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In-Memory Caching Systems

• Cache hot objects in memory

• Serve low-latency Get/Set

• Offload backend storage

Fundamental infrastructure 

in cloud datacenters
Databases

Serverless 
Computing

Machine 
Learning

…

Widely used in:
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Caching Systems on Monolithic Servers
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➢ Handle Get/Set requests
➢ Maintain high hit ratios (housekeeping)

• Track hotness → retain hot objects
• Eviction & GC → free cache space

➢ Store cached objects
➢ Store cache metadata

• Hotness metrics / Index / etc.

Cache server 1

Client 1 Client 2



Overhead
Reshard and migrate data

Scaling Monolithic Caching Systems

Cache server 1

Client 1 Client 2

Cache server 2

[1] Juncheng Yang et al. A large scale analysis of hundreds of in-memory cache clusters at Twitter. OSDI 2020, Fig. 4.

Scale

Note: Figure source1
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Need higher throughput 
or larger cache capacity?

Scale at instance granularity

Route requests according to data shards

Dynamic 
resource 
demands



Scaling Monolithic Caching Systems

[1] Juncheng Yang et al. A large scale analysis of hundreds of in-memory cache clusters at Twitter. OSDI 2020, Fig. 4.

Need higher 
throughput

Monolithic servers prevent independent scaling of 
CPUs and memory, causing resource underutilization

Need larger 
cache size

 Need more CPUs

Monolithic scaling adds both CPUs & memory

 Need more memory

Waste memory Waste CPUs

Note: Figure source1

5

Cache server 1

Client 1 Client 2

Cache server 2Scale



Disaggregated Memory (DM) for Caching

Fast Network (e.g., RDMA, CXL)

…

Compute Pool
Compute Node1 (CN)

…

Small Cache

Weak CPU

Memory Node1 (MN)

Memory Pool

Benefits: higher resource utilization & elasticity

Memory Noden
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➢ Handle Get/Set requests
➢ Cache housekeeping for high hit ratios

➢ Store cached objects and metadata
➢ Shared across CNs to avoid migration

 Need larger cache capacity → add MNs

 Need higher throughput → add CNs

Compute Noden



The Cost: Synchronization Amplification

…

Compute Pool

…

Memory Pool

Monolithic cache server

Local cache-
coherent  

synchronization 
(10—100ns)

CN1 CN2

MN1 MN2

Cross-node 
synchronization 
(250—2000ns)

Cache housekeeping: Hotness Tracking / Eviction Coordination / Garbage Collection

7
DM turns lightweight housekeeping into expensive cross-node synchronization.

Amplified 
by ~20×



On cache hits:
Update hotness 

metrics

For eviction:
Access queue to 

evict cold objects

Why DM Cache Housekeeping Is Costly
Queue-based scheme
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Obj A         Obj B          Obj C
Head Tail

On cache hits:
Update queue state 
(e.g. move objects)

…CN1 CN2

exclusive queue lock

Serialized remote queue operations
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Sampling-based scheme

No queue lock

Hotness metrics (e.g., Frequency)

h=8          h=3          h=3          h=1         h=0

…CN1 CN2

For eviction:
Sample candidates,

evict sampled coldest

Block / retry under contention
Amplified by high DM latency

Frequent hotness updates
Inefficient blind sampling

Object-level memory 
fragmentation
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How can we redesign DM cache housekeeping for efficient synchronization?

Synchronization Amplification is Severe
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Hotness 
Tracking

Get/Set 
Execution

[1] LRU-DM and SIEVE-DM are RDMA-based DM adaptations of LRU and SIEVE. Setup: Twitter trace, 10% cache ratio, 16 CN threads.
[2] Yazhuo Zhang et al. SIEVE is simpler than LRU: An efficient turn-key eviction algorithm for web caches. NSDI 2024.
[3] Jiacheng Shen et al. Ditto: An elastic and adaptive memory-disaggregated caching system. SOSP 2023.

1 2 3

Housekeeping 
traffic can 

exceed useful 
Get/Set traffic
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Queue-based Sampling-based



Less eviction 
synchronization

More eviction 
synchronization

C1: Efficiency-Effectiveness Trade-off in Eviction

Object-level eviction Group-level eviction

…

Retry under 
contention

Group A Group CGroup B

Batch?

CN1 CN2 …CN1 CN2

Effective: high hit ratio

hot      cold       hot       cold       hot       cold
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Hot Cold

Obj A      Obj B     Obj C      Obj D     Obj E      Obj F

Mixed hot/cold objects in a group

Memory frag.

Contiguous 
group space 
reclamation

Inefficient: high sync overhead Efficient: low sync overhead
Less effective: lower hit ratio
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C2: Accuracy–Overhead Dilemma in Hotness Tracking

Object-level tracking

…CN1 CN2

Accurate hotness: high hit ratio
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Expensive: high sync overhead Cheaper: low sync overhead

Coarse hotness: lower hit ratio

Hotness metrics 
(e.g., Frequency)

Group-level tracking
Aggregate?

…CN1 CN2

Group A Group B
Group-level aggregation 

obscures per-object hotness

Many fine-grained hotness updates Aggregated group hotness updates

h=9 h=3 h=2 h=1 h=0 h=0 h=1+3+2=6 h=9+0+0=9

Capture per-object 
hotnessM
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C3: Timeliness–Cost Conflict in Synchronization

Short flush interval
Timeline

Buffered 
hotness updates 

at CN1

Synchronized 
hotness at MN

Eviction decision 
at CN2

Delay?
Long flush interval

h=0 h=0 h=0 h=10

delayed 
flush
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h=1

flush

t1

h+1

h=3

flush

t2

h+2

h=6

flush

t3

h+3

t1

h+1

Fresh hotness metrics
→ Correctly retain hot objects

Stale hotness metrics
→Mistakenly evict hot objects

Frequent hotness flushes Fewer hotness flushes

t2

h+3

t3

h+6

t4

h+10



FIFO Queue Tail
…

FORGE Overview

Hash Table

…

Eviction 
Window

Group Evict
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Hash Table
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①

H
as
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②
Hotness

Evicted Groups

Object Get Object Set

Hotness

③

Lazy Flush

Buffered 
Hotness

Buffered 
Hotness

Principle: prioritize synchronization efficiency
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Grouping

①
①

Regrouping

③

Merge 
Buffer

Identify Hot   ②

Group-level cache 
management

Object-level tracking,
lazy hotness sync

Contention-free,
hotness-aware FIFO

②



…
Fp Length Pointer Group ID SeqNum

Hash Table Bucket …

Hash(object key)

G0 G1Group queue …

Sequential 
append

Grouping-aware Get/Set

CN1

Set: write-time grouping
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, o2

…

, …Set o1

Temporal locality: objects written close in time 
often exhibit correlated access patterns.

Slot
Group allocated 

by CN1
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②



…

Group allocated 
by CN1

Hash Table Bucket …

Slot

Fp Length Pointer Group ID SeqNum

Hash(object key)

Get o1
Object Frequency Map table

OFM … OFM
OF

1-byte per object

G0 G1Group queue …

Group ID

SN +1

Grouping-aware Get/Set

CN1

Set: write-time grouping

CN2

Get: object hotness tracking
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, o2

…

, …Set o1

O0 O1 …OFM queue

Indicate Hotness

Group-level OFM flush

Hybrid granularity: accurate object-level hotness tracking, 
batched group-level sync.
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③



FIFO Queue

OFM Queue OFM0 OFM1 … OFMi OFMi+1

OF OF … OF

OF OF … OF

1-byte per object

G0 G1 … Gi Gi+1 Group ID

FIFO Queue Node

Pointer

Contention-free FIFO Management

Tail: 4B

RDMA FAA

Advance →
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, o2

…

, …

Full group
CN1

Set: write-time grouping

Set o1

…

Head: 4BLock-free 
ring array

Group-level 
OFM sync
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FIFO Queue

OFM Queue OFM0 OFM1 … OFMi OFMi+1 OFMi+2

OF OF … OF

OF OF … OF

1-byte per object

G0 G1 … Gi Gi+1 Gi+2 Group ID

FIFO Queue Node

Pointer

Contention-free FIFO Management

Tail: 4B

RDMA FAA

Advance →
Lock-free 
ring array
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Full group

Set: write-time grouping

CN1

…

Evicted Groups Hot Group
MergeCN2

Evict

Evict: hotness-based regrouping

Head: 4B
Advance →

RDMA FAA

G1, …G0, , o2

…

, …Set o1

Group-level 
OFM sync
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However, plain FIFO is hotness-agnostic.Efficient sync: non-blocking concurrent eviction/insertion across CNs.



FIFO Queue

OFM Queue OFM0 OFM1 … OFMi OFMi+1

G0 G1 … Gi Gi+1

Hotness-aware FIFO Segmentation

Tail: 4B

Advance →
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New groups (likely cold)

Set: write-time grouping

CN1

…

Evicted Cold Groups Hot Group
MergeCN2

Evict

Evict: hotness-based regrouping

Head: 4B
Advance →

G1, …G0, , o2

…

, …Set o1

Seg>0?
Yes: Seg = Seg - 1, reinsert

Seg = k (> 0)

No: Evict

Group ID FIFO 
Queue 
Node

Pointer

Segment

Evict colder groups sooner; defer hotter-group eviction without blocking.

Seg = 0
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CN2CN1

FIFO Queue

OFM Queue OFM0 OFM1 … OFMi OFMi+1

OF OF … OF

OF OF … OF

1-byte per object

G0 G1 … Gi Gi+1

Lazy Hotness Synchronization

Tail: 4B

Advance →
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…

Head: 4B
Advance →

Buffered hotness metrics 
(object frequency)

OFM0 OFM1 … OFMi OFMi+1

OF OF

OF OF

1-byte per object Buffered hotness metrics 
(object frequency)

OFM0 OFM1 … OFMi OFMi+1

Group-level 
OFM sync

Group-level 
OFM sync

When to sync? Insight: synchronized metrics are only used during eviction.
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CN2CN1

FIFO Queue

OFM Queue OFM0 OFM1 … OFMi OFMi+1

OF OF … OF

OF OF … OF

1-byte per object

G0 G1 … Gi Gi+1

Lazy Hotness Synchronization

Tail: 4B

Advance →
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…

Head: 4B
Advance →

Buffered hotness metrics 
(object frequency)

OFM0 OFM1 … OFMi OFMi+1

OF OF

OF OF

1-byte per object Buffered hotness metrics 
(object frequency)

OFM0 OFM1 … OFMi OFMi+1

Lazily defer flush until groups near the FIFO head

Lazy-yet-timely hotness flushing eliminates unnecessary sync.

Eviction window
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More Details

➢ Lock-free Get/Set consistency

➢ Lightweight regrouping

➢ Lazy sync implementation

➢ Support for multi-queue designs

➢ …
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➢Workloads
• YCSB A/B/C/D/E

• CloudPhysics

• Wikimedia

• Microsoft Research Cambridge

• IBM

• Meta

• Twitter

➢ Comparisons
• Ditto [SOSP ’23] (state-of-the-art in RDMA-based DM caching systems)

• S3FIFO-DM (adapted from S3-FIFO [SOSP ’23], a recent object-level FIFO scheme)

• GLCache-DM (adapted from GL-Cache [FAST ’24], a recent group-level scheme)

Memory Pool

Compute Pool

100 Gbps 
InfiniBand switch

CX-5 RNIC

CX-5 RNICCX-5 RNIC CX-5 RNIC

CX-5 RNIC CX-5 RNIC

Evaluation
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➢ Zipfian distribution, θ = 0.99, object sizes = 256 bytes, cache size = 20%

YCSB A (50% GET, 50% UPDATE) YCSB D (95% GET, 5% INSERT)

FORGE achieves 2.0–8.7× higher throughput and 3.9–
13.3× lower P99 latency while maintaining top-2 hit ratios.

Hit Ratio: 
Ditto: 89.4%
S3FIFO-DM: 85.5%
GLCache-DM: 86.9%
FORGE: 87.6%

Bottlenecked by 
object-level 

synchronization

Group-level 
eviction

Contention-free 
and lazy 

synchronization

Hit Ratio: 
Ditto: 63.5%
S3FIFO-DM: 69.6%
GLCache-DM: 61.8%
FORGE: 68.8%

Evaluation: YCSB workloads
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➢ Dynamic object sizes, cache size = 5%, 10%, 20%

Memory 
frag.

Group-level management reduces fragmentation.Compared with the best baseline, FORGE achieves 1.6–
1.9× higher throughput and 1.4–2.0× lower latency.

Evaluation: real-world workloads



https://github.com/cszjyang/forge

➢ DM amplifies the synchronization overheads in cache housekeeping
• Hotness Tracking, Eviction Coordination, Garbage Collection

➢ FORGE: a DM caching system prioritizing synchronization efficiency
• DM-tailored group-level management

• Contention-free and hotness-aware FIFO policy

• Lazy-yet-timely hotness synchronization mechanism

➢ Benefits

High Throughput Low Latency Comparable Hit Ratios

Conclusion
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Thank you! Q&A
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