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Modern workloads are memory-intensive

CXL promises more capacity at the cost of more latency

Scaling

DRAM
DRAM

DRAM

Limited Size
Low memory access latency (~100ns)

CXL
CXL

High capacity
Slower (~2-3X)



Tiered Memory Architecture Becomes a New Norm

Workloads suffer from significant penalty while placing in CXL

Can hotness guide page migration efficiently ?

CXL

Dynamic and efficient placement 

Hotness is key foundation

Pond [ASPLOS’23] 3

Tiering

DRAM

Cold pages

Hot pages

CXL
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Hotness Cannot Represent True Performance Criticality

Hotness alone fails to 
capture full spectrum of 

performance

There is a need to move from frequency toward performance criticality
SoarAlto [OSDI’25]

Frequently accessed is not 
always performance critical

4

Hotness = Performance criticality ?

Common foundation of tiering: hotness (frequency/recency) 

MLP can amortize latency
(SoarAlto)

Why hotness alone cannot capture true performance ?



Quantifying Per-Page Access Criticality

Pages with equal frequency contribute differently to performance

Do all memory pages contribute the same in performance ?

2X
LLC stalls

Interval (T)
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Microbenchmark

CXL memory pages

P P P P

Per-page 
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Quantifying Per-page Criticality
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Pages with the same access frequency can differ in stall cost by up to 65X

Spectrum of per-page stall costs for different workloads



From Hotness to Criticality Driven Tiering
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Can criticality be used as a new foundation 
to guide online memory tiering designs ?  



Research Challenges
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1 Quantifying PAC

2 PAC sampling

3
Revisiting tiering 
policies 

PAC analytical model

Light-weight tracking

PAC-centric migrations

Per-page access criticality

From analytical model to light-weight
sampling and tracking 

Adaptive promotion and eager demotion 
policies

PAC: Per-page access criticality; 
Measuring per-page access contribution to workload slowdown

(Coarse-grained counters)

(Extra overhead)

(Skewed PAC distribution)



PACT: PAC-Centric Tiered Memory Management

PAC analytical modeling

Eager demotion

Adaptive promotion

PAC sampling

PAC-centric policies
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CXLDRAM
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Quantifying page criticality

Light-weight page tracking

Workload adaptation



PACT Outperforms SOTA

Bc-kron workload: Improvements against other solutions
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PACT improves workload performance over 2nd best tiering system 
by up to 61% and 50x fewer page migrations

Across 13 workloads
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Overview

PAC modeling & sampling

PAC-centric migration policies 

Evaluation

Conclusion
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PAC Modeling: Quantifying Per-page Criticality

The observability gap:
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It requires estimation in the absence of direct hardware support

To compute PAC, we need per-page accesses and stalls from the CXL

StallTotal = StallDRAM + StallCXL

DRAM CXL

PMULack of hardware support Shared stalls
between tiers



PAC Modeling: Quantifying Per-Page Criticality

An extensive study with 96 workloads and 3 different setups
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To observe CXL-induced stalls, we develop an analytical model

CXL induced stalls

System-wide
LL
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LLC MissesLLC Misses
MLP

Corr = 0.98



PAC Modeling: Quantifying Per-Page Criticality

Measuring per-tier MLP using CHA (Cache Home Agent) metrics 
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Only two TOR counters enable per-tier MLP estimation

DRAM CXL TOR occupancyMLPCXL=  
Number of active cycles

CHA/TOR



PAC Modeling: Quantifying Per-Page Criticality

Final step : Calculating per-page criticality (PAC)
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PAC value is assigned to each page by an analytical model

∆T2∆T1 ∆T3 ∆T4

PEBS 
Sampling

20 msMLP stability

PAC = StallCXL ×
Ap
At

Page access count
Total access count



Overview

PAC modeling & sampling

PAC-centric migration policies 

Evaluation

Conclusion
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PAC-Centric Policies: Adaptive Promotion

How can we redesign PAC-centric polices ?
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Skewed PAC values invalidate 
static threshold-based approach
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PAC: [min . . . max]

Inaccurate promotion

Threshold-based



PAC-Centric Policies: Adaptive Promotion

From static binning to adaptive binning 
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Integrating two mathematical methods lead to smooth distribution 
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Adaptive promotion

Bin width:
Freedman-Diaconis

Adaptive binning

Q1

PAC: [min . . . max]

Q3

Reservoir Sampling
First and third quartile of PAC values
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Tiering Policies: Eager Demotion
To enable timely promotion, we proactively free fast-tier space
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Balances need to free fast-tier

Eager demotion boosts functionality of adaptive promotion

Fine-grained control over LRU
CXL

Proactive demotion
DRAM

Promotion
CXL

Demotion
Maintains empty room Demotion intensity could be configured 



Overview

PAC modeling & sampling

PAC-centric migration policies 

Evaluation

Conclusion
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Evaluation Setup
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CXL

Proactive demotion
DRAM

Promotion
CXL

Demotion190nsEmulated CXL

7 state-of-the-art tiering designs:

Soar OSDI'25 Offline analysis
criticalityAlto OSDI'25 MLP-aware

Memtis SOSP'23 THP-Aware
histogramColloid SOSP'24 Latency-balance

Nomad OSDI'24 Replication

TPP ASPLOS'23

NBT Linux NUMA balancing

NUMA balancing

90nsLocal DRAM 



PACT Performance Under Varying DRAM/CXL Ratios

Workload : bc-kron from GAPBS as a representative workload

22Scales slowly
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Improvement (2-22%)

All baselines 
Constantly better 

performance



All Workloads: SPEC, GAPBS, key-value stores
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PACT shows a robust 
behavior  

PACT Achieves better 
performance up to 

61%
CXL/DRAM



PACT Adapativity

How adaptive promotion policy can make online decisions ?
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PACT: 500K migrations against 
4.2 million migrations for 

Colloid



Sensitivity Study: PAC vs. Hotness

Differences of PAC-centric and hotness-based promotions  
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More in the Paper
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Workload colocation

Bandwidth contention

Mathematical methods

PACT for THP pages



Overview

PAC modeling & sampling

PAC-centric migration policies 

Evaluation

Conclusion
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Efficient tiered memory management is more critical than ever 
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PACT: Fine-grained, online performance criticality 

PAC metric: A step toward criticality-aware systems

Rethinking of tiering by using PAC-centric policies 

Possible use case of PACT is workload colocation

Thank you! Questions?


