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Abstract

Tiered memory systems rely on hardware signals to estimate
page criticality and decide which pages should remain in fast
memory. Colocation corrupts these estimates at two points:
shared LLC interference changes whether accesses reach
memory, and downstream memory contention changes their
stall cost. Both effects blend colocated workloads’ behavior
into shared page-criticality estimates, creating a fundamental
observability gap for tiered memory management.

We present Tierce, an observability substrate for colocated
tiered memory. Tierce estimates workload-local exposed stall
by measuring per-workload memory-level parallelism and
scoring pages by realized access latency. It bounds LLC in-
terference with explicit cache-way allocation. Across 8 colo-
cated pairs that run four foreground workloads against a
bandwidth-intensive and a bursty, phase-varying co-runner,
Tierce outperforms PACT, the best prior art, on every pair,
by 2.2% to 12.6%.

CCS Concepts: • Hardware→ Emerging technologies; •
Computer systems organization→ Architectures.

Keywords: Tiered Memory, Compute Express Link (CXL),
Operating Systems

1 Introduction

AI-driven demand and slowing DRAM density scaling have
made memory capacity scarce and expensive in modern
datacenters [15, 39, 54, 79, 83]. Hyperscalers therefore deploy
tiered memory widely, using technologies from Intel Optane
to Compute Express Link (CXL) to expand capacity beyond a
server’s local DRAM [7, 15, 17, 39, 58]. This capacity reduces
cost but raises a placement problem: accesses served from
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the slower tier incur much higher latency, so the system
must decide which pages stay in fast memory.
Production tiered-memory systems rarely manage work-

loads in isolation. An operator-designated foreground (FG)
workload shares the CPU last-level cache (LLC) and mem-
ory resources with best-effort background (BG) co-runners.
Colocated workloads differ substantially in their sensitivity
to memory latency [15].
Existing placement engines rank pages using hardware

signals ranging from access frequency (hotness) to estimated
CPU stall cost (criticality) [20, 38, 44, 54, 64, 82]. Criticality-
aware systems such as PACT [20] account for memory-level
parallelism (MLP) [10, 63], but still estimate page criticality
from aggregate hardware observations. Under colocation,
shared cache and memory interference distort these obser-
vations, making the resulting estimates unreliable.

Colocation turns page placement into an ownership prob-

lem: the signals needed to estimate criticality no longer share
a common workload scope. Time aliasing occurs after re-
quests arrive at DRAM/CXL: workloads experience different
MLP and queuing delays, but existing systems combine them
into aggregate measurements. Space aliasing occurs before
requests reach memory: shared LLC interference changes
which accesses become memory requests, making cache in-
terference indistinguishable from the effects of page place-
ment [20, 38]. Page migration alone cannot correct either
form of lost attribution.

Characterizing 138 colocated executions, we find that the
change in L2 miss latency is the most consistent signal to pre-
dict colocation-induced slowdowns across workload classes
and placements, reflecting both whether an L2 miss escapes
the LLC and the cost incurred afterward. Yet it requires an
interference-free baseline that production cannot supply, and
it provides no page-level attribution (§3). The challenge is
therefore to recover actionable workload information from
signals available during colocation.
We present Tierce, an observability substrate that pre-

serves workload ownership across measurement and place-
ment. Tierce estimates workload-local exposed stall with
workload-specific MLP (wMLP) and latency-filtered page
scoring. Domain-private scoring, migration, and capacity
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enforcement preserve that attribution. Explicit LLC alloca-
tions bound interference in the shared cache, upstream of the
miss stream a tiering policy observes. The individual mecha-
nisms are known; the contribution is their composition into
a workload-isolated tiering pipeline. Shared caches and mem-
ory systems have long made application performance hard
to attribute [71, 72, 93]. Tierce identifies the page-placement
consequence: under colocation, the signals that page criti-
cality is estimated from fragment across mechanisms (§2).
Our evaluation spans 8 colocated pairs on Skylake (SKX)

servers (four foregrounds against two co-runners). Tierce
outperforms the best prior art, PACT [20], on every pair by
2.2% to 12.6%. Its worst cases are 0.5% above the untiered
baseline and 7.4% below a pair’s colocated all-DRAM refer-
ence. Its largest margins on that suite over NUMA balancing
memory tiering (NBT) [89], Colloid [82], and Memtis [38]
are 22.7%, 25.9%, and 64%, respectively. In summary, we make
the following contributions:
• We identify time and space aliasing as an observability gap
in colocated tiered memory, where signals lose workload
ownership before the policy acts.
• We design Tierce, an observability substrate that combines
workload-isolated placement, where eachworkload’s cores
and memory cgroup form a disjoint execution domain, per-
workload MLP measurement, per-access latency-filtered
page scoring, and bounded LLC residency policy into an
online tiering pipeline.
• We evaluate Tierce against four state-of-the-art tiering
designs. Across 8 colocation pairs, Tierce improves perfor-
mance by up to 12.6% over the best prior art, PACT.

2 Background and Related Work

2.1 Tiered Memory Request Processing Flow

Figure 1 shows the path of a memory request through the
shared LLC and memory tiers, where cross-workload inter-
ference begins. After an LLC miss, the request enters the
uncore, where the Caching/Home Agent (CHA) routes it
to local DRAM or CXL and tracks it until completion. Intel
processors expose complementary mechanisms along this
path: Precise Event-Based Sampling (PEBS) samples LLC-
miss accesses, the CHA’s Table of Requests (TOR) measures
outstanding requests and MLP, and Cache Allocation Tech-
nology (CAT) partitions cache capacity [28, 32, 41]. Each cov-
ers only one stage of the request lifetime, so tiered-memory
systems must combine them to estimate page importance.

2.2 From Hotness to Criticality

Tiered-memory systems initially ranked pages by access fre-
quency (hotness) [38, 54, 64, 84, 86], while recent systems
prioritize the CPU stall saved by promotion [14, 20, 44]. A par-
allel line of work targets CXL specifically, optimizing migra-
tion placement for the higher-latency tier [19, 69, 73]. PACT
formalizes the stall-saving objective as Page Access Critical-

C0 C1 C2 C3 C4 C5 C6 C7 C8 C9

FG Cores BG Cores

Shared LLC (11 ways)

CHA0 CHA1 CHA2 CHA3 CHA4 CHA5 CHA6 CHA7 CHA8 CHA9

Local DRAM (90 ns) CXL (190 ns)

· · · · · ·
per-core, per-tier

C2↔CXL

Figure 1. CHA/TOR on Skylake. FG and BG cores share an

11-way LLC across 10 CHA slices, which route misses to local DRAM

or CXL. Teal highlights one per-core, per-tier request path, the granu-

larity Tierce isolates with the Thread/Core-ID (TID) filter (§4.3).

Table 1. Tierce vs. PACT. Pipeline differences beneath PAC.

PACT [20] Tierce

Scoring Global pipeline Independent per-domain
MLP Aggregate per-tier Workload-isolated (wMLP)
Attribution Uniform per-access LDLAT-selective per-access
Admission Global threshold Per-domain threshold
LLC No control Predictive CAT control

ity (PAC), which discounts latency hidden by MLP [10, 63].
MLP has long shaped memory management, from schedul-
ing [59] to indexing [91], yet hardware exposes it only in
aggregate [34]. PACT samples accesses with PEBS at page
granularity, estimates per-tier MLP from aggregate counters,
and updates each sampled page’s PAC from its accesses and
MLP-discounted stall cost. Pages above the third quartile (𝑄3)
of the score distribution become promotion candidates. De-
motion candidates come from Linux LRU. Score distribution,
𝑄3 threshold, promotion queue, and fast-tier budget are all
global across workloads. Tierce builds directly on PACT: it
retains PAC as the placement objective but replaces the aggre-
gate measurement, attribution, admission, and LLC-control
pipeline beneath it with workload-local ones (Table 1).

2.3 Observability Gap for Colocated Tiered Memory

Isolated executions obtain PAC from a single workload, mak-
ing aggregation across the memory hierarchy a reasonable
approximation. Colocation interleaves these observations
across workloads (Figure 1). Aggregate hardware measure-
ments therefore fail to estimate workload-local PAC reliably.
Reconstructing PAC under colocation means recovering,

for every sampled memory access, each of the dimensions
listed in Table 2. PEBS, CHA/TOR, PEBS load-latency sam-
pling (LDLAT), and CAT each expose a different subset of
them at a different granularity, and none is sufficient on
its own. OS tiering adds another source of coupling: Linux
demotion is driven by per-node kswapd daemons reacting
to node-wide fast-memory pressure, so reclaim is shared
by every workload on a node and cannot be steered per
workload [11, 47, 92].
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Table 2. Signals. Existing hardware exposes complementary ob-

servations at different granularities. Ownership: which workload and

page issued a sampled access. Residency: whether it was served from

the LLC or reached a memory tier. Overlap: how much of its latency

was hidden by concurrent outstanding requests (MLP). Latency: its

realized time to complete in the cache and memory hierarchy.

Mechanism Ownership Residency Overlap Latency

PEBS LLC-miss Page LLC misses × ×
PEBS LDLAT Page Data source × Per-access
CHA/TOR × Memory tier Per-tier ×
CAT × LLC ways × ×
Linux tiering Page Aggregate Aggregate Aggregate

2.4 Relation to Prior Systems

Memory disaggregation. Far-memory systems expand ca-
pacity at warehouse scale [37, 83], in the application [67],
over RDMA [18, 53], and by harvesting stall cycles [48],
while migration mechanisms and multi-host CXL [23, 86]
reduce the cost of moving pages over a substrate that is
specified [12], surveyed [13], and measured on deployed sili-
con [17, 77]. They decide where capacity comes from; Tierce
decides which pages occupy it, attributing access cost to the
workload and page that incurred it.
Multi-tenant memory management. Existing systems
regulate fast-memory allocation, fairness, admission, or VM
placement [15, 36, 44, 47, 65, 68, 76, 92], determining how
much fast memory a workload receives; Tierce instead esti-
mates which pages are most valuable. Memstrata [94] esti-
mates per-VM slowdown under hardware flat memory mode
to allocate fast-memory capacity, whereas Tierce estimates
per-page PAC online to guide page placement.
Cache management. Intel CAT and cache-QoS systems
partition LLC capacity or bandwidth for performance iso-
lation [8, 9, 33, 46, 52, 60, 75, 90, 95]. Tierce uses bounded
LLC residency control to allocate and stabilize the cache
residency observed by the tiering engine.
Memory-system observability. Recent work expands
telemetry for DRAM/CXL controllers and system monitor-
ing [39, 40, 42, 43, 45, 51, 74, 78]. CPUs increasingly expose
fine-grained sampling capabilities through hardware counter
facilities [2, 29]. OS access tracking has likewise moved
from AutoNUMA hint faults [54, 88] to region-based moni-
tors [22, 61, 62]. Tierce composes existing measurements
and controls into a workload-isolated PAC abstraction.

3 Characterizing Colocation Interference

We first characterize workload performance under coloca-
tion and analyze hardware metrics to explain the observed
slowdowns, providing insights for an online OS policy.

3.1 Methodology

Setup. We use dual-socket SKX servers on CloudLab (Fig-
ure 1), with 90 ns local DRAM and a remote NUMA node

0 20 40 60
Colocation Slowdown (%)
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0.6

0.8

1.0

CD
F

DRAM (n=69)
CXL (n=69)

Figure 2. Colocation slowdown CDF under DRAM and CXL.

Slowdown is the colocated runtime relative to solo, minus one.

as a controlled 190 ns CXL-latency proxy, which we re-
fer to as “CXL” throughout for brevity. Nine FGs span
three classes: memory-bound (bc-kron from GAPBS, Silo,
XSBench, Masstree, VectorDB), cache-sensitive trace re-
plays (CacheLib Meta/Twitter traces), and network-bound
services (Redis, Memcached) [16, 55–57, 66, 80, 81, 85];
“memory-bound” means colocation slowdown is domi-
nated by memory-access cost rather than network/compute;
classes follow the dominant bottleneck, so the client-server
VectorDB counts as memory-bound. Six BG co-runners
(SPEC’s 649.fotonik3d, GAPBS bc-kron, bc-urand, pr-urand,
Intel MLC, VectorDB) [30, 70] are pinned to cores disjoint
from the FG. We measure 52 of the 54 FG/BG pairs, omit-
ting the two self-colocations (bc-kron, VectorDB); 17 of the
52 also run under a second BG core allocation; each con-
figuration runs once per placement (all pages on one tier,
DRAM or CXL): 69 runs per placement, 138 in all. We use
perf to sample core and CHA/TOR counters every 100ms to
derive various performance metrics (Figure 2). L3Lat denotes
LLC-miss latency, and TORLatLoc and TORLatRem denote
the CHA/TOR-derived latencies of local-DRAM and CXL,
respectively; L3 and LLC are interchangeable. We correlate
experiment means with overall slowdown and instruction-
equal phases with within-run slowdown [42]; Pearson and
Spearman agree closely for the signals we report.

3.2 Colocation Slowdown

Figure 2 shows that CXL amplifies colocation slowdown:
median slowdown rises from 8% on DRAM to 19% on CXL,
and the largest observed slowdown rises from 34% to 73%.
Memory-bound workloads slow by up to 34% on DRAM and
71% on CXL, while the network-bound Redis andMemcached
stay within 7% and 14% on DRAM but reach 41% and 21% on
CXL. Memcached p99 read latency (closed-loop YCSB: 50/50
reads and updates over 10M ≈1KB records, zipfian 𝜃=0.99,
eight client threads, single-threaded server) rises 1.06–1.24×
on local DRAM but 1.42–4.25× on CXL. Throughput there-
fore understates the client-server impact, especially on CXL.
Our running example, bc-kron with fotonik3d, slows by 29%
on DRAM and 64% on CXL.

3.3 Which Signals Explain Slowdown?

Figure 3 compares signals across the memory pipeline.
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Figure 3. Latency tracks colocation slowdown. (a) memory-bound and (b) cache-sensitive workloads; bars show |𝑟 | between each signal

and colocation slowdown, and hatching marks negative correlations. L1Lat/L2Lat/L3Lat: miss latencies; L3MLP: LLC-miss MLP; L3Stall/MemStall:

LLC/memory stalls; MemBW: bandwidth. TORLatLoc/TORLatRem: CHA/TOR-derived latencies of local-DRAM/CXL requests, each defined for

one placement only (x where undefined). (c) silo+bc-kron on CXL.

For memory-bound workloads (Figure 3a), L3Lat is
strongest under both placements, reaching 𝑟 = 0.91 on
DRAM and 𝑟 = 0.96 on CXL. Bandwidth omits realized
latency, stall counters omit ownership, and aggregate per-
tier MLP aliases colocated streams, compressing a low-MLP
workload’s criticality scale (§5.3). For cache-sensitive work-
loads (Figure 3b), only L1-level load latency tracks slowdown
under both placements (𝑟 = 0.90 DRAM, 0.86 CXL): deeper
miss latencies correlate strongly on CXL (𝑟 = 0.79–0.94)
but weaken on DRAM, and instructions per cycle (IPC) and
L3MLP correlate negatively (𝑟 = −0.45 to −0.89), so aggre-
gate per-tier MLP again reflects interference rather than the
FG workload’s exposed stall. As absolute L3Lat depends on
workload baseline, we subtract the solo baseline and use
L2Lat to capture LLC escape and downstream queuing.
Stability across phases. Within one Silo run, slowdown
varies from 7% to 28% while L3Lat tracks it at 𝑟 = 0.93 (Fig-
ure 3c); across instruction-equal phases of memory-bound ex-
ecutions, the correlation remains 0.91 on DRAM and 0.94 on
CXL. Latency therefore tracks interference within runs and
across workload pairs. For workload𝑤 under a fixed place-
ment, define ΔL2Lat𝑤 = 𝐿colo2,𝑤 − 𝐿solo2,𝑤 . Subtracting the solo
baseline isolates the colocation-induced shift. Table 3 shows
that no solo metric exceeds |𝑟 | = 0.45, while ΔL2Lat reaches
𝑟 = 0.91 across all workloads and 𝑟 = 0.96 after excluding the
client-server workloads. Although ΔL3Lat reaches 𝑟 = 0.99
for the memory-bound subset, ΔL2Lat is most consistent
across classes and placements.

3.4 ΔL2Lat: An Ideal Hindsight Signal

Why ΔL2Lat? A co-runner increases L2 misses escaping the
LLC (space aliasing) and inflates their downstream memory
service time (time aliasing). L2Lat integrates both, which is
why it generalizes better than signals isolating cache behav-
ior, memory service, traffic volume, or overlap.
The observability barrier. Despite its predictive power,
ΔL2Lat cannot drive an online placement policy: it requires
the same workload and placement with and without a co-
runner, and it provides no page-level attribution. Thus, it
cannot identify which pages the policy should move.

Table 3. Colocation slowdown best correlation. Rows group

scope and placement; columns report best colocated, solo, and Delta

correlations. Delta is colocated minus solo; bold marks row maxima.

RpqLat uses the read-pending queue; No CS excludes the client-server

Redis, Memcached, and VectorDB.

Scope Placement Colo (Best) Solo (Best) Delta (Best)

All Apps CXL 0.79 (TORLatRem) 0.44 (RpqLat) 0.91 (L2Lat)

No CS Apps CXL 0.91 (TORLatRem) 0.28 (RpqLat) 0.96 (L2Lat)

Mem-Bound CXL 0.96 (L3Lat) 0.18 (RpqLat) 0.99 (L3Lat)

4 Tierce Design and Implementation

Tierce recovers the PAC dimensions in Table 2 per domain
and preserves their attribution through page placement for
effective tiering under colocation.

4.1 Design Overview

Existing tiering systems share ranking, admission, migration,
and fast-tier capacity across workloads. A high-throughput
workload can therefore consume the placement budget of
a latency-sensitive one. Commodity hardware also lacks a
direct per-workload MLP signal, and page migration does
not control the cache residency that determines which ac-
cesses reach memory. Tierce addresses these limits with four
coordinated components (Figure 4).
• Domain-isolated placement establishes ownership
boundaries across the pipeline: each execution domain
maintains its own page-access samples, PAC statistics,
migration queue, and fast-tier capacity.
• Per-workload overlap reconstruction derives
workload-specific MLP (wMLP) from calibrated per-core,
per-tier CHA/TOR telemetry instead of aggregate MLP.
• Latency-selective admission refines PAC with PEBS
LDLAT samples, scoring only accesses whose realized la-
tency exceeds a hardware threshold. This concentrates the
migration budget on pages that incur slow-tier latency.
• Bounded LLC residency control regulates upstream
cache state with Intel CAT, so the misses Tierce scores are
generated under the workload’s assigned cache allocation.
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enforcement
via kdemotiond

Figure 4. Tierce architecture. Each stage supplies or preserves

one PAC dimension from Table 2.

4.2 Domain-Isolated Placement

Separating hardware observations is insufficient when work-
loads still contend for the same OS placement queues. A high-
volume co-runner can skew a global admission threshold or
consume another domain’s fast-tier capacity: under a single
shared queue, a memory-intensive BG takes as much as 95%
of all promotions in our measurements. The BG starved the
FG even when the FG’s pages had higher per-access critical-
ity. Algorithm 1 reconstructs scores independently for each
domain; the domain-private histogram, admission threshold,
queue, and capacity enforcement described here carry that
isolation into placement.
Domain-relative ranking and admission. Tierce retains
PACT’s percentile-threshold admission rule and Linux-LRU
demotion candidates [20], but changes their scope: each do-
main has its own score distribution, threshold, queue, and
capacity limit, so one workload’s sampling volume cannot
alter another’s candidate set. We also raise admission from
PACT’s 𝑄3 to the 90th percentile to concentrate each do-
main’s budget on fewer, higher-scoring pages (Table 4).
Independent service and enforced capacity. A migration
worker visits private domain queues round-robin to ensure
fair migration bandwidth, and each domain holds its own
fast-tier budget. A promotion into a domain that is already at
its limit must first displace one of that domain’s own pages,
never a neighbor’s. §4.6 describes how Tierce makes this
budget authoritative against every kernel allocation path.

4.3 Workload-Specific MLP

PAC discounts memory latency hidden by concurrent re-
quests, so Tierce needs MLP(domain, tier). Standard core
counters conflate destination tiers, while unfiltered uncore
(CHA/TOR) counters merge requests from all cores.
Turning uncore filtering into an OS signal. Intel
CHAs expose a Thread/Core-ID (TID) filter and memory-
destination filters [24], but the platform-specific encoding is
not mapped to Linux logical CPU IDs, so OS policies cannot
use it directly. Tierce calibrates the TID-to-CPU mapping
once at initialization. It pins an LLC-miss generator to one

Algorithm 1: Domain-specific PAC sampling
Input: for each domain 𝑤, its assigned core set (𝐶𝑤 ) and sample

count (𝑁𝑤 ); PEBS period (𝑃 ); CXL base cost (𝑘 , constant)
1 foreach domain 𝑤 with 𝑁𝑤 > 0 do
2 foreach assigned core 𝑐 do

3 Read TID-filtered, slow-tier CHA/TOR counters;
4 MLP𝑐 ← ΔTOR_OCC𝑐

ΔTOR_CYC𝑐 ;

5 MLP𝑤 ←
∑
𝑐∈𝐶𝑤 MLP𝑐
|𝐶𝑤 | ;

6 𝑆𝑤 ← 𝑘 · LLC-misses𝑤
MLP𝑤 ·𝑁𝑤 ·𝑃 ;

7 Aggregate PEBS samples by domain and page as counts 𝐴𝑤,𝑝 ;
8 foreach sampled page 𝑝 owned by 𝑤 do

9 PAC𝑤 [𝑝 ] ← PAC𝑤 [𝑝 ] +𝐴𝑤,𝑝 · 𝑆𝑤 ;

logical CPU, sweeps the TID range across all CHA slices,
and records the encoding whose TOR activity matches the
pinned generator. Tierce repeats the calibration for all cores.
Tierce measures MLP𝑤,𝑡 for domain 𝑤 and memory tier 𝑡 .
For PAC’s CXL samples, MLP𝑤 ≡ MLP𝑤,slow.
Deriving wMLP. Because physical-address hashing scat-
ters a core’s requests across all CHA slices, Tierce applies
the calibrated filters globally. The hardware lacks enough
counters to monitor all core–tier pairs simultaneously, so
Tierce time-multiplexes selected pairs across 20ms epochs.

For a core 𝑐 , Tierce computes MLP𝑐 =
ΔTOR_OCC𝑐

ΔTOR_CYC𝑐
, where

TOR_OCC accumulates outstanding slow-tier requests each
cycle and the denominator counts cycles with active TOR
requests. For a domain𝑤 spanning cores 𝐶𝑤 , the workload-
specific MLP is the average across its cores: MLP𝑤 =∑

𝑐∈𝐶𝑤
MLP𝑐

|𝐶𝑤 | . Averaging reduces variation among core-level
samples without requiring Tierce to record which thread
accessed each page.
Domain-specific PAC. Every 20ms, Algorithm 1 calculates
the domain’s base per-sample stall: 𝑆𝑤 = 𝑘 · LLC-misses𝑤

MLP𝑤 ·𝑁𝑤 ·𝑃 . Here,
Tierce measures LLC-misses𝑤 and MLP𝑤 on domain𝑤 ’s CPUs
during the current epoch, so the PAC numerator and denomi-
nator describe the same execution domain. The base cost 𝑘 is
PACT’s default slow-tier access cost in cycles, retained so the
score matches PACT’s definition. It does not affect placement
because a constant 𝑘 scales every page in a domain identi-
cally and cancels out of the per-domain percentile threshold
(§4.2). 𝑁𝑤 · 𝑃 estimates the total accesses represented by the
𝑁𝑤 PEBS samples at sampling period 𝑃 . 𝑃 counts sampled
events, not time: one record per 𝑃 slow-tier LLC misses, or
threshold-exceeding loads under LDLAT. Tierce recomputes
these inputs every epoch to follow phase changes.

4.4 Online Latency-Selective Admission

wMLP captures average request overlap but not latency vari-
ation among accesses. With a uniform stall cost, a 200-cycle
access contributes the same score as one delayed to 1,000
cycles by congestion. PEBS LDLAT tags sampled loads with
their realized latency (ℓ𝑝 ) and data source. Tierce admits only
samples whose latency clears a threshold.
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Characterizing LDLAT selectivity. The PEBS load-latency
event emits a record only when a load’s latency exceeds a
hardware threshold 𝑇 . At 𝑇 = 32, cache-labeled samples
represent the delayed tail of their class (e.g., loads blocked by
dependencies) rather than typical hit latencies (Figure 5).
Remote-memory accesses separate cleanly at 400 cycles.
Tierce therefore sets the hardware floor to 𝑇 = 350 cy-
cles. This captures the slow-tier population while rejecting
typical cache hits before they consume PEBS and software-
processing capacity. Tierce then filters by data source to
remove any remaining cache and local-memory records.
Latency filtering matches PACT with fewer samples.

Replacing PACT’s PEBS event with LDLAT (𝑇 = 350, pe-
riod 5) leaves the published runtime at baseline performance
while collecting fewer samples and issuing fewer promo-
tions. Raising the threshold to 700 cycles cuts both again
without changing that result (on bc-kron). We use these two
thresholds as the self-tuning controller’s operating points.
Self-tuning software thresholds (LDLAT-Dyn). Tierce
changes the software admission threshold over accepted
records as fast-tier pressure changes. This curbs unproduc-
tive migrations when DRAM is scarce. Every second, Tierce
computes each domain’s eviction pressure 𝐸𝑤 = pages evicted/s

fast-tier pages
(EWMA-smoothed) and takes the maximum across domains,
𝐸 = max𝑤 𝐸𝑤 . Every 30s, if 𝐸 > 𝜏𝐸 , it applies a 700-cycle
software threshold over the 350-cycle hardware floor and
admits only samples above 700 cycles. If promotions still
flow and 𝐸 does not exceed 𝜏𝐸 , it returns to the 350-cycle
floor. Whenever 𝐸 exceeds 𝜏em

𝐸
, a per-second emergency

check immediately re-applies the 700-cycle threshold, so an
overly permissive threshold lasts only a few seconds. We use
𝜏𝐸 = 0.002 and 𝜏em

𝐸
= 0.015 (fractions of fast-tier capacity).

Per-access weighting. Accepted samples also scale the do-
main’s base stall score by the ratio of the observed latency to
the slow-tier baseline (𝑆𝑝 =

𝑆𝑤 ·ℓ𝑝
𝑘slow

). This replaces the uniform
𝐴𝑤,𝑝 · 𝑆𝑤 term of Algorithm 1 so a page is never charged
twice for the same epoch. Because 𝑘slow is an EWMA of
ℓ , the mean latency of the accepted samples, the average
weight stays near 1.0 in steady state: the ratio moves score
toward a workload’s slowest pages but leaves its total score
unchanged. Latency-based admission speeds convergence
after a hot-set relocation (§5.2).
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Figure 6. Distribution of FG gain from way allocation. Per-

pair FG gain over the unpartitioned LLC (NoCAT) at each allocation;

all 53 pairs, one run per pair and placement (§4.5).

4.5 Bounded LLC Residency Control

wMLP and LDLAT estimate the cost of observed misses,
but neither identifies misses caused by a co-runner’s LLC
evictions. A line evicted by a co-runner is already gone by
the time either signal observes it. We use NoCAT for an
unpartitioned LLC, sCAT for a static partition, and dCAT

for dynamic allocation.
Cache residency and tiering. CAT controls LLC residency.
Its role follows from the stall decomposition [42, 45, 87]:
Memory stall ≈ LLC misses × exposed cost per miss. Page placement
optimizes the second factor, while unmanaged LLC con-
tention inflates the first before Tierce can sample or migrate a
page. Tierce partitions the LLC so that its PACs are computed
from misses produced under a controlled cache allocation.
An LLC way is worth more when the miss it avoids

reaches CXL. Sweeping foreground allocations across 53
colocated pairs (five FGs against co-runners at 4–16 threads,
so pairs vary in BG pressure; a matrix distinct from §3) on
an Emerald Rapids (EMR) 20-way LLC (Figure 6) shows wide
variation in cache sensitivity, so no single static allocation
works for all workloads. Most workloads recover unparti-
tioned performance using fewer than half the available ways.
Preventing an eviction saves more stall when the avoided
miss would otherwise access a slower, congested tier. Accord-
ingly, at the sweep’s 15/5 setting, the geomean foreground
gain over an unpartitioned LLC is 9.9% when pages reside
on CXL but 6.1% on DRAM. The distribution is bimodal (Fig-
ure 6): at the 15-way setting, 38% of pairs on DRAM and 32%
on CXL gain under 1%, while 26% and 40% gain at least 10%.
Two calibration points predict the whole colocated

curve. Across our sweeps, an affine transformation of a
workload’s solo curve (𝑔(𝑥) = 𝑎 · 𝑓 (𝑥) + 𝑏) predicts its colo-
cated cache sensitivity. In Figure 7, fitting 𝑎, 𝑏 at the two
circled allocations rescales the solo curve onto the colocated
one and predicts the other three (crosses) within 0.9 points.
The affine model uses two endpoint allocations to predict the
held-out curve with 2.0% mean absolute error (worst case
19%) across the 106 sweeps (53 pairs, two placements). The
predicted curve yields the minimal protective allocation: the
fewest ways that keep predicted slowdown within 𝜖=1% of
the unpartitioned baseline. In 91 of the 106 cases the predic-
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bc-urand, a cache-sensitive pair with below-median fit error (§4.5).

tion picks the same allocation as the measured curve (the
empirical ideal); 12 of the 15 mismatches over-protect, and 3
under-protect, so an operator can size a static split without
an exhaustive online sweep (§5.8).
Dynamic runtime control. A static allocation cannot re-
turn unused LLC ways when a workload enters a phase with
less cache demand. For each protected domain, Tierce sets
𝑊min to the minimal protective allocation supplied by the
affine model and sets𝑊max to the operator’s maximum pro-
tected allocation. Our prototype evaluation fixes these values
to𝑊min=5 and𝑊max=15 of 20 ways on Intel EMR CPU; this
places the static 15/5 reference at the controller’s own𝑊max.

Algorithm 2 by default uses the FG’s LLC misses-per-kilo-
instructions (MPKI) as a conservative demand indicator. Ev-
ery control interval (𝐼=100ms), if MPKI falls below a low
threshold (𝜏𝑙𝑜=10), Tierce releases one way down to𝑊min;
if MPKI spikes above a high threshold (𝜏ℎ𝑖=25), it restores
𝑊max in a single step. The response is deliberately asymmet-
ric: a mistaken release can immediately hurt the FG, whereas
retaining an unneeded way costs only BG opportunity. The
same control loop can use different demand signals; §5.8 eval-
uates L2Lat and a probing policy. CAT benefits an FG with
cache-timescale reuse when an eviction would expose a miss
to an expensive tier; it provides little benefit to streaming
domains with little reusable LLC state. Over-allocation can
also harm a cache-sensitive BG, so the bounded controller
favors FG protection over aggressive reclamation.
Interaction with migrations. CAT changes the LLC miss
stream at the 100ms interval before page placement acts;
migration determines the cost of requests that still miss as
page residency changes over longer intervals.

4.6 Implementation

We implement Tierce by extending PACT’s userspace
runtime and the Linux kernel. The runtime reconstructs
workload-isolated PAC and decides placement (Figure 4),
while the kernel provides a per-memory-cgroup tiering sub-
strate that enforces domain-local capacity and migration.
Runtime. For each execution domain, the runtime main-
tains an independent PAC table, score histogram, promotion
queue, and LLC/CAT allocation state. Using the Linux perf_-

event interface, it programs both core and uncore counters

Algorithm 2: Bounded LLC allocation.𝑊 is the FG’s
way count out of𝑊tot; the co-runner receives the remainder.
Tierce uses the FG’s MPKI as the demand signal 𝜎 (§4.5).
Input: demand signal 𝜎 ; release/restore band 𝜏lo, 𝜏hi; control

interval 𝐼 ; bounded range [𝑊min,𝑊max ] of𝑊tot ways
Output: CAT way allocation (𝑊,𝑊tot −𝑊 ) , updated every 𝐼

1 𝑊 ←𝑊max; apply CAT allocation (𝑊,𝑊tot −𝑊 ) ;
2 while protected domain is running do

3 Sleep 𝐼 ; 𝑠 ← 𝜎 (domain) ;
4 if 𝑠 > 𝜏hi then𝑊 ←𝑊max;
5 else if 𝑠 < 𝜏lo then𝑊 ← max(𝑊 − 1,𝑊min ) ;
6 else𝑊 unchanged;
7 Apply CAT allocation (𝑊,𝑊tot −𝑊 ) ;

to collect the telemetry required to reconstruct PAC. During
each epoch, the runtime drains PEBS/LDLAT records, snap-
shots the corresponding CHA/TOR and LLC-miss counters,
reconstructs wMLP, updates PAC, refreshes the admission
threshold, and enqueues promotion candidates. The runtime
batches promotion requests via move_pages() and updates
CAT allocations through Intel’s resctrl interface [41]. The
runtime uses the multiplexed CHA/TOR collection of §4.3.
Linux kernel. The kernel implements a per-memory-
cgroup tiering substrate that provides domain-local fast-tier
accounting, pressure tracking, promotion, and demotion.
Each memory cgroup maintains an independent fast-tier
capacity and associated fast-tier pressure watermark. Like
Linux’s per-node kswapd, Tierce instantiates one kdemotiond

daemon per cgroup–node pair. When a promotion would ex-
ceed a domain’s fast-tier budget, kdemotiond first reclaims a
cold page from the same domain’s LRU before admitting the
promotion. Promotion, demotion, and capacity enforcement
therefore never cross domain boundaries.

To make the fast-tier budget authoritative across all kernel
allocation paths, Tierce replaces Linux’s deferred residency
accounting with synchronous per-cgroup, per-node account-
ing and drains per-CPU page staging vectors before each
kdemotiond scan. Thus, admission accounting and demotion
always operate on the same resident page set regardless of
whether pages are promoted through move_pages(), NUMA
balancing, or other kernel migration paths.

4.7 Discussion and Limitations

Configuration constants. Table 4 collects the fixed con-
stants of §4 with the basis for each value. Several values
carry sensitivity evidence: the period is swept in Table 5,
the latency threshold across capacity regimes in §5.7, and
the LLC controller’s constants in §5.8; the rest were selected
empirically during development and were not swept.
Hardware assumptions and evolution. The Tierce proto-
type uses Intel PEBS/LDLAT, CHA/TOR counters, and CAT,
validating TID-filtered CHA/TOR on both SKX and EMR de-
spite differing TID encodings [24–27]. Analogous primitives
exist elsewhere (AMD IBS/PQoS, Arm SPE/MPAM [1, 3–6]).
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Table 4. Tierce configuration constants. The prototype’s con-

stants and the basis for each value.

Parameter Value Basis

P
A
C

PAC epoch 20ms PACT default
Admission percentile 0.90 empirical

L
D
L
A
T
(§
4.
4)

Hardware floor𝑇 350 cyc characterization (Fig. 5)
LDLAT PEBS period 5 events matched volume
wMLP PEBS period 100 events PACT-matched
Software gate 700 cyc threshold sweep
𝜏𝐸 / 𝜏em

𝐸
0.002 / 0.015 empirical

Dyn decision / emergency 30 s / 1 s empirical
EWMA 𝛽 (𝑘slow) 0.3 empirical

L
L
C
(§
4.
5)

Control interval 𝐼 100ms empirical
𝜏𝑙𝑜 / 𝜏ℎ𝑖 (MPKI) 10 / 25 empirical
𝑊min /𝑊max 5 / 15 of 20 affine predictor
Tolerance 𝜖 1% predictor objective

When a capability is unavailable, Tierce falls back to coarser
attribution, such as aggregate MLP or uniform PAC weight-
ing, while preserving domain-isolated placement. Richer
counters can improve these signals but do not remove the
ownership problem: Intel Diamond Rapids, for example, can
attribute PEBS accesses across memory regions including
CXL [31, 49], but still identifies a memory region rather than
the execution domain that generated the access.
When the mechanisms pay. Page placement needs tier-
ing headroom: where migration cost exceeds the placement
benefit, tiering policy trails NoTier (§5.6). LLC protection
needs a protected workload that benefits from more cache,
and reclamation needs a co-runner that can exploit released
ways. FG protection applies across the evaluated co-runners.
The BG throughput gains require a cache-elastic co-runner
and therefore have narrower scope (§5.8).
Deployment and evaluation scope. Tierce targets trusted
host/hypervisor deployment, where execution domains,
counter telemetry, and LLC partitions can be managed with-
out guest modification. Because PEBS/LDLAT records may
expose instruction pointers, virtual addresses, and access
latencies, sampled data remain within the trusted runtime;
guest-visible virtualized counter telemetry remains future
work [22, 68]. Our evaluation uses an emulated CXL setup
(§5.1), so we do not isolate device, controller, or link effects.
The LLCway-allocation mechanism, the sweep, affine predic-
tor, and the release-signal study, is characterized on EMR’s
20-way LLC only; on SKX we use a fixed split without repeat-
ing that analysis. Finally, scaling Tierce’s time-multiplexed
CHA/TOR monitoring and CAT controller beyond two con-
current domains remains outside our evaluation.

5 Evaluation

We isolate each mechanism (§5.2), test combined gains and
tail latency on EMR (§5.3, §5.4), generalize to the 8-pair suite
and solo runs on SKX (§5.5, §5.6), test robustness without
retuning (§5.7), and compare LLC control signals (§5.8).

5.1 Methodology

Hardware. We evaluate on dual-socket Intel SKX and EMR
servers and emulate a CXL tier with the remote NUMA node
(190 ns vs. 90 ns local DRAM on SKX; 199 ns vs. 110 ns on
EMR, measured with Intel MLC). A per-cgroup capacity limit
splits each workload’s memory between the fast and slow
tiers; unless stated otherwise, the ratio is 1:1 (50% of RSS on
DRAM). Both machines run our modified Linux 6.3. We use
SKX for the larger suite and to compare with prior art. We
use EMR’s 20-way LLC to characterize way allocation (§4.5).
Workloads. Our main suite uses 9 foreground workloads
spanning three application classes: Silo [80] (OLTP database),
657.xz from SPEC CPU 2017, and seven GAPBS [16] graph
kernels (bc-twitter, bc-kron, bc-urand, pr-twitter, sssp-kron,
tc-kron, and tc-twitter). Resident set sizes span 7–42GB, so
foregrounds overflow their fast-tier budgets and contend for
placement. The suite contrasts irregular, latency-bound ac-
cess (GAPBS and Silo) with streaming, bandwidth-bound ac-
cess (657.xz, and 649.fotonik3d as a co-runner). These work-
loads also appear in the Memtis, Colloid, and PACT evalu-
ations. Solo experiments run 9 workloads with 8 threads;
colocation experiments run 4 threads per workload and
pair four FGs (bc-kron, bc-urand, silo, sssp-kron) against
two BGs. We choose FGs for tiering headroom and access-
pattern diversity: bc-kron and bc-urand carry the largest
headroom in the solo suite (Figure 14), while silo (OLTP)
and sssp-kron (low-MLP pointer chasing) extend workload-
class coverage; the BGs contrast a bandwidth-saturating
co-runner (649.fotonik3d) with a bursty, moderate one (pr-
twitter). 649.fotonik3d is also a foreground only in the capac-
ity sweep of §5.7. The LLC way-allocation experiments in
§5.8 use cc-twitter, pr-kron, and cc-urand as foregrounds
and GAPBS’s Shiloach-Vishkin connected-components ker-
nel on kron25 (cc-sv-kron) as a cache-elastic background.
The characterization suite (§3) spans more workload classes;
the evaluation focuses on workloads with tiering headroom,
which we define as the performance gap between all-DRAM
and no-migration execution.
Systems. We compare eight tiered configurations plus
an All-DRAM reference (all memory on DRAM, no
CXL): NoTier (memory spread across tiers with no mi-
gration), NBT [89], Colloid [82], Memtis [38], PACT [20],
and two Tierce ablations named by the signals they
enable, wMLP (per-workload MLP, which requires per-
workload isolated migration management to act on it) and
wMLP+LDLAT (adding per-sample latency-filtered scoring
at threshold 350 cycles). The complete Tierce adds a static
LLC way allocation (sCAT) on top of wMLP+LDLAT: 15/5
of EMR’s 20 ways in §5.3, and 8/3 of SKX’s 11 ways in
§5.5. We evaluate the dynamic controller of §4.5 separately
in §5.8. wMLP samples at period 100 and wMLP+LDLAT
samples the dedicated load-latency event at period 5 (§5.7).
We size PACT’s PAC metadata pool to cover each working
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Figure 8. Per-signal microbenchmark. Signals are enabled in turn from NoTier; wMLP replaces per-tier MLP (PT-MLP) under an otherwise

identical per-workload pipeline. (a–c) are SKX (11-way, 13.75MiB LLC), (d–f) EMR (20-way, 160MiB). (a,d) per-step change in post-swap chase

rate, as a percentage of that platform’s NoTier rate, so the steps sum to the total. (b,e) time to reach 95% of the phase-final rate. (c,f) pages
promoted (log axis); bars are FG, horizontal dashes BG. Values are means of three to eight runs each.
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latency; (d) Average FG and BG LLC occupancy.

set because its shipped 2Mi-entry default fills on every pair,
after which PACT cannot add pages to the managed set.
Every PACT result uses the uncapped configuration. PACT’s
released artifact defaults to PEBS period 400; we evaluate
it at both that default and wMLP’s period 100. For each
workload or pair, we report the better PACT result.
Metrics. We report application throughput and inverse run-
time as a percentage of the all-DRAM baseline; §5.4 reports
p99 in µs. The controlled microbenchmark studies (§5.2, §5.8)
have no all-DRAM configuration; they report percent change
against the baselines of NoTier or the unpartitioned configu-
ration. Unless noted otherwise, we run each experiment at
least three times and report the mean or median.

5.2 Microbenchmark: Understanding Each Signal

Application-level results cannot isolate which mechanism
corrects a placement decision, so we begin with a controlled
benchmark that adds Tierce components incrementally.
Setup. The foreground (FG) emulates an in-memory data-
base with two pointer-chasing datasets (A and B), an index
(I), and a scan buffer (S). The datasets have identical sizes and
access frequencies but differ in memory layout. Accesses to
B are 1.4–2× more expensive than accesses to A. The BG is
a bandwidth-intensive streaming workload with high MLP.
Both domains are capped at half their working set in the fast
tier, so the scan buffer, index, and hot regions cannot all be
fast at once. Midway through execution A and B exchange
layouts without moving pages, and we measure only the
post-swap chase rate, so that rate reflects adaptation rather

Table 5. Sampling-period sensitivity. wMLP at 4 PEBS periods vs.

wMLP+LDLAT at (period 5,𝑇=350), on the solo EMRmicrobenchmark.

Columns report run-total promotions, post-swap chase rate, and B-hot
fast-tier residency at 600 s; cells are run means.

Policy Promotions Rate (Mops) B @600

wMLP p100 2.21M 6.02 0.92
wMLP p300 833K 5.89 0.66
wMLP p500 556K 5.83 0.59
wMLP p1000 300K 5.70 0.39
wMLP+LDLAT 558K 6.24 0.87

than initial placement. Scan throughput varies by only 9–13%
across configurations; the chase rate is therefore the more
sensitive measure of placement quality.
wMLP restores the FG’s PAC scale. Aggregate per-tier
MLP mixes the FG’s requests with the BG’s and thus overes-
timates the FG’s overlap. Replacing it with wMLP promotes
stranded hot pages 1.4–1.8× sooner than scan-buffer pages.
wMLP keeps 90% of B’s hot pages in the fast tier vs. 86%
under aggregate MLP, and improves end-to-end throughput
by 2.6% with near-identical promotion volume (Figure 8a,c).
LDLAT concentrates promotions on expensive accesses.

The two hot datasets are intentionally indistinguishable by
access frequency, but their realized-latency distributions di-
verge substantially (Figure 9a). LDLAT directs a larger frac-
tion of a smaller promotion volume to B: over the 20 s after
each phase change, the share of FG promotions reaching
B’s hot region rises from 9% to 40%, while FG and total pro-
motions fall by 4.3× and 5×, respectively, as unnecessary
BG promotions nearly disappear (Figure 9b). The absolute
number of promotions reaching B remains essentially un-
changed. After the swap, wMLP+LDLAT recovers 95% of
the phase-final chase rate within 1.2 s versus 13 s for wMLP
(Figure 8b), because the threshold surfaces the displaced hot
pages first. Sweeping wMLP’s sampling period shows that
lower promotion volume alone does not explain the result
(Table 5): p500 matches wMLP+LDLAT’s promotion budget
(556K vs. 558K) but recovers far less of the hot set (0.59 vs.
0.87) and achieves a lower post-swap rate; p100 requires 4×
the promotions, while longer periods fail to retain the hot
set. wMLP+LDLAT’s threshold selects its own volume (§5.7).
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(a) sssp-kron + fotonik3d (1:1)
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(b) bc-urand + fotonik3d (1:9)
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(c) bc-kron + fotonik3d (1:9)
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Figure 10. Three colocation pairs, and the FG’s PAC values. (a)–(c) FG performance for three EMR pairs, normalized to each pair’s

all-DRAM result; BG is fotonik3d. Bars are medians; error bars span min–max over three runs. The y-axis starts at 60. (d) PAC values for

sssp-kron under per-workload and aggregate MLP, on a log axis; rules mark medians.

CAT bounds upstream cache interference. Bounded LLC
residency control improves the post-swap chase rate by a
further 14% of NoTier (Figure 8a), and 98% of the latency
reduction comes from B’s hot pointer-chasing hops (Fig-
ure 9c). The index I is the only FG structure whose reusable
working set fits in the LLC; the scan buffer and BG stream
through memory. Hardware counters confirm that CAT dou-
bles the FG’s LLC occupancy and halves the BG’s occupancy
(Figure 9d). The BG incurs negligible loss because it has
essentially no cache-timescale reuse.
Replication on EMR. Together, the four mechanisms reach
34% over NoTier on EMR, close to the 35% on SKX (Fig-
ure 8a,d), but each mechanism contributes differently: CAT
adds 14% on SKX and 4% on EMR, while LDLAT gains 7% on
EMR and has no measurable rate effect on SKX (the 1% step
is within run-to-run variation). EMR differs from SKX, with a
160MiB LLC (11.6× larger). EMR’s much larger LLC already
retains most of the FG index, so CAT has little interference to
remove. Its slower far-memory path also makes identifying
the costly pages early more valuable. On SKX, by contrast,
the 75 s chase phase is long enough for frequency-based
promotion to recover the displaced hot set on its own, so it
masks LDLAT’s faster convergence. wMLP+LDLAT again
reaches nearly the same hot-set residency as wMLP while
using 4× fewer promotions (Figure 8f).

5.3 Representative Colocated Applications

We evaluate three graph workloads on EMR: placement-
insensitive traversal (sssp-kron), stable locality (bc-urand),
and phased locality (bc-kron). Each runs with the bandwidth-
intensive SPEC CPU2017 workload fotonik3d. Under tight
DRAMcapacity, we use the 700-cycle LDLAT threshold (§5.7),
and a 1:9 fast-tier ratio for bc-urand and bc-kron, and 1:1 for
sssp-kron. For all three applications, wMLP outperforms
PACT, wMLP+LDLAT outperforms wMLP, and the complete
Tierce performs best (Figure 10a–c).

PACT runs here at wMLP’s own sampling period (§5.1), so
the 4.8–11.7% foreground improvement from PACT to wMLP
reflects workload-specific MLP, per-domain placement iso-
lation, and the 0.90 admission percentile (§4.2) rather than
sampling rate; those three mechanisms change together at
this level and are not measured separately. LDLAT adds

3.9–16.7% and cuts promotion traffic by 3–4.5× by concen-
trating migration on costly accesses. The fixed 15/5 CAT
allocation limits upstream cache interference and adds a
further 3.5–5.4%. Tierce exceeds PACT by 20.2%, 31.2%, and
17.8% on sssp-kron, bc-urand, and bc-kron, and remains the
only configuration that surpasses the NoTier baseline on the
placement-insensitive sssp-kron.
Workload-specific MLP rescales PAC rather than re-

orders pages.We disable page promotion and compute PAC
from either aggregate per-tier or workload-specific MLP, so
both observe identical accesses and produce identical rank-
ings; only the PAC scale differs. With the same 17.2M fore-
ground samples, workload-specific MLP shifts the median
PAC from 1078 to 1543 by normalizing each page against the
foreground’s own memory overlap rather than the aggregate
overlap of both workloads. The aggregate per-tier MLP on
this platform is 1.31 vs. workload-specific 1.01, so the com-
pression is modest, but PACT’s shared admission threshold
still lowers the FG’s effective priority. Tierce’s per-domain
thresholds remove that effect.
Migration overhead can erase the placement gain.

NBT and Colloid underperform NoTier on both placement-
sensitive workloads: migration overhead can outweigh the
benefit of improved placement. Memtis is the strongest prior
system on both bc pairs but the weakest on sssp-kron, where
its hotness-driven migration lands 19 points below NoTier.
wMLP remains below the NoTier baseline on bc-urand; only
after LDLAT suppresses unnecessary promotions does per-
formance on these pairs exceed NoTier execution.
Cache isolation incurs little cost to the co-runner. The
static 15/5 CAT partition reduces the background workload’s
throughput by only 2–3% relative to wMLP+LDLAT, whereas
LDLAT’s reduction in promotion traffic improves the same
workload by 17–19%. For this streaming co-runner, memory
bandwidth rather than LLC capacity is the dominant shared
resource. Across the three pairs, the 3.5–5.4% FG gains from
cache isolation exceed the 2–3% BG cost.

5.4 Tail Latency under Colocation

Setup and method.We use the systems of §5.1 on the EMR
platform, at a 1:3 fast-to-slow ratio. The hnswlib [21, 50]
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Figure 11. Serving tail vs. load. Sojourn p99 for the ANN ser-

vice colocated with the 16-thread bc-kron batch. Filled markers: the

system still serves the offered rate; open markers: load beyond its

measured capacity, where p99 is queueing delay. Medians.

approximate nearest-neighbor (ANN) service runs k-NN
over SIFT1M [35], one million real image descriptors and
their standard query set. Its 660MB index contains the vec-
tors and per-vector neighbor links traversed by each query
and exceeds the fast-tier budget. To model colocation un-
der memory pressure, one thread serves queries while a
16-thread bc-kron graph batch runs alongside, and an all-in-
fast-memory run provides the reference. Load is open loop:
an identical precomputed random schedule issues queries at
average rate 𝜆 independent of completions, so server slow-
down does not throttle arrivals and hide queueing. We report
sojourn time from scheduled arrival to completion, including
both queueing and service.
Results. At near idle, every system maintains the offered
throughput. Performance differences emerge as queueing
pressure increases while we sweep 𝜆 from 200 q/s to 4,800 q/s,
just below the reference’s saturation. NBT and Colloid fail
first: the kernel unmaps pages for NUMA hinting and repairs
them in whichever thread touches them next. Even before
queueing, the median query service time rises from 168µs
to 539µs, and p99 reaches 2.6ms. The millions of hint faults
logged show that NUMA hinting raises request cost before
queues build. Queueing drives tails to ∼100ms by 800 q/s;
1,200 q/s is the last load they serve in full, and from 2,400 q/s
their queues never drain. PACT and wMLP sustain higher
loads, but promotion churn causes their p99 to more than
double at moderate load, and they collapse past 2,400 q/s and
3,600 q/s, respectively. NoTier, wMLP+LDLAT, and Tierce
keep up through 4,800 q/s, at 6.8, 4.3, and 2.7ms p99 against
the reference’s 1.5ms. Only the latency-filtered configura-
tions improve on NoTier: Tierce has the lowest p99 at every
measured load, 16% below NoTier at low load and 60% below
it at 4,800 q/s, where queueing amplifies the service-time gap.
LDLAT limits promotions and the way partition shields the
hot working set from the batch, as measured in §5.2.
Redis. We sweep single-threaded Redis (10M records of
ten 100-byte fields, ≈19.8GB RSS) under open-loop YCSB
zipfian reads (𝜃=0.99, 64 client threads, 60 s cells, latency
from each request’s scheduled arrival, warmup trimmed)
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Figure 12. Redis tail vs. load. Redis p99 under bc-kron co-runner;

Markers follow Figure 11; values are medians.

beside bc-kron. The configurations reach different capacity
limits in the 70–120 k ops/s range (Figure 12). Colloid last
keeps up at 60 k ops/s, NBT at 70 k (hint faults in the serving
thread), NoTier at 80 k, every sampling-based tiering config-
uration at 90 k (measured ceilings 94–100 k), and all-DRAM
at 120 k. Redis serves on one thread, so per-request cost sets
these ceilings: slow-tier accesses raise it, and hint-fault re-
pair raises it further, which is why NBT and Colloid saturate
below NoTier. Below the knee, placement is not what sets
the tail. At 70–80 k ops/s NoTier and every sampling-based
tiering configuration hold p99 in the same microsecond band,
204–474µs against the reference’s 178–197µs. The crossover
occurs at 90 k ops/s. NoTier, past its knee, queues to 765ms
p99. PACT, wMLP, and wMLP+LDLAT still serve the offered
rate, but without a way partition their p99 remains at 339, 3.1,
and 46ms, respectively, far above the 230µs all-DRAM refer-
ence. Each cell starts with the dataset on the slow tier, so it
measures convergence speed as well as final placement, and
none of the three converges within its 60 s window. Cache
isolation is what closes the gap: adding the way partition
reduces the tail to 422µs, approaching the 230µs all-DRAM
reference within the measurement window.

5.5 Colocation Performance

We now widen to the full 8-pair SKX suite. Figure 13 nor-
malizes FG performance to each pair’s colocated all-DRAM
execution, so a value above 1.0 means the managed config-
uration outperforms that reference, consistent with tiering
reducing the pair’s shared-resource contention.
Each added signal lifts the whole eight-pair suite. NBT,
Colloid, and Memtis remain below the NoTier baseline on
both sssp-kron pairs because migration overhead outweighs
placement benefit where locality is weak. PACT improves
over these baselines on six of the eight pairs through stall-
cost-aware placement. Tierce improves further. On these
eight SKX pairs, Tierce beats PACT on every pair by 2.2%
to 12.6%, the maximum on silo+pr-twitter (95.6% versus
PACT’s 84.9%). Its largest gains are 22.7% over NBT and
25.9% over Colloid (both on bc-urand+pr-twitter) and 64%
over Memtis (bc-kron+fotonik3d). It also leads NoTier ev-
erywhere, by 0.5% at worst, and stays within 7.4% of each
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pair’s colocated all-DRAM reference, both worst cases on
sssp-kron+pr-twitter.
Bandwidth-intensive co-runners yield the largest gains.

The largest improvements over NoTier occur under the
bandwidth-intensive fotonik3d, where accurate stall attribu-
tion enables Tierce to distinguish costly foreground misses
from the BG’s streaming memory traffic. Against the more
cache-sensitive pr-twitter, gains over NoTier are smaller,
while LLC isolation still improves FG performance.
Promotion analysis. The performance gain does not come
from promoting more pages. On the bc-kron+fotonik3d pair,
we measured 7.7M promotions under PACT, and the FG
received only 40% of them (3.0M FG, 4.7M BG), because the
aggregate signal follows the BG’s higher miss volume. wMLP
issues 3.1M and gives the FG 55% (1.7M FG, 1.4M BG): the cut
falls disproportionately on the BG, 3.4× fewer against 1.8×
fewer for the FG, because per-workload scoring ranks each
domain’s candidates on its own scale. LDLAT’s admission
drops samples whose service latency falls below its threshold
and trims the volume further (to 2.1M), so Tierce’s gain
comes from which pages it promotes rather than how many.

5.6 Solo Performance

Solo runs isolate page-ranking quality from colocation in-
terference. At 1:1, wMLP reaches 87–99% of all-DRAM (Fig-
ure 14) and is at or above NoTier on eight of nine workloads.
On bc-kron and bc-urand, hint-fault and hotness policies un-
derperform because they promote frequently accessed pages
even when those pages’ misses do not expose stall. NBT and
Memtis reach only 69–86%, while wMLP reaches 91–93%. On

bc-twitter, pr-twitter, tc-kron, and tc-twitter, NBT, Col-
loid, PACT, and wMLP all stay above 96% of all-DRAM, and
NBT leadswMLP by atmost 2.2 points. NoTier andMemtis re-
main lower, reaching only 68% and 74% on bc-twitter. With
oneworkload running, aggregate andworkload-specificMLP
describe the same request stream, so the gap to PACT is small.
PACT stays within 1–4% of wMLP on every workload when
we take the better of its two sampling periods (§5.1). Under
PACT’s own signal design, our runtime also remains in that
band on eight of the nine workloads. It trails on sssp-kron,
at 75% against wMLP’s 87%. As expected, Tierce’s isolation
mechanisms matter only under colocation (§5.5).
Migration overhead can outweigh better page place-

ment. Each migration consumes bandwidth and can stall
the application. On sssp-kron, every tiering system lands
below NoTier (89%). wMLP promotes the fewest pages and
loses the least. It reaches 87% against PACT’s 83% at 0.7M
promotions against PACT’s 0.8M. wMLP+LDLAT suppresses
promotions further through latency-filtered admission. It
stays within 3% of wMLP on eight of nine workloads and
promotes 1.3–10× fewer pages; on bc-urand the stricter filter
costs 7%.

5.7 Robustness without Period Retuning

On EMR, we evaluate four colocated pairs from 1:1 to 1:9
and report the extremes. The FG runs with a continuous
BG: pr-twitter for GAPBS and sssp-kron for fotonik3d. We
compare NoTier, wMLP (period 100), and wMLP+LDLAT
(period 5, threshold 700 cycles) at every ratio.
The admission threshold matters most when the fast
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Table 6. Cap robustness. Performance as % of all-DRAM at 1:1

and 1:9; each arm at its fixed §5.1 configuration (wMLP period 100;

wMLP+LDLAT period 5, 700-cycle gate). Promotions at 1:9. Means.

% all-DRAM at 1:1 % all-DRAM at 1:9 Promos at 1:9

Workload NoTier wMLP +LDLAT NoTier wMLP +LDLAT wMLP +LDLAT

bc-kron 67.2 90.4 83.0 66.5 72.6 77.5 8.73M 764K

bc-urand 67.6 90.2 82.3 64.8 62.2 71.6 15.59M 2.08M

sssp-kron 83.1 76.3 79.7 75.2 66.2 72.7 3.21M 119K

fotonik3d 72.6 74.5 73.5 64.5 59.6 66.0 4.21M 158K

tier is small.With each configuration held fixed (Table 6),
the 700-cycle gate costs performance at 1:1: wMLP leads
on three of the four workloads, by up to 7.9 points. At 1:9,
wMLP+LDLAT instead leads wMLP on all four workloads,
while wMLP falls below NoTier on three.
Latency filtering limits promotions as fast-tier capacity

shrinks. As fast-tier capacity tightens, frequency sampling
amplifies migration pressure: on bc-urand, wMLP promo-
tions grow 5.5× vs. 2.8× for wMLP+LDLAT from a much
lower base; on fotonik3d, wMLP+LDLAT stays at 153–160K
while wMLP roughly doubles. A fixed-period sweep at 1:9
shows the cost of additional promotions: increasing wMLP
promotions 5.3× reduces performance from 64.3% to 59.6%
of all-DRAM.
Adapting the latency threshold. The better fixed thresh-
old depends on fast-memory capacity. A 350-cycle threshold
performs best when capacity is abundant, whereas scarce
capacity favors 700 cycles. LDLAT-Dyn keeps the 350-cycle
hardware threshold and applies a software gate selected from
{350, 700} cycles using per-domain eviction pressure every

30s. It keeps the lower threshold under light pressure and
switches to 700 cycles once eviction pressure rises. Across
all four evaluated cells (sssp-kron 1:1, bc-kron 1:1 and 1:9,
fotonik3d 1:9), it lands within 0.6% of the better fixed thresh-
old and bounds promotion traffic without retuning the sam-
pling period. At 1:9, wMLP falls below NoTier due to its
promotion volume (Table 6). Promotion decreases monoton-
ically as the sampling period grows (Table 5), but matching
the required volume would take reductions of 7–27× across
the four workloads, so no single period serves all four.

5.8 LLC Way Allocation

A controller should release a way only when its marginal
value to the FG is small. MPKI and L2-miss latency can be col-
lected without changing the allocation, but neither directly
measures the benefit of an additional cache way. A probing
policy can measure that benefit by temporarily withdrawing
a way, at the cost of perturbing execution. We compare pas-
sive and probing signals on a phase-changing microbench-
mark and five application workloads.
The controller tracks application phases.We reuse the
§5.2 foreground but replace the streaming BG with batch-

hog, a cache-elastic co-runner that converts released ways
into work. The bandwidth-gated BW controller releases
ways during the scan phase and restores them for the chase
phase on the first sample after the bandwidth threshold is
crossed, without oscillation: 26 reallocations over the run
(Figure 15a,b). Static splits define a tradeoff curve over the
11 cache ways (Figure 15c). The controller matches the FG
throughput of the widest split tested (8 ways, the FG allo-
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cation the SKX evaluation uses, §5.5) while increasing BG
throughput from 66 to 99Mops, or 50%.
MPKI retains excess ways, whereas L2Lat releases use-

ful ways. On EMR’s 20-way, 160MiB LLC, we evaluate
five GAPBS foregrounds. dCAT moves each FG’s allocation
within a fixed range of 5–15 ways. We compare dCAT with
a static sCAT 15/5 partition at the controller’s own𝑊max, so
differences reflect releases alone. We pair each foreground
with cc-sv-kron, the only cache-elastic workload in our suite
(§5.1). MPKI and L2Lat use Algorithm 2 directly, changing
only the release signal; Probe adds the trial withdrawal de-
scribed below. The MPKI policy shipped with Tierce treats
continued misses as demand, though a workload can miss
heavily even when extra cache would not help it. A low
L2Lat, the average L2-miss latency, can indicate either low
demand or successful protection. Probe measures value by
withdrawing one way periodically and keeps the release only
if FG throughput holds. We exclude BW because it targets
bandwidth phases. We report allocations against each work-
load’s knee, the fewest ways at which it reaches 90% of its
full-cache throughput.

Relative to Tierce+NoCAT, the release policies make differ-
ent tradeoffs between FG recovery and BG cost (Figure 16a–
e). MPKI improves on the static split on both axes for 4 of 5
workloads. It adds 1.3–3.7 points of FG throughput and re-
turns 0.9–2.7 points to the BG. The exception is cc-twitter,
where MPKI holds the static allocation for 95% of the run and
alone matches sCAT. Probe stays within 0.9 points of sCAT’s
FG recovery and returns 0.6–4.3 points of BG throughput.
On 4 of 5 workloads, L2Lat’s more aggressive releases give
up 2.2–6.6 FG points for 3.0–10.0 points of BG relief. On
cc-twitter it spends 61% of the run below the knee; MPKI
averages 14.9 ways, Probe 14.0, and neither crosses it. L2Lat
beats sCAT only on bc-kron, where it releases little. Tierce
defaults to MPKI because no online signal captures a way’s
value directly, and the controller treats an erroneous release

as costlier than unnecessary retention.
Sensitivity of the controller constants. We sweep the
LLC controller’s three constants (Table 4) on the §5.8 fore-
ground pairs; Figure 17 shows three representative results.
All chosen values lie within broad stable regions. The control
interval is robust from 100ms to 10 s. Longer intervals re-
duce BG gains by releasing fewer ways, while faster control
(𝐼≈3.5ms) reacts to noise and costs the FG up to 2%. The
threshold 𝜏𝑙𝑜 is insensitive over 𝜏𝑙𝑜 ∈ [2, 10]. Increasing it
from 10 to 20 moves sssp-kron from 1.3% above the static
split to 3.2% below it, while the BG gain grows to 8%, as the
controller reclaims ways more aggressively. The threshold
𝜏ℎ𝑖 is stable over [15, 50]. Increasing it to 75 and 110 delays
restoration and leaves bc-kron 1.7% and 4.0% below the static
split, respectively. Inside the shaded regions the worst FG
cost is 0.1%, while outside them it reaches 4.0%: constants be-
yond the stable range expose the expected tradeoff between
FG protection and BG reclamation.

6 Conclusion

Colocation silently aliases the signals on which tiered-
memory policies depend. As an observability substrate,
Tierce restores their workload scope by isolating placement
state, measuring MLP per workload, filtering samples by
latency, and bounding LLC interference. By preserving at-
tribution from observation through placement, Tierce esti-
mates workload-local exposed stall for page placement and
consistently outperforms the best prior art.
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