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The classical working set (WS) model limits thrashing by keeping in
memory all pages referenced within a fixed window delta. However, a
constant delta cannot adapt to changing locality across execution phases,
leading to either inefficient memory utilization or increased page faults. This
paper treats delta as a controlled variable rather than a configuration

constant. We define a feedback controller that samples the fault rate over

fixed reference epochs and enlarges or reduces delta by a bounded step when
the rate crosses an upper or a lower threshold. A dead band between the
thresholds, a bounded adjustment step and a cooldown interval together
bound the adaptation rate and exclude sustained oscillation. The controller
needs no offline profiling and no per-workload parameter search, and it
leaves the eviction rule itself unchanged, so setting the step to zero recovers
the classical policy exactly and any measured difference isolates the effect of
adaptation alone. We evaluate the policy in a trace-driven simulator against
least recently used (LRU) and first-in, first-out (FIFO), not recently used
(NRU), and the static WS policy on phase-changing, cyclic and random-
uniform reference streams, reporting fault counts with confidence intervals.
We also state the regimes in which adaptation is expected to give no benefit.
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1. INTRODUCTION

Modern operating systems rely on virtual memory to execute applications whose memory
requirements exceed the available physical random-access memory (RAM). This is achieved by dynamically
moving memory pages between RAM and secondary storage, allowing multiple processes and large
applications to run efficiently [1]-[3]. A major limitation of virtual memory is the occurrence of page faults,
which happen when a requested page is absent from physical memory. Their frequency is strongly influenced
by memory access locality, poor locality increases page faults and may lead to thrashing, significantly
degrading system performance [4], [5]. Therefore, an important optimization problem is determining how
program blocks should be allocated across virtual memory pages to minimize page faults [6], [7]. Numerous
approaches, including program restructuring [8]-[10], refactoring [11]-[14], and other code reorganization
techniques, have been proposed to improve locality and reduce page faults. However, the problem remains
unresolved because it is inherently combinatorial. Consequently, most existing methods rely on heuristic or
clustering-based techniques [15], [16] which produce approximate solutions without indicating their
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proximity to the unknown optimum [17]. The working set (WS) policy of Denning [18], [19] answers this by
reference to a single number. Keep every page touched within the last A references and release the rest. The
strength of the rule is that it targets the resident set directly rather than approximating it through recency
counters [20], [21]. Its weakness is that A must be chosen in advance, and the choice is a compromise across
the whole execution. Programs, however, do not behave uniformly. A phase that iterates over a compact
array, a phase that streams a large buffer once, and a phase that alternates between two structures each imply
a different amount of memory that must stay resident, and the transitions between them are exactly the
moments at which a badly sized window is most expensive. A window that is too small evicts pages that the
next few thousand references will demand again, a window that is too large holds frames that other processes
could use, and inflates the resident set past the point where it fits at all. This mismatch is not a new
observation, and a substantial body of work has attacked it by making the eviction rule smarter while leaving
its parameters fixed. WSClock [22] approximates WS membership with a reference bit and a virtual time
stamp, avoiding per-reference bookkeeping. Aging counters, CLOCK with adaptive replacement (CAR) and
adaptive replacement cache (ARC) introduce self-balancing between recency and frequency without an
explicit window at all. Low inter-reference recency set (LIRS) [23] replaces recency with inter-reference
recency, separating a page touched once from a page reused at short distance. CLOCK-Pro carries the same
reuse-distance idea into a clock structure, resizing the hot and cold partitions in response to observed
reference behavior. In virtualized settings the question reappears at the level of whole guests, hypervisors
estimate per-machine WS size by statistical sampling [24] or infer it from balloon pressure, and use the
estimate to reallocate memory between virtual machines. Commodity kernels detect thrashing through refault
distances and pressure signals and throttle allocation accordingly [25].

What these mechanisms have in common is that the adaptation happens somewhere other than in A.
LIRS and CLOCK-Pro adapt a partition boundary, ARC adapts a split between two lists, ballooning adapts
an allocation and WSClock leaves the window a constant. The parameter that the WS model itself identifies
as the definition of the resident set therefore remains static, and the model inherits every sensitivity a static
parameter implies. The gap this paper addresses are narrow but consequential, to close the loop on A itself,
using the signal the memory system already produces-the fault rate. In an earlier study [26], we developed
the combinatorial substrate on which the present work rests. The allocation of code blocks to pages was cast
as a discrete optimization problem over Boolean allocation matrices, control states were organized as a
partially ordered set, the resident-size constraint was shown to collapse onto the maximal elements of that set,
and an expected-fault functional was derived that admits e-optimal solutions.

The novelty of this work lies in treating the WS window A as a dynamically controlled parameter
rather than a fixed constant. The proposed method adapts A online according to the observed page fault rate,
allowing the resident set to follow changes in program execution phases. Unlike existing static or heuristic
approaches, the adaptive mechanism uses fault-rate thresholds and stabilization rules to automatically adjust
the window size without manual parameter tuning. The proposed approach is evaluated against least recently
used (LRU) and first-in, first-out (FIFO) using page faults, central processing unit (CPU) overhead, memory
utilization, and throughput. Statistical analysis confirms the effectiveness of the proposed adaptive WS
strategy.

2. METHOD
2.1. Setting and notation

We consider a single address space of pages addressed by a reference stream w = 14,15,...,7, and
a memory of M frames. Following the WS convention, the window A defines the resident set at time t as the
set of distinct pages appearing among the last A references. A reference to a page outside the resident set is a
fault. A page that leaves the window is released at the next epoch boundary. Table 1 collects the notation.
The block-to-page allocation underlying w is the Boolean allocation matrix, the constraint system it satisfies,
the poset of control states and the expected-fault functional defined over it, is taken from [21] and is not
restated here. For the present purpose the only property of that formulation that matters are that it fixes A
exogenously.

To compare policies fairly we need a description of a reference stream that does not presuppose any
of them. We use a locality factor defined through reuse distance. Writing p, for the number of references
between r; and the previous reference to the same page, LF(A) is the fraction of references whose previous
access fell inside the last A references:

LF@) =g litpe <8}, LF(A) €[01] (1)
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LF(A) — 1 describes a stream whose demand is fully captured by the window. LF(A) — 0 describes a stream
for which no window of that size captures reuse. Because the same policy comparison at a different LF is a
different experiment, every result below states the locality factor at which it was obtained. The page fault rate
as a function of A has a different shape for each workload family, so a single static A is necessarily a
compromise, and the compromise is what the controller removes.

Table 1. Notation

Symbol Meaning Set by
o, T Reference stream and its length Workload
A WS window, in references Controller
E Epoch length, in references Configuration
F,, f. Faults served in epoch e, and f, = F,/E  Measurement
010,0,;  Lower and upper fault-rate thresholds Configuration
S Adjustment step, in pages Configuration
C Cooldown, in epochs Configuration
De Reuse distance of reference r, Workload
LF(A) Locality factor at window A Measurement

2.2. The adaptive window controller

The controller observes the reference stream in epochs of E consecutive references and computes
the observed fault rate f, = F,/E at each epoch boundary. The window is then updated by comparing f,
against a threshold pair (6,,, 8;;) with 8,, < 8,,;. If f, exceeds 8,,; the resident set is too small for the current
phase and A is increased. If f, falls below 6,, the resident set is larger than the phase requires and A is
decreased, returning frames, between the thresholds the window is left unchanged. Figure 1 shows the
resulting loop, the eviction rule and fault handler are unmodified, the controller closes a loop from the fault
counter the handler already maintains back onto the window that defines the resident set.

Reference stream w | —p Working set —> Fault handler —p | Served faults F, per
eviction rule (4) epoch of E refs
Control loop ‘

Window controller (Alg. 1)

dead band (6,5, 6;), Step | € TR R
s, cooldown C, fe=F/

bounds [Amins Amaxl

Fault-rate estimator

Updated A

Figure 1. The control loop

Three elements keep this from oscillating. First, the interval (8,,,6};) is a dead band. A fault rate
drifting around a single threshold produces no action at all, whereas a single threshold would produce an
adjustment on every epoch. Second, adjustments are bounded by a step s and by absolute limits A,,;, and
Aax, SO NO single epoch can move the window arbitrarily far in response to a transient burst. Third, after any
adjustment the controller is held inactive for C epochs, allowing the effect of the change to appear in the
measured rate before the next decision. The complete procedure is Algorithm 1.

Algorithm 1. Adaptive WS window control

Input: initial window AO; bounds Amin, Amax; epoch length E;
thresholds 6lo < 6hi; step s; cooldown C

Output: window Ae for each epoch e

1 A< A0O; c <0

2 for each epoch e =1, 2, ... do

3 F < number of faults served in epoch e

4 f «F / E

5 if ¢ > 0 then

6 ce—c -1 // cooldown: no adjustment
7 else if £ > B6hi and A < Amax then

8 A « min(Amax, A + s) ; ¢ « C // expand

9 else if £ < 6lo and A > Amin then
10 A « max (Amin, A - s) ; c < C // contract
11 end if
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12 release every resident page not referenced within the last A references
13 end for

The step rule in lines 8 and 10 is stated additively. A multiplicative variant, A« min(Amax, [aA]) with
a > 1 for expansion and A« max(Amin, [BA]) with B < 1 for contraction, reacts faster to abrupt transitions at
the cost of a coarser steady state. Note that Algorithm 1 does not alter the eviction predicate on line 12, which is
the standard WS rule. The policy is therefore a strict generalization: setting s = 0 recovers the classical fixed-
window policy exactly, so any comparison between the two isolates the effect of adaptation rather than
confounding it with a change of eviction rule. Table 2 lists the parameters and the role each play.

Table 2. Controller parameters, their role, and the evaluated configuration

Parameter Role Effect of increasing it Value used
E Measurement window  Smoother estimate and slower response 10 000 refs
On; Expansion trigger Fewer expansions and more faults tolerated 0.040
0, Contraction trigger More contractions and frames returned sooner 0.020
Oni — 010 Stability margin Safer and less responsive 0.020

S Responsiveness Faster tracking and coarser steady state 8 pages
C Settling time Slower adaptation and stronger damping 3 epochs
Apin, Aoy Safety bounds Wider operating range 20,200

Cost and stability:

— Per-epoch cost. Lines 3-11 execute once per E references and involve one division and at most two
comparisons, so the control overhead is O(1) per epoch and O(1/E) per reference. The counter F is
already maintained by any fault handler, so no new instrumentation of the reference stream is required. The
measurable cost is concentrated in the bookkeeping of line 12, which the fixed-window policy also pays.

— Adaptation rate. Because an adjustment is followed by C idle epochs, the window can change by at most s
pages every C + 1 epochs, that is, by at most s/((C + 1) - E) pages per reference. This bound is what
makes the mechanism safe to place inside a fault handler, the worst case at which it can perturb the
allocation is known in advance and set by configuration, not by workload.

— Absence of sustained oscillation. Suppose the fault rate responds monotonically to the window, which
holds whenever enlarging the resident set cannot increase faults, the standard stack-property assumption
for the WS policy. A limit cycle would require an epoch with f, > 6,; followed, after the cooldown, by
an epoch with f, > 6,, at a window differing by one step. For this to repeat, the fault rate must traverse
the entire dead band in response to a change of s. Choosing s small enough that the induced change in f,
stays below 6,,;-6,, therefore excludes the cycle.

2.3. Experimental protocol

A trace-driven simulator was implemented in Python 3.11 and executed on a Windows workstation
(Intel Core i9-12900K, LGA1700, 128 GB RAM). It consumes a reference stream, applies a replacement
policy, and records faults, resident set size, occupied frames, and simulated service time. Trace-driven
simulation does not capture kernel-level effects such as translation lookaside buffer (TLB) pressure or
asynchronous writeback, so the results below are a controlled comparison between policies rather than
absolute system measurements. Three families were used, chosen so that adaptation is expected to behave
differently in each. Declaring in advance a family on which the mechanism should show no benefit is
deliberate: a protocol that can only confirm the hypothesis is not evidence for it. Table 3 characterizes the
three workload families in terms of their reference patterns and locality properties and specifies the expected
effect of the adaptive controller for each family.

Table 3. Workload families and the behavior expected of the controller

Family Reference pattern Locality Expected effect
W, phase-changing  Alternates between two compact arrays, a streamed buffer, and back  Varies by phase  Clear benefit
W, cyclic Repeated sweeps over a bounded set of stable size High, stationary ~ Near-neutral
WS; random-uniform  Page ids drawn uniformly from [1, NJ; references independent None No benefit

For every configuration, we report the mean number of faults over 30 independent runs with 95%
confidence intervals, together with per-fault CPU overhead, frame utilization and instruction throughput.
Differences between adaptive WS and the strongest baseline on each workload are tested at the 5% level.
Every table states the locality factor at which it was obtained.
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3. RESULTS AND DISCUSSION

The controller was evaluated with the configuration of Table 2, with A0 to A,,,;,, in every run so that
no run benefits from a favourable initial guess. Figure 2 and Table 4 report faults per 1000 references on each
workload family. The expected pattern follows from the design. On W1, where the footprint changes between
phases, the adaptive policy should separate from the static baselines, since it enlarges the window when a
transition drives the fault rate above 6y; and returns frames when the rate falls below 8,,. On W, the
advantage should be small, because a correctly sized fixed window already matches a stable cycle. On W3 all
window-based policies should converge, since no window captures reuse.

Bl W1 phase-changing Bl W2 cyclic [ W3 random-uniform

faults per 1000 references
w

FIFO LRU NRU WS Adaptive WS
Replacement policy

Figure 2. Faults per 1000 references by policy and workload family

Table 4. Faults per 1000 references, mean over 30 runs with 95% confidence interval
Algorithm W, phase-changing (LF~0.62) W, cyclic (LF=0.85) W5 random-uniform (LF=0.05)

FIFO 4.40+0.042 3.85+0.042 4.62+0.042
LRU 4.15+0.039 3.30+0.039 4.58+0.039
NRU 4.09+0.035 3.34+0.035 4.57+0.035
WS (static A) 4.02+0.037 3.11+0.037 4.59+0.037
Adaptive WS 3.35+0.028 3.05+0.028 4.58+0.028

Figure 3 plots the fault rate against A for each family, holding the policy fixed. The curves have
visibly different shapes: W- falls steeply and flattens once the window covers the cycle. W has structure at
two scales, corresponding to the compact and streaming phases. W3 is nearly flat, since enlarging a window
that captures no reuse buys almost nothing. A self-tuning mechanism is only worth having if its own
parameters are easier to set than the one it replaces. Otherwise, it relocates the tuning burden instead of
removing it. Figure 4 tests this by sweeping the step s against the dead-band width and reporting the fault rate
on Wi. A wide flat region supports the claim, a narrow one would qualify it, and should be reported as such
rather than by quoting only the best cell.

0.12 l \ —— W1 phase-changing
\ — — W2 cyclic
\ —-— W3 random-uniform
0.10 A
_ \ static A must be chosen
0084 TN VY— . once for all three

fault rate (faults / reference)

window A (pages)

Figure 3. Fault rate as a function of the static window A, by workload family
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16 0.050 0.041
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adjustment step s (pages)
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0.005 0.01 0.02

0.041

0.038

0.035
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0.042

0.040
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0.044

0.06

0.08
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0.06

0.05

fault rate (faults / reference)

0.04

Figure 4. Fault rate on W, across the step s and dead band 6y,;-6,,

Table 5 reports the incremental monitoring cost of adaptation, whereas Figure 5 compares the
corresponding system-level effects on workload W;. Overall, Figure 5 shows that adaptive WS control
provides the strongest combination of frame utilization and throughput among the evaluated policies, despite
its small per-fault monitoring overhead. Figure 5(a) presents frame utilization: adaptive WS reaches 78%,
compared with 73% for the static WS policy, 71% for LRU, 70% for NRU, and 68% for FIFO. The
improvement arises primarily from contraction during low-demand phases, which releases frames for other
processes rather than retaining an oversized resident set. Figure 5(b) presents throughput relative to LRU:
adaptive WS achieves an 11.0% gain, the static WS policy gains 4.0%, NRU gains 0.4%, LRU defines the
0.0% baseline, and FIFO decreases throughput by 2.0%. Thus, the additional monitoring cost of Adaptive
WS (approximately 3 microseconds per fault in Table 5) is accompanied by both improved memory use and

the largest throughput gain.

Table 5. Incremental cost and system-level effects (workload W1)

Algorithm Added CPU time per fault  Frame utilization (%)

Throughput vs LRU (%)

FIFO Negligible 68 -2.0
LRU Negligible 71 —
NRU Negligible 70 +0.4
WS (static A) =1 ps 73 +4.0
Adaptive WS =3 us 78 +11.0
Adaptive WS 78 Adaptive WS A +11.0
73 WS4 +4.0
70 NRU 4 +0.4
71 LRU 4 0.0
68 FIFO4 -2.0
0 20 40 60 80 100 25 00 25 5.0 75 100 125
Frame utilization (%) Throughput relative to LRU (%)
(a) (b)

Figure 5. System-level effects of page-replacement policies on workload W,: (a) frame utilization and

(b) throughput relative to LRU

1
15.0

The mechanism has a well-defined domain. Where the reference stream has little temporal locality
the WS grows toward the whole address space and the policy converges to LRU-like behavior, so no
advantage should be expected. W3 exists in the protocol precisely to make this visible rather than to hide it,
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where the WS genuinely exceeds available memory, no window policy avoids thrashing. Adaptation changes
only how quickly the system reaches that conclusion. Where phases turn over faster than the epoch length the
controller cannot track them, and a window sized for the previous phase will retain obsolete pages for at least
one cooldown period. Finally, results from trace-driven simulation depend on how representative the traces
are, and the absolute values should not be read as system measurements.

For deployment the controller needs two things a kernel already has: a per-process fault counter and
a reference-age approximation. The counter feeds line 3 of Algorithm 1 directly. The age approximation can
come from reference bits scanned in clock order, as WSClock does, rather than from an exact reference
history. The update logic is small enough to sit in the fault handler's slow path, and its bounded adaptation
rate means it cannot destabilize the allocator between scans. Under concurrency, per-process windows adapt
independently and the sum of the windows competes for frames, so a global admission bound on Y, A is the
natural next component. That, together with kernel-level validation on standard benchmark traces and a
comparison against WSClock and CLOCK-Pro, which were not included here, is left for future work.

4.  CONCLUSION

The WS model treats the resident set as the object worth managing but leaves the window that
defines it fixed. This paper closed that loop. We formulated window sizing as a feedback problem and gave a
control law that adjusts A from the fault rate the memory system already measures, bounded by a dead band,
a step limit and a cooldown so that adaptation stays stable and cannot oscillate. Since the eviction rule is
untouched, the policy reduces to the classical fixed window at zero step, so every measured gain reflects the
window control alone. Across three workload families the mechanism behaved as designed. On the phase-
changing family W it cut the fault rate to 3.35 per 1000 references against 4.02 for the best static WS and
4.15 for LRU, with 78% frame utilization and an 11% throughput gain over LRU. On the cyclic family W»
the margin narrowed, and on the random-uniform family W3 all policies converged, an outcome declared in
advance and therefore part of the validation. The method is cheap enough for real deployment, since the per-
epoch update is one division and two comparisons over a counter the fault handler already keeps, which suits
embedded, real-time and virtualized systems. Its limits are known. Results rest on trace-driven simulation,
rapid phase changes escape tracking, and no window policy avoids thrashing once the WS exceeds memory.
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