RDIMM (Registered DIMM) & MRDIMM
(Multiplexed Rank DIMM) are high-end variants of
DIMM and are used in servers.

Source: Micron

EXHIBIT 28: LPCAMM2 puts LPDDR dies into a new
module format.

Source: Samsung
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EXHIBIT 29: Samsung proposed a few implementations of PIM. In the case of combining PIM with HBM, Samsung
proposed adding logic circuits (called PCU - programmable computing unit) inside the memory die.

Source: Samsung

EXHIBIT 30: Different memory technologies have different costs, access time (i.e. latency), etc.
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Source: Applied Materials, Toshiba, Everspin Yole, and Bernstein analysis
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EXHIBIT 31: KIOXIA claims its GP-series SSDs achieving
super high IOPS through leveraging XL-FLASH
technology.

Source: KIOXIA

EXHIBIT 32: Samsung takes advantage of Z-NAND in its
Z-SSDs to achieve “ultra low latency”.

Source: Samsung

EXHIBIT 33: KIOXIA incorporates different technologies into SSDs for specific parts of AI inference need.

Source: KIOXIA, Bernstein analysis
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EXHIBIT 34: Targeting on-device AI, Samsung’s zNAND-O stacks NAND dies together and then packages the stack
close to the processor.

Source: Samsung
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DISTRIBUTION OF EQUITY RATINGS/INVESTMENT BANKING SERVICES

Equity Rating Market Abuse
Regulation (MAR) and
FINRA Rating Category

Global Rating
Distribution

Investment Banking
Relationships*

Outperform BUY 51.2% 15.3%

Market-Perform (Bernstein Brand)
Neutral (Autonomous Brand) HOLD 35.8% 16.2%

Underperform SELL 13.1% 13.6%

* These figures represent the percentage of companies within each equity rating category for which affiliates of Bernstein have
provided investment banking services within the previous 12 months.
As of June 30, 2026. All figures are updated quarterly.

PRICE CHARTS/ RATINGS AND PRICE TARGET HISTORY

This research publication covers six or more companies. For price chart and other company disclosures, please visit https://
bernstein-autonomous.bluematrix.com/sellside/Disclosures.action or you can write to the Director of Compliance, Bernstein
Institutional Services LLC, 245 Park Avenue, New York, NY 10167.

CONFLICTS OF INTEREST

SG and/or its affiliates beneficially own 0.5% or more of [the total issued share capital/any class of common equity securities]
with a net [long/short] position of: Micron Technology Inc and KIOXIA Holdings Corp.

SG and/or its affiliates beneficially own 1% or more of a class of common equity securities of the following company: KIOXIA
Holdings Corp.

Bernstein has received compensation for non-investment banking securities-related products or services in the previous twelve
months from the following clients: Samsung Electronics Co Ltd.

Bernstein and/or affiliates have received compensation for non-investment banking securities-related products or services in the
previous twelve months from the following clients: Samsung Electronics Co Ltd, SK Hynix Inc and KIOXIA Holdings Corp.

An affiliate of Bernstein has received compensation for non-investment banking securities-related products or services in the
previous twelve months from the following clients: Western Digital Corp.

Certain affiliates of Bernstein act as market maker or liquidity provider in the debt securities of: SK Hynix Inc and KIOXIA Holdings
Corp.

Certain affiliates of Bernstein act as market maker or liquidity provider in the equities securities of: Micron Technology Inc.
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OTHER MATTERS

The legal entity(ies) employing the analyst(s) listed in this report, and their location, can be determined by the country code of their
phone number, as follows:

+1 Bernstein Institutional Services LLC; New York, New York, USA

+44 Bernstein Autonomous LLP; London UK

+212 Société Générale Africa Technologies & Services; Casablanca, Morocco

+33 BSG France S.A.; Paris, France

+34 BSG France S.A.; Madrid, Spain

+41 Bernstein Autonomous LLP; Geneva, Switzerland

+49 BSG France S.A.; Frankfurt, Germany

+91 Sanford C. Bernstein (India) Private Limited; Mumbai, India

+852 Sanford C. Bernstein (Hong Kong) Limited 盛博香港有限公司; Hong Kong, China

+65 Sanford C. Bernstein (Singapore) Private Limited; Singapore

+81 Sanford C. Bernstein Japan KK; Tokyo, Japan

Where this report has been prepared by research analyst(s) employed by a non-US affiliate, such analyst(s), is/are (unless
otherwise expressly noted below) not registered as associated persons of Bernstein Institutional Services LLC or any other SEC-
registered broker-dealer and are not licensed or qualified as research analysts with FINRA. Accordingly, such analyst(s) may not
be subject to FINRA’s restrictions regarding (among other things) communications by research analysts with a subject company,
interactions between research analysts and investment banking personnel, participation by research analysts in solicitation and
marketing activities relating to investment banking transactions, public appearances by research analysts, and trading securities
held by a research analyst account.

Where this report has been prepared by research analyst(s) employed by Société Générale Africa Technologies & Services (part
of the Société Générale group of companies), it has been prepared on behalf of a Bernstein company under a Global Services
Agreement in place between Bernstein and Société Générale.

CERTIFICATION

Each research analyst listed in this report, who is primarily responsible for the preparation of the content of this report, certifies
that all of the views expressed in this publication accurately reflect that analyst's personal views about any and all of the subject
securities or issuers and that no part of that analyst's compensation was, is, or will be, directly or indirectly, related to the specific
recommendations or views in this publication.

II. ADDITIONAL GLOBAL CONFLICT DISCLOSURES

It is at the sole discretion of the Firm as to when to initiate, update and cease research coverage. The Firm has established,
maintains and relies on information barriers to control the flow of information contained in one or more areas (i.e., the private side)
within the Firm, and into other areas, units, groups or affiliates (i.e., public side) of the Firm.

III. OTHER IMPORTANT INFORMATION AND DISCLOSURES

Separate branding is maintained for “Bernstein” and “Autonomous” research products.

• Bernstein produces a number of different types of research products including, among others, fundamental analysis and
quantitative analysis under both the “Autonomous” and “Bernstein” brands. Recommendations contained within one type of
research product may differ from recommendations contained within other types of research products, whether as a result of
differing time horizons, methodologies or otherwise. Furthermore, views or recommendations within a research product issued
under one brand may differ from views or recommendations under the same type of research product issued under the other
brand. The Research Ratings System for the two brands and other information related to those Rating Systems are included
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in the previous section.

• Autonomous operates as a separate business unit within the following entities: Bernstein Institutional Services LLC,
Bernstein Autonomous LLP, Sanford C. Bernstein (Hong Kong) Limited 盛博香港有限公司 and Sanford C. Bernstein (India)
Private Limited. For information relating to “Autonomous” branded products (including certain Sales materials) please visit:
www.autonomous.com. For information relating to Bernstein branded products please visit: www.bernsteinresearch.com.

Analysts are compensated based on aggregate contributions to the research franchise as measured by account penetration,
productivity and proactivity of investment ideas. No analysts are compensated based on performance in, or contributions to,
generating investment banking revenues.

This report has been produced by an independent analyst as defined in Article 3 (1)(34)(i) of EU 596/2014 Market Abuse
Regulation (“MAR”) and the same article of MAR as it forms part of United Kingdom domestic law by virtue of the European Union
(Withdrawal) Act 2018.

To our readers in the United States: Bernstein Institutional Services LLC, a broker-dealer registered with the U.S. Securities
and Exchange Commission (“SEC”) and a member of the U.S. Financial Industry Regulatory Authority, Inc. (“FINRA”) is distributing
this publication in the United States and accepts responsibility for its contents. Where this material contains an analysis of debt
product(s), such material is intended only for institutional investors and is not subject to the US independence and disclosure
standards applicable to debt research prepared for retail investors.

Bernstein Institutional Services LLC may act as principal for its own account or as agent for another person (including an affiliate)
in sales or purchases of any security which is a subject of this report. This report does not purport to meet the objectives or needs
of any specific individuals, entities or accounts.

To our readers in Canada: If this publication pertains to a Canadian domiciled company, it is being distributed in Canada by
Sanford C. Bernstein (Canada) Limited, which is licensed and regulated by the Canadian Investment Regulatory Organization. If the
publication pertains to a non-Canadian domiciled company, it is being distributed by Bernstein Institutional Services LLC, which
is licensed and regulated by both the SEC and FINRA, into Canada under the International Dealers Exemption.

This document may not be passed onto any person in Canada unless that person qualifies as "permitted client" as defined in
Section 1.1 of NI 31-103.

To our readers in Brazil: This report has been prepared by Bernstein Institutional Services LLC, and Banco BTG Pactual S.A.
("BTG") is responsible for the distribution of this report in Brazil.

To readers in the United Kingdom: This publication has been issued or approved for issue in the United Kingdom by Bernstein
Autonomous LLP, authorised and regulated by the Financial Conduct Authority and located at 60 London Wall, London EC2M 5SH,
+44 (0)20-7170-5000. Registered in England & Wales No OC343985.

This document is for distribution only to persons who (i) have professional experience in matters relating to investments falling
within Article 19(5) of the Financial Services and Markets Act 2000 (Financial Promotion) Order 2005 (as amended, the “Financial
Promotion Order”), (ii) are persons falling within Article 49(2)(a) to (d) (“high net worth companies, unincorporated associations,
etc.”) of the Financial Promotion Order, (iii) are outside the United Kingdom, or (iv) are persons to whom an invitation or inducement
to engage in investment activity (within the meaning of section 21 of the FSMA) in connection with the issue or sale of any securities
may otherwise lawfully be communicated or caused to be communicated (all such persons together being referred to as “relevant
persons”). This document is directed only at relevant persons and must not be acted on or relied on by persons who are not relevant
persons. Any investment or investment activity to which this document relates is available only to relevant persons and will be
engaged in only with relevant persons.

To our readers in the member states of the EEA: This publication is being distributed by BSG France SA, which is authorised
and regulated by the Autorité de Contrôle Prudentiel et de Résolution (ACPR) and Autorité des Marchés Financiers (AMF).

To our readers in Hong Kong: This publication is being distributed in Hong Kong by Sanford C. Bernstein (Hong Kong) Limited
盛博香港有限公司, which is licensed and regulated by the Hong Kong Securities and Futures Commission (Central Entity No.
AXC846) to carry out Type 4 (Advising on Securities) regulated activities and subject to the licensing conditions mentioned in
the SFC Public Register (https://www.sfc.hk/publicregWeb/corp/AXC846/details)). This publication is solely for professional
investors, as defined in the Securities and Futures Ordinance (Cap. 571). The purpose of this report is solely to provide an analysis
of the issuers referred to in this report and is not intended for any purpose contrary to the laws of Hong Kong.

To our readers in Singapore: This publication is being distributed in Singapore by Sanford C. Bernstein (Singapore) Private
Limited, only to accredited investors or institutional investors, as defined in the Securities and Futures Act 2001 of Singapore
("SFA"). Recipients in Singapore should contact Sanford C. Bernstein (Singapore) Private Limited in respect of matters arising from,
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or in connection with, this publication. Sanford C. Bernstein (Singapore) Private Limited is regulated by the Monetary Authority of
Singapore and licensed under the SFA as a capital markets services licence holder for dealing in capital markets products that are
securities and collective investment schemes and an exempt financial adviser for advising on, issuing and promulgating analyses
and reports on securities. Sanford C. Bernstein (Singapore) Private Limited is registered in Singapore with Company Registration
No. 20213710W and located at 8 Marina Boulevard, #12-01, Marina Bay Financial Centre, Singapore 018981, +65-6326-7000.

To our readers in the People’s Republic of China: The securities referred to in this document are not being offered or sold and
may not be offered or sold, directly or indirectly, in the People's Republic of China (for such purposes, not including the Hong Kong
and Macau Special Administrative Regions or Taiwan, the “PRC”) in contravention of any applicable laws of the PRC.

This document does not constitute an offer to sell or the solicitation of an offer to buy any securities in the PRC to any person to
whom it is unlawful to make the offer or solicitation in the PRC.

We do not represent that this document may be lawfully distributed, or that any securities may be lawfully offered, in compliance
with any applicable registration or other requirements in the PRC, or pursuant to an exemption available thereunder, or assume
any responsibility for facilitating any such distribution or offering. In particular, no action has been taken by us which would permit
a public offering of any securities or distribution of this document in the PRC. Accordingly, the securities are not being offered
or sold within the PRC by means of this document or any other document. Neither this document nor any advertisement or other
offering material may be distributed or published in the PRC, except under circumstances that will result in compliance with any
applicable laws and regulations.

To our readers in Japan: This publication is being distributed in Japan by Sanford C. Bernstein Japan KK (サンフォード・
C・バーンスタイン株式会社), which is registered in Japan as a Financial Instruments Business Operator with the Kanto Local
Finance Bureau (registration number: The Director-General of Kanto Local Finance Bureau (FIBO) No.3387) and regulated by
the Financial Services Agency. It is also a member of Investment Management Association of Japan. This publication is solely
for qualified institutional investors in Japan only, as defined in Article 2, paragraph (3), items (i) of the Financial Instruments and
Exchange Act.

For the institutional client readers in Japan who have been granted access to the Bernstein website by Daiwa Securities Group Inc.
(“Daiwa”), your access to this document should not be construed as meaning that Bernstein is providing you with investment advice
for any purposes. Whilst Bernstein has prepared this document, your relationship is, and will remain with, Daiwa, and Bernstein
has neither any contractual relationship with you nor any obligations towards you.

To our readers in Australia: Sanford C. Bernstein (Hong Kong) Limited 盛博香港有限公司 is responsible for distributing research
in Australia. It is regulated by the Securities and Exchange Commission under U.S. laws, by the Financial Conduct Authority under
U.K. laws, which differs from Australian laws. Sanford C. Bernstein (Hong Kong) Limited 盛博香港有限公司 is exempt from the
requirement to hold an Australian financial services license under the Corporations Act 2001 in respect of the provision of the
following financial services to wholesale clients:

• providing financial product advice;

• dealing in a financial product;

• making a market for a financial product; and

• providing a custodial or depository service.

To our readers in India: This publication is being distributed in India by Sanford C. Bernstein (India) Private Limited (SCB India)
which is licensed and regulated by Securities and Exchange Board of India ("SEBI") as a research analyst entity under the SEBI
(Research Analyst) Regulations, 2014, having registration no. INH000006378 and as a stock broker having registration no.
INZ000213537. SCB India is currently engaged in the business of providing research and stock broking services. Please refer to
www.bernsteinresearch.in for more information.

• SCB India is a Private limited company incorporated under the Companies Act, 2013, on April 12, 2017 bearing corporate
identification number U65999MH2017FTC293762, and registered office at Level 3A, 4th Floor, First International Financial
Centre, Plot Nos C-54 and C-55, G Block, Near CBI Office, Bandra Kurla Complex, Bandra (East), Mumbai 400098,
Maharashtra, India (Phone No: +91-22-68421401).

• For details of Associates (i.e., affiliates/group companies) of SCB India, kindly email MUM-BERNSTEIN-
InCompliance@bernsteinsg.com.
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• SCB India does not have any disciplinary history as on the date of this report.

• Except as noted above, SCB India and/or its Associates (i.e., affiliates/group companies), the Research Analysts authoring this
report, and their relatives

• do not have any financial interest in the subject company

• do not have actual/beneficial ownership of one percent or more in securities of the subject company;

• is not engaged in any investment banking activities for Indian companies, as such;

• have not managed or co-managed a public offering in the past twelve months for any Indian companies;

• have not received any compensation for investment banking services or merchant banking services from the subject
company in the past 12 months;

• have not received compensation for brokerage services from the subject company in the past twelve months;

• have not received any compensation or other benefits from the subject company or third party related to the specific
recommendations or views in this report; and

• do not currently, but may in the future, act as a market maker in the financial instruments of the companies covered in the
report.

• do not have any conflict of interest in the subject company as of the date of this report.

• Except as noted above, the subject company has not been a client of SCB India during twelve months preceding the date
of distribution of this research report. Neither SCB India nor its Associates (i.e., affiliates/group companies) have received
compensation for products or services other than investment banking, merchant banking or brokerage services from the
subject company in the past twelve months.

• The principal research analyst(s) who prepared this report, members of the analysts' team, and members of their households
are not an officer, director, employee or advisory board member of the companies covered in the report.

• Our Compliance officer / Grievance officer is Ms. Rupal Talati, who can be reached at +91-22-68421451, or MUM-
BERNSTEIN-InCompliance@bernsteinsg.com / Scbin-investorgrievance@bernsteinsg.com

• The Research investor charter and Terms & Conditions of SCB India are available on its website and may be accessed at Sanford
C. Bernstein (India) Private Limited (https://bernsteinresearch.in/) for your reference.

• Disclaimer: Registration granted by SEBI, and certification from NISM, is in no way a guarantee of performance of the
intermediary or provide any assurance of returns to investors. Investments in securities market are subject to market risks. Read
all the related documents carefully before investing.

To our readers in Switzerland: This document is provided in Switzerland by or through Bernstein Autonomous LLP, and is
provided only to qualified investors as defined in article 10 of the Swiss Collective Investment Scheme Act (“CISA”) and related
provisions of the Collective Investment Scheme Ordinance and in strict compliance with applicable Swiss law and regulations.
The products mentioned in this document may not be suitable for all types of investors. This document is based on the Directives
on the Independence of Financial Research issued by the Swiss Bankers Association (SBA) in January 2008.

To our readers in the Middle East: Bernstein Autonomous LLP, DIFC branch has its principal office at Gate Village 06, DIFC,
Dubai, UAE. Bernstein Autonomous LLP, DIFC branch is regulated by the Dubai Financial Services Authority (DFSA) with the
registration number CL10040 and is provisioned for Arranging Deals in Investments and Advising on Financial Products. All
communications and services are directed at Professional Clients and Market Counterparties only (as defined in the DFSA
rulebook). Persons other than Professional Clients and Market Counterparties, such as Retail Clients, are not the intended
recipients of our communications or services.

LEGAL

All research publications are disseminated to our clients through posting on the firm's password protected websites,
bernsteinresearch.com and autonomous.com. Certain, but not all, research publications are also made available to clients through
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third-party vendors or redistributed to clients through alternate electronic means as a convenience.

This publication has been published and distributed in accordance with the Firm's policy for management of conflicts of interest
in investment research, a copy of which is available from Bernstein Institutional Services LLC, Director of Compliance, 245 Park
Avenue, New York, NY 10167. Additional disclosures and information regarding Bernstein's business are available on our website
www.bernsteinresearch.com.

The securities described herein may not be eligible for sale in all jurisdictions or to certain categories of investors where that
permission profile is not consistent with the licenses held by the entities noted herein. This document is for distribution only as may
be permitted by law. This publication is not directed to, or intended for distribution to or use by, any person or entity who is a citizen
or resident of, or located in any locality, state, country or other jurisdiction where such distribution, publication, availability or use
would be contrary to law or regulation or which would subject any of the entities referenced herein or any of their subsidiaries
or affiliates to any registration or licensing requirement within such jurisdiction. This publication is based upon public sources
we believe to be reliable, but no representation is made by us that the publication is accurate or complete. We do not undertake
to advise you of any change in the reported information or in the opinions herein. This publication was prepared and issued by
entity referred to herein for distribution to eligible counterparties or professional clients. This publication is not an offer to buy
or sell any security, and it does not constitute investment, legal or tax advice. The investments referred to herein may not be
suitable for you. Investors must make their own investment decisions in consultation with their professional advisors in light of
their specific circumstances. The value of investments may fluctuate, and investments that are denominated in foreign currencies
may fluctuate in value as a result of exposure to exchange rate movements. Information about past performance of an investment
is not necessarily a guide to, indicator of, or assurance of, future performance.

This report is directed to and intended only for our clients who are “eligible counterparties”, “professional clients”, “institutional
investors” and/or “professional investors” as defined by the aforementioned regulators, and must not be redistributed to retail
clients as defined by the aforementioned regulators. Retail clients who receive this report should note that the services of the
entities noted herein are not available to them and should not rely on the material herein to make an investment decision. The result
of such act will not hold the entities noted herein liable for any loss thus incurred as the entities noted herein are not registered/
authorised/ licensed to deal with retail clients and will not enter into any contractual agreement/arrangement with retail clients.
This report is provided subject to the terms and conditions of any agreement that the clients may have entered into with the entities
noted herein. All research reports are disseminated on a simultaneous basis to eligible clients through electronic publication to
our client portal.

The information in this report was prepared by Bernstein solely for the internal business use of our clients. Clients may store,
display, analyze, reformat and print the information in this report for this limited use only. Clients may not copy, alter, create
derivative works, resell, reverse engineer, commercially exploit, share or distribute any part of the information contained herein
for any purpose without Bernstein’s express written consent. These restrictions include extracting data or using the content to
develop indices or other products. Further, you may not use this report, or any portion of this report, to train or finetune any third-
party machine learning or artificial intelligence system, or as a prompt or input into any such system. You also may not, without
Bernstein’s express written consent, do any of the foregoing in connection with your own internal machine learning or artificial
intelligence system.

Bernstein may use artificial intelligence tools in the preparation of its materials. Any such materials are reviewed by Bernstein’s
research analysts prior to publication.

This report has been prepared for information purposes only and is based on current public information that we consider reliable,
but the entities noted herein do not warrant or represent (express or implied) as to the sources of information or data contained
herein are accurate, complete, not misleading or as to its fitness for the purpose intended even though the entities noted herein
rely on reputable or trustworthy data providers, it should not be relied upon as such. Opinions expressed are the author(s)’ current
opinions as of the date appearing on the material only and we do not undertake to advise you of any change in the reported
information or in the opinions herein.

Any references to Societe Generale herein are purely factual, based upon publicly available information, and included for
comparative purposes only. They do not constitute an opinion or recommendation with respect to the securities of Societe
Generale.

This publication was prepared and issued by the entity referred to herein for distribution to eligible counterparties or professional
clients. The information in this report is intended for general circulation and does not constitute an offer to buy or sell any security,
investment, legal or tax advice nor a personal recommendation, as defined by any of the aforementioned regulators. It does not
take into account the particular investment objectives, financial situations, or needs of individual investors. The report has not been
reviewed by any of the aforementioned regulators and does not represent any official recommendation from the aforementioned
regulators. The investments referred to herein may not be suitable for you. Investors must make their own investment decisions in
consultation with advice sought from a financial adviser regarding the suitability of the investment product, taking into account the
specific investment objectives, financial situation or particular needs of any recipient of the recommendation, before the recipient
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makes a commitment to purchase the investment product.

The analysis contained herein is based on numerous assumptions. Different assumptions could result in materially different
results. The information in this report does not constitute, or form part of, any offer to sell or issue, or any offer to purchase or
subscribe for shares, or to induce engagement in any other investment activity. The value of any securities or financial instruments
mentioned in this report may fluctuate subject to market conditions. Information about past performance of an investment is
not necessarily a guide to, indicative of, or assurance of future performance. Estimates of future performance mentioned by
the research analyst in this report are based on assumptions that may not be realized due to unforeseen factors like market
volatility/fluctuation. In relation to securities or financial instruments denominated in a foreign currency other than the clients’
home currency, movements in exchange rates will have an effect on the value, either favorable or unfavorable. Before acting on any
recommendations in this report, recipients should consider the appropriateness of investing in the subject securities or financial
instruments mentioned in this report and, if necessary, seek independent professional advice.

The securities described herein may not be eligible for sale in all jurisdictions or to certain categories of investors where that
permission profile is not consistent with the licenses held by the entities noted herein. This document is for distribution only as may
be permitted by law. It is not directed to, or intended for distribution to or use by, any person or entity who is a citizen or resident of or
located in any locality, state, country or other jurisdiction where such distribution, publication, availability or use would be contrary
to law or regulation or would subject the entities noted herein to any regulation or licensing requirement within such jurisdiction.

Source: Bloomberg Index Services Limited. BLOOMBERG® is a trademark and service mark of Bloomberg Finance L.P. and its
affiliates (collectively “Bloomberg”). Bloomberg or Bloomberg’s licensors own all proprietary rights in the Bloomberg Indices.
Neither Bloomberg nor Bloomberg’s licensors approves or endorses this material, or guarantees the accuracy or completeness of
any information herein, or makes any warranty, express or implied, as to the results to be obtained therefrom and, to the maximum
extent allowed by law, neither shall have any liability or responsibility for injury or damages arising in connection therewith.

No part of this material may be reproduced, distributed or transmitted or otherwise made available without prior consent of the
entities noted herein. Copyright Bernstein Institutional Services LLC Bernstein Autonomous LLP, BSG France S.A., Sanford C.
Bernstein (Hong Kong) Limited 盛博香港有限公司, Sanford C. Bernstein (Canada) Limited, Sanford C. Bernstein (India) Private
Limited (SEBI registration no. INH000006378), Sanford C. Bernstein (Singapore) Private Limited and Sanford C. Bernstein Japan
KK (サンフォード・C・バーンスタイン株式会社). All rights reserved. The trademarks and service marks contained herein are
the property of their respective owners. Any unauthorized use or disclosure is strictly prohibited. The entities noted herein may
pursue legal action if the unauthorized use results in any defamation and/or reputational risk to the entities noted herein and
research published under the Bernstein and Autonomous brands.
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