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Abstract 

In-memory databases dominate today’s data center workloads. The large memory 
footprints of these databases necessitate bigger server memory capacities. 
However, memory is the highest cost item in a data center server bill of materials, 
leading to higher server costs. 

New generations of multi-core processors are available to support the computing 
power needed. Besides the native DRAM memory channels, these processors 
support CXL interfaces to augment the memory capacity of the server using CXL 
Type-3 devices1. CXL-based memory tiering can be an effective strategy for 
enhancing the memory-to-core ratio in the server. O/S or software-based tiering 
techniques have been introduced in recent years to support CXL-based memory 
tiering. The Intel® Flat Memory Mode (FMM) feature on the latest generation Intel® 
Xeon® 6 processors offers an innovative hardware-based technique to do the same. 

This paper focuses on Intel Flat Memory Mode as a hardware-based memory tiering 
technique and explores its performance for in-memory database management 
compared to O/S-based software techniques. 
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I: Introduction 

In-memory databases are central to many of today’s data center workloads. They 
can be used for caching data to speed up e-commerce servers or in stand-alone 
database applications like those required for running Enterprise Resource Planning 
(ERP) applications. 

As the scope of web-based applications continues to grow, so do the memory 
footprints of the underlying in-memory databases. However, memory is the highest 
cost item in a data center server bill of materials, leading to higher server costs. 

New generations of multi-core CPUs are available to support the computing power 
needed. Besides the native DRAM memory channels, these CPUs support CXL 
interfaces to augment the memory capacity of the server using CXL Type-3 
devices. CXL-based memory tiering can be an effective strategy for enhancing the 
memory-to-core ratio in the server. O/S or software-based tiering techniques have 
been introduced in recent years to support CXL-based memory tiering. The Intel 
Flat Memory Mode feature on the latest generation of Intel® Xeon® 6 processors 
offers an innovative hardware-based technique to do the same.2 
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CXL-based memory can reduce the cost of memory on a 
server. It allows for the use of lower cost memory DIMMs on 
both native DRAM and CXL channels to realize the required 
memory capacity. This is less expensive than using higher 
priced/higher capacity DIMMs on the native DRAM channels 
alone to meet the same capacity.3 

TCO savings aspects of CXL memory, however, is not the 
focus of this paper. We will focus on Intel Flat Memory Mode 
as a hardware-based memory tiering technique and explore 
its performance for In-memory database management 
compared to O/S-based software techniques. Performance 
is evaluated using the open-source database MongoDB, in 
contrast to previous work that relied on closed-source 
database.4 

Section II describes the essential elements of CXL memory 
tiering used in O/S (or software) based techniques like 
AutoNUMA,5 or TPP (Transparent Page Placement).6 
Special frameworks like MEMTIS,7 SMT,8 HMSDK,9 
HybridTier,10 or NeoMem11 are beyond the scope of this paper, 
however. 

Section III describes the Intel Flat Memory Mode feature 
available on the latest-generation (Generation 6) Intel Xeon 
processors for doing hardware-controlled CXL memory 
tiering. 

Section IV describes the experimental setup used to perform 
database testing and compares the results for both software-
based techniques (AutoNUMA, TPP) and hardware-based 
Intel Flat Memory Mode. We chose the MongoDB database 
with YCSB (Yahoo cloud-based benchmarking tool) available 
in the public domain for our measurements. 

Section V includes the Conclusion section of our findings. 

II: CXL Memory Tiering 

In this section, we will describe the basic software-based 
techniques used for performing CXL Memory Tiering. The 
two most common utilities available for doing this in Linux 
kernels (since v5.18) are AutoNUMA and Transparent Page 
Placement (TPP). A server fitted with CXL memory boots up 
with total available memory in two separate NUMA node tiers. 
The native DRAM memory (Near’ Memory) node and the 
CXL-attached memory (Far’ memory) node. When a 
workload gets assigned to any memory from the Far memory 
tier it will experience higher latency when accessing data from 
that tier leading to degradation in performance. The goal of 
memory tiering is to hide this additional latency. 

The Linux operating system implements this by migrating 
page contents from Far (CXL) memory to the Near Memory 
(native DRAM) if it determines that the page in Far Memory 
has become ‘hot’ - meaning a predetermined threshold of 
frequency of accesses to this page has been crossed. The 
workload is typically stalled when doing the migration. 
However afterwards, any new accesses by the workload to 
this memory page are from the Near memory tier thereby 
avoiding the additional latency of CXL. 

This assumes that there is sufficient space in Near Memory to 
do the migration. If not, the O/S must find some ‘cold’ pages - 
pages whose frequency of accesses has fallen below a certain 
threshold – in the Near memory and migrate them to Far 
(CXL) memory to make room. The graphic in Figure 1 shows 
this process. 

 
Figure 1: Expanding System Memory with CXL Memory Devices 

Inherent to the memory tiering techniques are the 
requirements on the O/S for: 

1) Performing Hot/Cold page telemetry on the total server 
memory space. 

2) Performing page migrations, temporarily stalling affected 
workloads. 

Modern data center servers typically support memory 
capacity of hundreds of gigabytes to a few terabytes. Hence, 
the associated page tables (assuming a 4K byte page size) are 
quite large. They are implemented as multilayer structures to 
reduce the overhead on a server’s memory capacity. For doing 
the Hot/Cold page telemetry, the O/S has to dedicate some 
CPU H/w resources - typically one core from a multi-core 
processor. The telemetry involves continually scanning the 
multi-layer page table to create the needed statistics to 
establish which entries (pages) are hot and which are cold. 

For doing page migrations, the O/S will typically deploy a data-
movement accelerator, e.g. the Intel® Data Streaming 
Accelerator (Intel® DSA) on the Intel Xeon processor family.12 
If such offload engines are not in use, the data movement is 
implemented using Programmed I/O, which results in longer 
workload stalls. 

As explained above, in software-based memory tiering 
methods, the O/S requires using certain hardware resources 
on the CPU which otherwise would be available to execute 
client workloads. 

III: Intel Flat Memory Mode (Hardware-controlled CXL 
Memory Tiering) 

While there have been multiple variants of hardware memory 
tiering, Intel Flat Memory Mode is the industry’s first cache-
line granular, hardware managed memory tiering solution for 
CXL.13 Intel Flat Memory Mode offers a two-tier solution with 
a 1:1 ratio between the two tiers (Figure 2). For this section, 
locally attached DRAM is referred to as “Near Memory” or 
“NM” and the CXL attached memory is referred to as the “Far 
Memory” or “FM.” In this mode, hardware manages data 
placement between the two tiers without any intervention 
from software. The aggregate capacity of locally attached 
DRAM and CXL attached memory is exposed to software as 
a unified memory range and data is placed exclusively in one 
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of the tiers only. Note that this is different from previous 
hardware managed memory tiering solution for Intel® 
Optane™ persistent memory14 which was known as Intel 
Memory Mode – where DRAM served as an inclusive cache 
for non-volatile memory. 

 
Figure 2: Intel Flat Memory Mode Concept 

Intel Flat Memory Mode’s 1:1 ratio means that the DRAM and 
CXL memory capacity used for tiering are equal, i.e. if Near 
memory’s total capacity is 1TB, the Far memory capacity is 
also 1TB. Thus, the configuration in this example has a total 
memory capacity of 2TB. 

Hardware uses one bit of metadata to manage the location of 
data between the two tiers (thus the metadata overhead for 
this feature is very low as well).

The 1:1 ratio only requires 1b of metadata, often referred to as 
the “tag,” representing two states: 

 1’b0 - Data is at home 
 1’b1 - Data is not at home 

The “Home” is an important concept in this mode. The NM 
component of memory is in the system address space, 
denoted as address A, and its corresponding FM location as 
address B (address B = address A + NM capacity). The home 
for address A is NM and the home for address B is FM. For 
example, let’s assume DRAM NM capacity is 24GB and hence 
CXL FM is also 24GB for the 1:1 ratio. The total address space 
exposed to the O/S-software is from 0 - 48GB. If address A = 
4GB, its corresponding address B = 28GB. After initialization, 
the system starts with zeroed NM and FM and the tag bit in 
NM is 0, meaning dataA is at home (in NM). A read request to 
address 28GB is sent to NM. The memory controller reads the 
NM location and decides it is a miss. The memory controller 
then sends a fill-read request to the FM (system address B, 
28GB) location to get dataB requested by the read. DataB is 
filled into DDR NM and data A now is evicted to the FM 
location. The tag in NM is updated to 1’b1, indicating dataA is 
no longer at home. Figure 3 illustrates this swap, for brevity, 
the metadata value updates are not shown. To reduce local 
memory misses and improve the performance of workloads 
with cache-unfriendly memory access patterns, Intel Flat 
Memory Mode supports adding dedicated local DRAM that is 
not hardware-tiered as a separate range in the physical 
memory address space. This dedicated local memory is 
exposed as a second NUMA node alongside the first NUMA 
node which contains the hardware tiered memory. 

 

Figure 3: Illustration of Data Being Swapped from Far Memory (CXL) to Near Memory (Native DRAM) 
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IV: In-memory Database Workload Measurements and 
Comparison 

We evaluated Intel Flat Memory Mode on current Intel Xeon 6 
processors with P-cores. The workload under evaluation is 
MongoDB, benchmarked using the Yahoo! Cloud Serving 
Benchmark (YCSB).15 The study characterizes the 
performance of three memory tiering strategies—Intel Flat 
Memory Mode (FMM) with Intel’s CXL-based hardware 
tiering, Linux AutoNUMA, and Transparent Page Placement 
(TPP) – and compares them against a baseline DRAM-only, 
non-tiered configuration. By analyzing these approaches side 
by side, we provide insight into how hardware-assisted tiering 
stacks up against open-source, software-driven alternatives 
in practical database scenarios. 

The system under test was a 2-socket Intel® Xeon® 6767P 
processor (formerly codenamed Granite Rapids), each 
socket providing 64 cores with Intel® Hyper-Threading 
Technology enabled, for a total of 128 vCPUs per socket. The 
system was running Ubuntu 24.04 LTS with 6.12.0 kernel. For 
our experiments, two different memory configurations were 
evaluated: 

Baseline (DRAM-only) Configuration: Each socket was 
equipped with 8* 128 GB DDR5-6400 DIMMs in a 1 DIMM-
per-channel (1DPC) layout, yielding 1 TB of DRAM per socket 
as depicted in Figure 4. 

Figure 4: Memory Setup for Baseline Configuration 

Tiered Configurations (FMM, AutoNUMA, TPP): Each socket 
used 8* 64GB DDR5-6400 DIMMs in 1DPC, providing 512GB 
of DRAM. This was combined with two x16 CXL DDR5 
devices, each populated with four 64GB DDR5-4800 DIMMs,

for an additional 512GB of CXL-attached memory per socket. 
In total, this configuration also provided 1TB of memory per 
socket, split evenly between DRAM and CXL as shown in 
Figure 5. 

Figure 5: Memory Setup with Tiered Memory 

For simplicity, the MongoDB server was pinned to Socket 0, 
while the YCSB client ran on Socket 1. This setup ensured that 
all communication flowed over the UPI links, avoiding the 
complexity of a separate network configuration. Socket 0 
hosted 8 instances of MongoDB Enterprise v7.0.17, each 
pinned to 16 vCPUs. Socket 1 ran 8 YCSB client instances, each 
configured with 25 million operations of Workload 9010 (90% 
reads, 10% updates) and using a different number of query 
threads per client. 

To evaluate different levels of data tiering, we configured the 
workload across four record count profiles, each designed to 
represent a specific data footprint relative to system memory: 

 
Size Memory 

footprint 
# of 

records 
Memory 

utilization 
S 500GB 40M ~50% 
M 700GB 60M ~75% 
L 860GB 80M ~90% 

XL 900GB 96M ~95% 

Our YCSB benchmark evaluation demonstrates that Intel Flat 
Memory Mode achieves performance parity with traditional 
DRAM-based configuration. See Figure 6. Testing across 
multiple MongoDB footprint sizes reveals that Intel Flat 
Memory Mode delivers throughput performance within 1-3% 
of pure DRAM implementations, while maintaining miss rates 
up to 11% in the largest DB size (~900GB). 

 

 
 

Figure 6: TYCSB Benchmark Achieves Almost the Same Performance with Intel Flat Memory Mode 
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Figure 7: Intel Flat Memory Mode Brings Up to 9% Better Performance than Software Tiering Under Full Memory Utilization 

 

 
Figure 8: YCSB Read Latency and CPU Utilization for Different Load Levels 

 

 
Figure 9: YCSB Update Latency and CPU Utilization for Different Load Levels 

0.91
0.95 0.92

0.98 0.99 0.99 0.99 0.99 0.99

0.95
0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.99

75%

90%
95%

99% 99% 99% 99% 99% 99%

0%

20%

40%

60%

80%

100%

120%

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

20T 30T 40T 50T 70T 80T 90T 96T 100T

CP
U

 U
til

iz
at

io
n

Th
ro

ug
hp

ut

FMM Autonuma TPP CPU Util

75%

90%
95% 99% 99% 99% 99% 99% 99%

0%

20%

40%

60%

80%

100%

120%

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.40

20T 30T 40T 50T 70T 80T 90T 96T 100T

C
P

U
 U

ti
li

za
ti

on

R
ea

d 
L

at
en

cy

FMM Autonuma TPP CPU Util

75%

90%
95% 99% 99% 99% 99% 99% 99%

0%

20%

40%

60%

80%

100%

120%

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.40

20T 30T 40T 50T 70T 80T 90T 96T 100T

C
P

U
 U

ti
li

za
ti

on

U
pd

at
e 

L
at

en
cy

FMM Autonuma TPP CPU Util



Technical Paper | Advantages of Managing the CXL Memory Tier in Hardware   

6 

 

Our YCSB threading scalability evaluation demonstrates that 
Intel Flat Memory Mode delivers higher throughput 
compared to software-based memory tiering approaches. 
We tested YCSB query threads ranging from 20 to 100 across 
8 MongoDB instances, each processing 86 million records. 
The results highlight the benefits of hardware-based tiering 
compared to software-based tiering, particularly under 
moderately high CPU utilization (75%), where it achieved 9% 
and 5% higher throughput compared to AutoNUMA and TPP, 
respectively. Refer to Figure 7. 

Our analysis also demonstrates that Intel Flat Memory Mode 
delivers superior low-latency performance compared to 
software-based memory tiering approaches across different 
CPU load levels under different database transactions, as can 
be observed in read requests in Figure 8 and update requests 
in Figure 9. This demonstrates that the latency advantages of 
Intel Flat Memory Mode do not come at the cost of 
computational efficiency, providing both performance and 
resource optimization benefits. 

V: Conclusion 
This technical paper presents a comprehensive evaluation of 
Intel Flat Memory Mode as a hardware-based memory tiering 
solution for CXL type 3 enabled systems, specifically 
examining its performance characteristics for in-memory 
database workloads compared to DRAM-only and software-
driven tiering solutions. 

Our results show that Intel Flat Memory Mode delivers 
performance parity with a DRAM-only configuration, with 
throughput just 1–3% lower across various database footprint 
sizes, this while maintaining a Near Memory miss rate below 11% 
even in the largest database scenarios. Intel Flat Memory Mode 
demonstrates superior scalability by outperforming software-
driven tiering solutions, delivering 9% higher throughput 
compared to AutoNUMA and 5% higher throughput compared 
to TPP under moderate to high CPU utilization scenarios. The 
hardware-managed approach provides superior latency 
characteristics across different load levels without 
compromising computational efficiency, making it particularly 
well-suited for latency-sensitive database applications. This 
performance advantage stems from Intel Flat Memory Mode's 
transparent cache-line granular migrations with minimal 
metadata overhead, whereas software-driven tiering solutions 
cause workload stalls during page migrations. 
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