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Abstract

External hidden-state memories can extend
Transformers beyond local attention windows,
but the write policy deciding which states en-
ter finite memory is often treated as an imple-
mentation detail. We study this factor with a
controlled delayed-copy diagnostic using a win-
dowed Transformer augmented with an exter-
nal FIFO hidden-state memory. Under forced
masking, query-to-source attention is blocked,
removing this shortcut and making source re-
tention directly testable. We define a capacity
boundary as the minimum memory size needed
to reach a fixed copy-accuracy threshold. We
find that write policy changes this boundary pre-
dictably under constrained FIFO memory: an
idealized source-only policy, which assumes
that relevant states are identifiable at write
time, yields an approximately delay-invariant
boundary near the source length, whereas an
unfiltered prefix-all policy induces a delay-
dependent boundary that grows with written
non-source content. Intermediate partial-prefix
write policies produce intermediate boundaries,
while source-pinned controls and memory di-
agnostics show that prefix-all degradation is
dominated by FIFO eviction of source states
rather than retrieval interference from retained
non-source states alone. A symbolic key—value
retrieval diagnostic shows the same qualitative
trend. Within this controlled setting, our results
highlight write policy as a central variable in
evaluating finite FIFO external-memory Trans-
formers.

1 Introduction

Transformer-based architectures have become
the dominant paradigm for sequence modeling
(Vaswani et al., 2017), but their quadratic attention
cost limits the length of directly accessible con-
text. A broad line of work extends effective context
length using recurrence, sparse attention, external
memory, or cached hidden states (Dai et al., 2019;
Zaheer et al., 2020; Wu et al., 2022a; Zhang et al.,
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2024; Martins et al., 2022). While these systems
often emphasize how information is retrieved from
memory, the write side is frequently treated as an
implementation detail.

In finite-capacity memory systems, write pol-
icy determines which states enter memory and
which states survive eviction. Writing additional
non-target content can affect performance through
two mechanisms: retained distractors may inter-
fere with retrieval, and later writes may physically
evict task-relevant source states. Long-context per-
formance can depend strongly on the position of
relevant evidence (Liu et al., 2024). In a finite ex-
ternal buffer, poor performance may additionally
arise from interference during retrieval or physical
eviction of relevant states.

We study this issue with controlled diagnostics
built around an external FIFO hidden-state memory
under local attention. Our main setting is a delayed-
copy task with inputs of the form

[source][sep][noise][query].

We block all query-to-source attention as a diag-
nostic intervention, isolating memory-dependent
behavior from direct query-to-source copying.

We compare an idealized source-only write pol-
icy, an unfiltered prefix-all policy, intermediate
partial-prefix write policies, and a source-pinned
noise-FIFO control that explicitly retains source
states while admitting distractors. These ideal-
ized diagnostic controls make relevance or write
schedules available by construction: source-only
assumes that relevance is known at write time,
partial-prefix follows a predetermined schedule,
and none learns selective writing from data. Across
these settings, we measure accuracy-based capacity
boundaries and record memory-entry diagnostics,
including source survival, attention mass, and error
types. We further include a symbolic key—value
retrieval diagnostic to test whether the same write-
side effect appears beyond direct delayed copying.
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Our results show that, under constrained FIFO
memory, write-side contamination can dominate
the measured capacity requirement by determining
whether task-relevant source states survive evic-
tion. Source-only writes yield an approximately
delay-invariant boundary near the source length,
while prefix-all writes induce a delay-dependent
boundary that grows with the amount of non-source
content written into memory. Intermediate partial-
prefix policies produce intermediate boundaries,
and the source-pinned control shows little degra-
dation when source states are explicitly retained.
These findings show that write policy must be con-
trolled when interpreting capacity measurements
for finite FIFO external memories.

Contributions. We make four contributions:

* We introduce delayed-copy and symbolic key—
value retrieval diagnostics with forced mask-
ing to remove direct query-to-source attention
under local attention.

* We define operational memory-capacity
boundaries m*(d) and m*(d, p) for measur-
ing the minimum FIFO capacity required to
reach a fixed accuracy threshold.

* We complement the two endpoint policies
with intermediate partial-prefix write policies,
showing that the capacity boundary changes
continuously with non-source write strength.

* We use the source-pinned control and
memory-level diagnostics to separate FIFO
source eviction from retrieval interference
caused by retained distractors.

2 Diagnostic Setup

Delayed-copy task and forced masking. Each
delayed-copy example has the form

inp = [source]|[sep][noise][query],

tgt = source.

The source and query segments have length L,
and the noise segment has length d. The query
segment contains only placeholder tokens, so the
model must reproduce the source tokens at the final
L query positions.

We use local windowed self-attention. In the
natural setting, query positions follow the standard
local attention mask. In the forced setting, we addi-
tionally block all query-to-source attention edges

while leaving the rest of the local attention compu-
tation unchanged. This intervention tests whether
source information is written to memory, retained
under FIFO eviction, and retrieved without direct
query-to-source copying.

External FIFO hidden-state memory. We com-
pare a windowed Transformer encoder baseline
with memory-augmented variants. Token embed-
dings are combined with learned absolute posi-
tional embeddings at the encoder input. The en-
coder computes final-layer hidden states, selected
positions are written into a finite FIFO memory ac-
cording to a write policy, and the final L query
representations perform a single content-based
memory-attention read after the encoder. No ad-
ditional relative-position term is applied during
this memory read. The memory is reset for each
training example and does not persist across mini-
batches. Stored hidden states are used as both keys
and values; when capacity is exceeded, the oldest
entries are evicted. We evaluate both a naive addi-
tive readout and a gated readout. This design uses
a single inspectable post-encoder external-memory
pathway and is distinct from a layer-wise autore-
gressive KV cache.

Write policies. Our main manipulation is which
hidden states are written into memory. The source-
only policy writes only source states and serves as
an oracle-like diagnostic control, since it assumes
that relevant states are identifiable at write time.
The prefix-all policy writes the full prefix before
the query,

[source][sep|[noise],

so later separator and noise states can evict earlier
source states under FIFO capacity limits.

In addition to the two endpoint write policies, we
introduce an intermediate partial-prefix write pol-
icy. This policy writes all source states, the separa-
tor, and only the first round(pd) noise states, where
p € [0, 1] controls the non-source write strength.
Thus, p = 0 corresponds to source-plus-separator
writes and p = 1 recovers prefix-all writes. Finally,
the source-pinned noise-FIFO control, abbreviated
as source-pinned, reserves slots for all source states
and applies FIFO eviction only within a separate
noise buffer. This diagnostic removes source evic-
tion by construction while still varying the amount
of non-source content available to the readout.
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Figure 1: Diagnostic setup. (a) Delayed-copy input structure, where .S, N, and @ denote source, noise, and
query tokens, respectively; the model reproduces the source sequence at the final query positions. (b) Direct-
attention masking intervention. Under the natural causal-local mask, locally visible query-to-source entries remain
allowed. The forced mask blocks all query-to-source entries while leaving the other locally permitted entries
unchanged. (c) Policy-specific selected writes and retained memory states. For a sequence X, tail, (X) denotes
its newest min(k, | X|) entries. Source-only, prefix-all, and partial-prefix use a FIFO memory of capacity m, with
N, = round(pd) for partial-prefix. Source-pinned instead reserves L protected source slots and uses a separate
noise FIFO of capacity q, giving total capacity m = L + q. The rightmost column reports the condition for retaining
all source states, or the corresponding construction guarantee.

Diagnostics and symbolic retrieval variant. For
analysis, we record the segment origin of each
memory entry, allowing us to measure source sur-
vival, attention mass over source and non-source
entries, and prediction-error categories. These la-
bels are used only for diagnostics and are never
provided to the model.

We also evaluate a lightweight symbolic key—
value retrieval variant. Each input contains a target
key—value record, intervening distractor records
whose keys differ from the target key, and a later
query containing the target key but not its value.
The model reconstructs the complete target record
at the final query positions, and evaluation mea-
sures token accuracy over all positions in that
record. We compare source-only, prefix-all, and
source-pinned configurations in this structured as-
sociation task.

3 Experimental Setup

Tasks and settings. We evaluate two controlled
diagnostic tasks introduced in Section 2: delayed
copying and symbolic key—value retrieval. The
delayed-copy task uses source/query length L = 20
and delay lengths d € {10, 20, 40, 80}, unless oth-
erwise stated. The symbolic key—value retrieval
variant uses the same external FIFO memory mech-
anism and compares source-only, prefix-all, and
source-pinned configurations. Given a query con-
taining a target key but not its value, the model
reconstructs the complete target key—value record
at the final query positions. This variant evaluates
the write-policy capacity boundary in a structured
retrieval setting. Unless otherwise stated, forced-
setting experiments use local attention window size
w = 8.
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Training. All models use a 2-layer Transformer
encoder with 4 attention heads and model dimen-
sion 64. We train with Adam (Kingma and Ba,
2015), learning rate 103, and batch size 16. All
delayed-copy experiments (Experiments A—C), in-
cluding the main boundary experiments, memory
diagnostics, and intermediate partial-prefix experi-
ments, are trained for 3001 optimization steps. The
symbolic key—value retrieval experiment (Exper-
iment D) uses a fixed budget of 9001 optimiza-
tion steps for every policy, delay, capacity, read-
out, and seed. The longer budget was selected
after preliminary 3001-step runs indicated slower
convergence on the symbolic task and is applied
uniformly to all reported Experiment D runs. At
every optimization step, we generate a fresh syn-
thetic minibatch online; no fixed training dataset
is reused. Results are averaged over seven random
seeds {0,1,2,3,4,5,6}, unless otherwise stated.
Memory-augmented results are reported for both
naive additive readout and gated readout variants.
For the intermediate partial-prefix experiment, the
gated readout is used as the main diagnostic, while
the naive additive readout is reported as a readout-
stability analysis.

Evaluation. We measure token-level accu-
racy on the final query positions and report
acc_mean_tail, the mean query-token accuracy
over the final 500 training steps. Because each of
these steps uses a freshly generated minibatch, this
average reduces sensitivity to any single minibatch
and summarizes end-of-training behavior. It is an
operational training-tail measure, not a held-out
generalization metric. All capacity boundaries are
computed exclusively from acc_mean_tail. For
the post-training source-survival diagnostic in Fig-
ure 3, we additionally report eval_acc, defined
for each seed and configuration as mean query-
token accuracy over 16 fresh same-distribution
minibatches evaluated with a separate determinis-
tic random stream. This diagnostic accuracy is not
used to compute m*. In the forced setting, success
is defined as reaching a fixed accuracy threshold

Acc>7, 7=0.95,

where Acc denotes the seed-averaged training-tail
accuracy for the corresponding task, delay, memory
capacity, readout variant, and write-policy configu-
ration.

Capacity boundary. For a write policy 7 and
delay length d, we define the memory-capacity

boundary as
m(d) = min {m € My : Accy(d,m) > 7} .

Here, M is the policy-specific capacity grid. If no
scanned capacity reaches the threshold, we report
a censored boundary:

m(d) > max(My).

For the intermediate partial-prefix policy family,
where p controls the non-source write strength, we
analogously define

m*(d,p) = min {m € M : Acc(d,p,m) > 7} .

We use finer capacity points around the expected
FIFO retention thresholds; full forced-setting grids
and run configurations are provided in Appendix C.

Memory diagnostics. To analyze the mechanism
behind the observed boundaries, we record source
survival, memory-attention mass over source and
non-source entries, and prediction-error categories
after training. These diagnostics are used only for
analysis and are never provided to the model. They
allow us to distinguish physical FIFO eviction of
source states from retrieval interference caused by
retained non-source entries.

Experiment groups. We organize the experi-
ments into four groups. First, we run natural-
setting sanity checks and forced-setting capacity-
boundary experiments for source-only, prefix-all,
and source-pinned configurations. Second, we per-
form memory-level diagnostics to relate copy ac-
curacy to source survival, attention mass, and er-
ror types. Third, we evaluate intermediate partial-
prefix writes with

p € {0,0.25,0.5,0.75, 1.0}

and delays d € {20,40, 80}, testing whether the
boundary changes smoothly with the amount of
non-source content written into memory. Finally,
we evaluate the qualitative write-policy boundary
on symbolic key—value retrieval.

Complete data-generation, masking, external-
memory and readout, write-policy, training,
capacity-grid, evaluation, and diagnostic specifi-
cations are provided in Appendix C.

4 Results

Write policy changes the forced-memory capac-
ity boundary. We first evaluate delayed-copy per-
formance under forced masking. Figure 2 reports
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Figure 2: Forced-setting capacity boundaries under the
gated readout. Source-only writes remain approximately
delay-invariant near the source length; the source-
pinned control does likewise across the tested admitted-
noise budgets ¢ < 80, whereas prefix-all writes re-
quire larger memory as the delay grows. Filled markers
and solid lines report aggregate boundaries obtained
by thresholding the seven-seed mean acc_mean_tail.
For finite aggregate boundaries with at least two finite
seed-wise boundaries, slightly offset thin capped bars
span the minimum-maximum range of the observed
finite (uncensored) seed-wise boundaries. Hollow trian-
gles indicate that one or more seed-wise boundaries are
right-censored. The displayed ranges are descriptive,
conditional on the finite seed-wise boundaries, and are
not confidence intervals; horizontal offsets are visual
only. Exact conditional means, sample standard devia-
tions, ranges, censoring counts, and scan maxima are
provided in Appendix A.3. Naive-readout results and
threshold-stability analyses are provided in Appendix A.

the accuracy-based capacity boundary m*(d) under
the gated readout. The source-only policy reaches
the success threshold once the memory capacity is
close to the source length L = 20, and its boundary
remains approximately delay-invariant. In contrast,
prefix-all writes require substantially larger mem-
ory as the delay length increases, because separator
and noise states are written after the source and can
evict earlier source states under FIFO replacement.
Across the tested admitted-noise budgets g < 80,
the source-pinned control remains near the source-
length boundary and shows little degradation when
source states are explicitly retained.

Accuracy tracks source survival. Two mecha-
nisms can shift the boundary: interference from
retained non-source entries and FIFO eviction of
source entries. To separate these effects, we record
the segment origin of each memory entry after train-
ing. Figure 3 shows that post-training evaluation
accuracy (eval_acc) closely tracks the fraction
of source states that survive in memory. Config-
urations with low source survival have low post-

Source survival vs accuracy (gated)
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Figure 3: Source survival versus post-training evalu-
ation accuracy under the gated readout. Each point
plots a seven-seed mean, with each seed-level evaluation
averaged over 16 fresh same-distribution minibatches.
Horizontal and vertical error bars show one standard
deviation across seeds in source survival and eval_acc,
respectively. Accuracy rises with source survival across
memory configurations and write policies.

training evaluation accuracy, while configurations
with full or near-full source survival have high eval-
uation accuracy. This pattern supports the interpre-
tation that, in the constrained FIFO setting, prefix-
all degradation is dominated by physical eviction of
task-relevant source states rather than by retrieval
interference alone.

Figure 4 provides a complementary memory-
level diagnostic for prefix-all writes. Below the
retention boundary, source states are partially or
fully missing from memory, so the model cannot
reliably attend to them. Around the boundary, at-
tention mass increasingly favors source entries over
non-source entries. Together, the two diagnostics
associate the boundary transition with changes in
source retention; Section 5 develops the eviction
interpretation.

Intermediate partial-prefix policies produce in-
termediate boundaries. Source-only and prefix-
all represent two endpoints of a write-selectivity
spectrum. We therefore evaluate an intermedi-
ate partial-prefix policy family that always writes
the source and separator, but writes only the first
round(pd) noise states, where p € [0, 1] controls
the amount of non-source content admitted into
memory. The corresponding FIFO full-source re-
tention threshold is

L + 1+ round(pd).
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Prefix-all attention mass (gated)
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Figure 4: Prefix-all memory attention mass under the gated readout. Curves show seven-seed means, and vertical
error bars show one standard deviation across seeds. Around the retention boundary, attention increasingly favors
source entries over non-source entries. Additional diagnostics, including naive-readout variants, source-pinned
attention, and error-type rates, are provided in Appendix A.

As shown in Figure 5a, the measured boundary
m*(d, p) increases with the amount of written non-
source content and closely follows this determinis-
tic FIFO prediction. Intermediate policies therefore
show that the apparent memory-capacity require-
ment changes systematically with write strength.
The naive additive readout follows the same overall
trend but is noisier, so we report it as a readout-
stability analysis in Appendix A.

Symbolic key—value retrieval shows the same
qualitative effect. Finally, we test whether the
same write-policy effect appears beyond direct de-
layed copying. In the symbolic key—value retrieval
variant, a later query provides the target key but not
its value, and the model reconstructs the complete
target key—value record after intervening distractor
records. Figure 5b shows the same qualitative pat-
tern. Source-only writes and the source-pinned con-
trol remain approximately delay-invariant, whereas
prefix-all writes require larger memory as more dis-
tractor content is written into the FIFO buffer. The
symbolic task yields noisier and sometimes more
conservative boundaries than delayed copying, es-
pecially under the naive additive readout.

5 Analysis

In the forced setting, the measured capacity bound-
ary is governed largely by the write policy: which
states enter the finite FIFO memory and whether
task-relevant source states survive eviction. This
section relates the empirical boundaries to FIFO
source retention and uses the diagnostics below to
distinguish physical eviction from retrieval interfer-

ence.

FIFO retention explains the boundary. Under
source-only writes, the memory stores only the
source segment of length L, so retaining the full
source requires m > L, independent of delay. This
explains the approximately delay-invariant source-
only boundary. By contrast, prefix-all writes store
the entire prefix,

[source|[sep][noise],

so retaining the full source requires capacity large
enough to keep the source after the separator and d
noise states have also been written:

m>L+1+d.

Thus, prefix-all writes create a delay-dependent
boundary because increasing d writes more later
non-source states that can evict earlier source states.
The source-pinned control removes this eviction
pathway by retaining all source states by construc-
tion; its approximately delay-invariant behavior
supports the interpretation that prefix-all degrada-
tion is primarily caused by source eviction. The
full deterministic FIFO calculation is given in Ap-
pendix B.

Intermediate partial-prefix policies show a con-
tinuous effect. The intermediate partial-prefix
experiment gives a continuous version of the same
mechanism. For write strength p, the policy writes
the source, the separator, and the first round(pd)
noise states. The expected full-source retention
condition is therefore

m > L+ 1+ round(pd).

17753



Intermediate Write Policy Boundaries (gated)
—e— d=20
d=40
—e— d=80
——- expected L + 1 + round(pd)

=
o
o

90
80
70
60
50
40
30

Measured boundary m™(d, p)

20

0 10 20 30 40 50 60 70
Expected written non-source length 1 + round(pd)

80

(a) Intermediate partial-prefix writes

Minimal memory m *(d)

Symbolic Key-Value Retrieval Boundaries (gated)

—e— source-only
prefix-all
—— source-pinned

expected source/pinned
—=- expected prefix-all

=
N
o

=
o
S
\
\

©

=}
\

\

o)
o
\

N
o
1

N
o

20 40

Distractor Length

80

(b) Symbolic key—value retrieval

Figure 5: Additional boundary analyses under the gated readout. (a) Intermediate partial-prefix writes produce
boundaries that track the expected FIFO threshold L + 1 4 round(pd). (b) The symbolic key—value retrieval
diagnostic shows the same qualitative write-policy effect: source-preserving policies remain approximately delay-
invariant, while prefix-all writes require larger memory as distractor content grows. Filled markers and solid
lines report finite aggregate boundaries obtained by thresholding the seven-seed mean acc_mean_tail. For finite
aggregate boundaries with at least two finite seed-wise boundaries, slightly offset thin capped bars span the minimum-—
maximum range of the observed finite (uncensored) seed-wise boundaries. Hollow triangles indicate that one or
more seed-wise boundaries are right-censored, whereas crosses plotted at the maximum scanned capacity indicate
aggregate right-censoring. The displayed ranges are descriptive, conditional on the finite seed-wise boundaries, and
are not confidence intervals; horizontal offsets are visual only. Exact conditional means, sample standard deviations,
ranges, censoring counts, and scan maxima are provided in Appendix A.3. Naive-readout variants are provided in

Appendix A.

The observed boundaries closely follow this contin-
uous prediction: the measured capacity boundary
increases systematically with the amount of non-
source content written into memory.

Diagnostics separate eviction from retrieval in-
terference. The memory-level diagnostics fur-
ther support the retention-based interpretation. Ac-
curacy rises when source survival approaches one,
while configurations with low source survival
fall below the success threshold. Attention-mass
and error-type diagnostics show the same qual-
itative pattern: prefix-all failures occur mainly
when source entries are absent or only partially
retained. Across the tested admitted-noise budgets,
the source-pinned control shows little degradation
when source states are explicitly retained. Together,
these diagnostics identify write-induced source
eviction as the primary explanation for prefix-all
degradation under finite FIFO capacity.

Readout stability and symbolic retrieval. Both
naive and gated readouts exhibit the same retention-
driven trend in the main boundary experiments.
The gated readout gives cleaner and more stable
boundaries, while the naive additive readout is less
stable under stricter thresholds and intermediate
write strengths. The shared trend across readouts
reflects a common retention constraint: once task-

relevant source states have been evicted, the read-
out has no direct source information to recover.
Threshold- and seed-stability analyses are reported
in Appendix A.

The symbolic key—value retrieval variant shows
the same qualitative ordering. Source-only writes
and the source-pinned control keep the bound-
ary approximately delay-invariant, while prefix-all
writes require larger memory as more distractor
content is written. Because this task requires re-
solving key—value associations, its boundaries are
noisier and can exceed the deterministic full-source
retention threshold. Thus, FIFO source survival is
a necessary condition for reliable retrieval in this
setting, but not a complete guarantee of success.

Accordingly, m*(d) and m*(d, p) quantify op-
erational capacity under the specified write policy,
FIFO rule, success threshold, readout, and training
protocol. Under this protocol, non-target writes can
raise the capacity requirement by occupying finite
slots and evicting task-relevant states, in addition
to creating retrieval noise.

6 Related Work

Long-context and memory-augmented Trans-
formers. Many Transformer variants extend us-
able context through recurrence, sparse atten-
tion, external memory, or cached hidden states.
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Transformer-XL introduces segment-level recur-
rence (Dai et al., 2019), Compressive Transform-
ers compress older states into longer-term mem-
ory (Rae et al., 2020), and sparse-attention models
such as Longformer and BigBird reduce attention
cost using structured attention patterns (Beltagy
et al., 2020; Zaheer et al., 2020). Other memory-
augmented models, including Memorizing Trans-
formers, Memformer, and Cached Transformers,
store or retrieve intermediate representations for
long-range modeling (Wu et al., 2022b,a; Zhang
et al., 2024). These works mainly focus on extend-
ing context length or improving memory architec-
tures, whereas our work examines how write policy
and write strength affect the operational capacity
boundary of a finite FIFO hidden-state memory.

KV-cache management and selective retention.
Recent long-context inference methods study how
to select, retain, or evict key—value cache entries
in pretrained language models. H2O retains heavy-
hitter tokens (Zhang et al., 2023), StreamingL.LM
identifies attention sinks for stable streaming in-
ference (Xiao et al., 2024), Scissorhands exploits
persistence in token importance (Liu et al., 2023),
and SnapKYV performs prompt-aware KV-cache se-
lection before generation (Li et al., 2024). These
methods show that retention decisions can strongly
affect long-context behavior. They typically op-
erate on layer-wise autoregressive KV caches in
pretrained decoder-only language models at infer-
ence time. Our trained windowed encoder instead
writes selected final-layer hidden states directly as
both keys and values to an external FIFO buffer and
performs a single post-encoder content-based read.
This abstraction exposes write-policy effects and
separates FIFO source eviction from retrieval inter-
ference while omitting the full layer-wise autore-
gressive dynamics of practical LLM KV caches.

Diagnostics for memory behavior and context
utilization. Empirical studies show that larger
context windows do not guarantee reliable use of
relevant information, especially when evidence ap-
pears in difficult positions within the context (Liu
et al., 2024). Synthetic algorithmic tasks have also
been widely used to probe learned memory, stor-
age, and retrieval over sequences (Graves et al.,
2014, 2016; Joulin and Mikolov, 2015). Our diag-
nostics follow this tradition but focus on a specific
mechanism: how writing non-source content into a
finite FIFO memory changes source survival and
the resulting capacity boundary. By combining

forced masking, intermediate partial-prefix write
strengths, the source-pinned control, and memory-
level diagnostics, we separate temporal delay, FIFO
source eviction, and retrieval interference in a con-
trolled setting.

7 Conclusion

We presented controlled diagnostics for studying
how predefined write policies affect an external
FIFO hidden-state memory under local attention.
Using forced masking and operational capacity
boundaries m*(d) and m*(d, p), we found that
source-only writes produce an approximately delay-
invariant boundary near the source length, while
the prefix-all boundary grows with the amount of
written non-source content. Intermediate partial-
prefix policies trace the corresponding continuum
as write strength increases.

The source-pinned control and memory-level
diagnostics associate the accuracy transition with
source retention: prefix-all failures concentrate
where FIFO writes evict task-relevant source states,
while retaining those states yields stable perfor-
mance across the tested configurations. The sym-
bolic key—value variant shows the same qualitative
policy ordering. Together, these results identify
write policy as a central variable in the observed
capacity boundary under the tested finite-FIFO pro-
tocol.

Future work should test learned selective writing
under unknown relevance and interleaved evidence,
together with retention-aware eviction, stronger
read mechanisms, pretrained language models, and
realistic long-context or layer-wise KV-cache set-
tings.

Limitations

Our evaluation consists of controlled synthetic
delayed-copy and symbolic key—value retrieval di-
agnostics; the latter tests structured associative re-
trieval beyond direct copying. It does not cover
downstream long-context NLP benchmarks, real-
istic multi-document retrieval or reasoning, or pre-
trained decoder-only language models. The results
provide mechanistic evidence for this memory set-
ting rather than performance evidence for practical
long-context LLM systems.

Our simplified memory stores selected final-
encoder hidden states directly as both keys and
values and performs a single post-encoder content-
based read. Decoder-only LLM KV caches instead
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use layer-specific projected keys and values with
autoregressive updates and reads across layers and
decoding steps. This architectural difference makes
source retention and FIFO eviction directly measur-
able in our setting and limits quantitative transfer
to practical LLM KV-cache systems. Raw final-
encoder states are one controlled representation
choice. Projected key—value states, compressed
representations, and layer-wise memories remain
important future comparisons.

The models use learned absolute positional em-
beddings at the encoder input, with no additional
relative-position term during the memory read, and
we evaluate delay lengths only up to d = 80. The
positional results therefore cover this tested range;
longer distances, positional extrapolation, and al-
ternative positional encodings remain untested.

The forced mask removes direct query-to-source
attention while preserving possible multi-layer
routes through intervening hidden states. With two
encoder layers and w = 8, the maximum backward
reach through local attention is 14 positions; the
shortest setting d = 10 can therefore admit limited
indirect propagation, whereas d > 20 exceeds this
reach. Accordingly, forced masking removes the
direct shortcut but does not establish the absence
of all non-memory information flow.

Our boundary measurements compare only a
naive additive readout and a simple gated read-
out. More expressive mechanisms, including multi-
layer memory reads, learned retrieval controllers,
top-k retrieval, and stronger cross-attention mod-
ules, remain outside this evaluation. The conclu-
sions therefore concern these two readouts and do
not establish a universal ranking between write
and read mechanisms. In this controlled FIFO set-
ting, the evaluated readouts cannot recover task-
relevant information when it is no longer repre-
sented anywhere in the available memory. The
capacity boundaries m*(d) and m*(d, p) are also
protocol-dependent because they use discrete mem-
ory scans, fixed training budgets, and a fixed suc-
cess threshold.

The write policies are idealized diagnostic con-
trols: source-only assumes that task-relevant states
are identifiable at write time, partial-prefix follows
a deterministic schedule, and source-pinned pre-
vents source eviction by construction. The source-
pinned evidence is limited to the tested admitted-
noise budgets ¢ < 80; behavior under arbitrar-
ily large retained-distractor loads remains untested.
These policies neither learn relevance nor cover

settings where relevant information is interleaved
with distractors or becomes identifiable only after
later context or the query. They diagnose write-
induced eviction without providing a deployable
selective-writing method.

This study uses only synthetic sequences and
involves no human data or deployment; its direct
societal impact is therefore limited.
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A Additional Results and Robustness

This appendix reports supplementary results for
Section 4. The main text focuses on the primary
gated-readout results. Here we provide additional
memory-level diagnostics, naive-readout variants,
and robustness analyses across thresholds and ran-
dom seeds.

A.1 Additional memory-level diagnostics

The main text reports source survival versus ac-
curacy and prefix-all memory attention under the
gated readout. Here we provide complementary
diagnostics for the source-pinned control and for
prediction-error types. These diagnostics further
test whether degradation is better explained by
physical FIFO source eviction or by retrieval in-
terference from retained non-source entries.
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Figure 6: Attention mass in the source-pinned control
under the gated readout. Because source states are re-
tained by construction, this diagnostic tests whether
admitted non-source entries dominate retrieval when
source eviction is removed.
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Figure 7: Error-type rates under the gated readout. Fail-
ures concentrate in configurations where source states
are not sufficiently retained, supporting the source-
eviction interpretation.

Figure 6 shows the attention distribution in the
source-pinned control. When source states are ex-
plicitly retained, attention remains concentrated on
source entries. This supports the interpretation that
the degradation observed under prefix-all writes
is not caused by the mere presence of non-source
entries alone.
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Figure 8: Error-type rates under the naive additive read-
out. The qualitative failure pattern is consistent with the
gated variant, although the naive readout is less stable
near strict success thresholds.
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Figure 9: Forced-setting capacity boundary under the
naive additive readout. The write-policy-induced bound-
ary remains visible, but the naive readout is less stable
than the gated variant. Finite-seed min—max ranges and
censoring symbols follow the convention in Figure 2.

Figures 7 and 8 report error-type diagnostics for
the two readout variants. Across both readouts,
the dominant errors occur when source states are
insufficiently retained.

A.2 Naive-readout variants

The main text reports the primary gated-readout re-
sults. This subsection reports corresponding naive-
readout variants for the main forced-setting bound-
ary, the intermediate partial-prefix diagnostic, and
the symbolic key—value retrieval diagnostic. The
naive readout is less stable near strict thresholds,
but the qualitative write-policy effect remains the
same: source-preserving policies require capacity
near the source length, while prefix-all or higher-
contamination writes require larger memory as
more non-source content enters the FIFO buffer.
Figure 9 shows the main forced-setting bound-
ary under the naive additive readout. Although the
transition is less stable than under gated retrieval,
the same source-retention pattern remains visible:
source-preserving configurations require capacity
near the source length, while prefix-all writes re-
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Figure 10: Naive-readout variants for the intermediate partial-prefix diagnostic and the symbolic key—value retrieval
diagnostic. The qualitative write-policy effect is consistent with the gated-readout results: increasing the amount
of written non-source content increases the required memory capacity, while source-preserving configurations
remain closer to the source-length boundary. Finite-seed min—max ranges and right-censoring symbols follow the

convention in Figure 5.

quire larger capacity as delay increases.

Figure 10 shows that both readouts require in-
creasing capacity as more non-source states are
written, with cleaner boundaries under the gated
readout.

A.3 Boundary stability across thresholds and
seeds

Finally, we report robustness checks for the
capacity-boundary metric. Table 1 reports thresh-
old sensitivity, while Tables 2, 3, and 4 report seed-
wise boundary statistics for the forced delayed-
copy, intermediate partial-prefix, and symbolic key—
value experiments. Across these checks, source-
only writes and the source-pinned control remain
near m = L, while prefix-all writes follow the ex-
pected FIFO source-retention threshold L + 1 + d.
The naive readout is less stable under stricter thresh-
olds, but preserves the same qualitative write-policy
effect.

B Retention Calculation

This appendix gives the deterministic FIFO source-
retention calculation used to interpret the capacity-
boundary results.

Source-only writes. For source-only writes, the
memory receives only the source segment of length
L. Thus, retaining the full source requires

m > L.

Since L is fixed across delay lengths, the ex-
pected retention boundary is approximately delay-
invariant.

Prefix-all writes. For prefix-all writes, the mem-
ory receives the full prefix before the query seg-
ment:

[source][sep|[noise],

whose length is
L+1+d.

The source states are written first, followed by the
separator and d noise states. After the full prefix
has been written, FIFO memory retains only the
most recent m states. Therefore, the number of
retained source states is

r(d,m) = min (L, max(0,m — (1 +d))) .
Retaining the full source requires
m>L+1+d.

Thus, prefix-all writes induce a delay-dependent
retention boundary because increasing d adds more
later non-source states that can evict earlier source
states.

Intermediate partial-prefix writes. For interme-
diate partial-prefix writes, the memory receives the
source segment, the separator, and only the first
round(pd) noise states:

[source][sep]|[n0ise; . ound(pd)l;

where p € [0,1] controls the non-source write
strength. The number of written non-source states
is therefore

1 + round(pd).
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Model Policy d Expected m’yo mlys mys
gated prefix-all 10 31 30 30 31
gated prefix-all 20 41 40 40 41
gated prefix-all 40 61 60 61 61
gated prefix-all 80 101 100 101 101
gated source-only 10 20 20 20 20
gated source-only 20 20 20 20 20
gated source-only 40 20 20 20 20
gated source-only 80 20 20 20 20
gated source-pinned 10 20 20 20 20
gated source-pinned 20 20 20 20 20
gated source-pinned 40 20 20 20 20
gated source-pinned 80 20 20 20 20
naive prefix-all 10 31 30 31 > 120
naive prefix-all 20 41 40 41 > 120
naive prefix-all 40 61 60 61 > 120
naive prefix-all 80 101 100 101 > 120
naive source-only 10 20 20 20 20
naive source-only 20 20 20 20 20
naive source-only 40 20 20 20 20
naive source-only 80 20 20 20 20
naive source-pinned 10 20 20 20 20
naive source-pinned 20 20 20 20 20
naive source-pinned 40 20 20 20 20
naive source-pinned 80 20 20 20 20

Table 1: Threshold sensitivity of the forced-setting capacity boundary m*(d). Source-only writes and the source-
pinned control remain near m = L, while prefix-all writes track the expected FIFO source-retention threshold
L +1+d. The FIFO retention trend remains aligned across thresholds, while the naive prefix-all results at 7 = 0.98

are right-censored near perfect-copy accuracy.

After these states have been written, the number of
retained source states under FIFO eviction is

r(d,p,m) = min(L,
max(0,m — [1 + round(pd)])).
Retaining the full source requires
m > L+ 1+ round(pd).

This condition reduces to the prefix-all threshold
when p = 1, and gives a controlled interpolation
between source-plus-separator writes and prefix-all
writes.

Source-pinned control. For the source-pinned
control, all L source states are retained by construc-
tion. In our implementation, admitted noise states
are managed by a separate FIFO region with budget
q. The total memory size is

m=1L+gq.

This control removes source eviction by design.
Across the tested budgets ¢ < 80, stable perfor-
mance therefore indicates that prefix-all degrada-
tion is mainly caused by source eviction rather than
by retained noise alone.

With L = 20, the prefix-all full-source retention
thresholds are

L+1+de {31,41,61,101}

for delays d € {10, 20,40, 80}. These values moti-
vate the near-boundary capacity points used in the
prefix-all memory scans.
For the intermediate partial-prefix experiment,
using
p € 40,0.25,0.5,0.75,1.0}

and delays d € {20, 40, 80}, the full-source reten-
tion thresholds are

L + 1+ round(pd).

For example, when L = 20, the expected thresh-
olds are

d\p| 0 0.25 0.5 0.75 1.0
20 [21 26 31 36 41
40 |21 31 41 51 61
80 |21 41 61 81 101

These thresholds motivate the near-boundary mem-
ory grids used in the intermediate partial-prefix
scans.
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Model Policy d Expected Mean 4+ SD Range Cens. Max scan
gated prefix-all 10 31 30.14 +0.38 30.0-31.0 0/7 120
gated prefix-all 20 41 40.00 £ 0.00 40.0-40.0 1/7 120
gated prefix-all 40 61 60.17 + 0.41 60.0-61.0 1/7 120
gated prefix-all 80 101 100.57 + 0.53 100.0-101.0 0/7 120
gated source-only 10 20 20.00 4+ 0.00 20.0-20.0 0/7 30
gated source-only 20 20 20.00 4+ 0.00 20.0-20.0 0/7 30
gated source-only 40 20 20.00 4+ 0.00 20.0-20.0 0/7 30
gated source-only 80 20 20.00 4+ 0.00 20.0-20.0 0/7 30
gated source-pinned 10 20 20.00 + 0.00 20.0-20.0 0/7 100
gated source-pinned 20 20 20.00 + 0.00 20.0-20.0 0/7 100
gated source-pinned 40 20 20.00 4+ 0.00 20.0-20.0 0/7 100
gated source-pinned 80 20 20.00 4+ 0.00 20.0-20.0 0/7 100
naive prefix-all 10 31 30.25 + 0.50 30.0-31.0 3/7 120
naive prefix-all 20 41 40.67 £ 0.58 40.0-41.0 4/7 120
naive prefix-all 40 61 61.00 4+ 0.00 61.0-61.0 2/7 120
naive prefix-all 80 101 100.80 + 0.45 100.0-101.0 2/7 120
naive source-only 10 20 20.00 % 0.00 20.0-20.0 0/7 30
naive source-only 20 20 20.00 = 0.00 20.0-20.0 0/7 30
naive source-only 40 20 20.00 + 0.00 20.0-20.0 0/7 30
naive source-only 80 20 20.00 4+ 0.00 20.0-20.0 0/7 30
naive source-pinned 10 20 20.00 £+ 0.00 20.0-20.0 0/7 100
naive source-pinned 20 20 20.00 £+ 0.00 20.0-20.0 0/7 100
naive source-pinned 40 20 20.00 £+ 0.00 20.0-20.0 0/7 100
naive source-pinned 80 20 20.00 % 0.00 20.0-20.0 0/7 100

Table 2: Seed-wise stability of m* (d) under the main threshold 7 = 0.95. Source-only writes and the source-pinned
control are stable at m = L, while prefix-all boundaries concentrate near the deterministic FIFO retention threshold.
Mean, sample standard deviation, and range are computed over finite per-seed boundaries only; censored seeds are
not imputed at the maximum scanned capacity. When only one seed has a finite boundary, only that boundary value
is shown because the sample standard deviation is undefined. Cens. reports the number of right-censored seeds out
of seven. Max scan reports the largest capacity in the corresponding policy-specific grid.

The retention conditions above describe full-
source survival. Since the empirical capacity
boundary is defined by a finite accuracy threshold
7 = 0.95, the measured boundary can occasionally
be one scanned capacity point below the full-source
retention condition when partial source survival is
sufficient to meet the success threshold.

C Experimental and Reproducibility
Details

This appendix provides the complete data-
generation, implementation, training, evaluation,
and diagnostic protocol supporting the main text.
Code, configurations, result files, and plotting
scripts are available at https://github.com/
LiuSunshine1223/WritePolicyFIFO.

C.1 Delayed-copy data

The delayed-copy task uses synthetic sequences of
the form

[source]|[sep][noise][query].

Unless otherwise stated, the source and query seg-
ments have length L = 20, and the delay/noise
length is

d € {10, 20, 40, 80}.

The base vocabulary contains 20 symbols. Source
and noise tokens are sampled i.i.d. from this base
vocabulary. The separator is a deterministic token,
and the query segment consists of a fixed place-
holder token repeated L times. The target is to
reproduce the source tokens at the final L query
positions.

C.2 Symbolic key—value retrieval variant

The symbolic key—value retrieval variant uses the
same model family, masking regime, and external
FIFO memory mechanism as the delayed-copy task,
and compares source-only, prefix-all, and source-
pinned configurations. Each source segment is a
20-token target record of the form

[FACT][KEY][IS][VALUE .17].

The intervening segment consists of 10-token dis-
tractor records of the same general form whose
keys differ from the target key; records are concate-
nated and truncated to the specified delay length
d € {20,40,80}. The final 20-token query has the
form

[QUERY][KEY][ASK] .. . [ASK],

so it contains the target key but not its value.
The training target is the complete 20-token tar-
get record, reconstructed at the positions of the
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Model d p Expected Mean + SD Range Cens. Max scan
gated 20 0 21 20.00 + 0.00 20.0-20.0 0/7 41
gated 20 0.25 26 25.50 £ 0.71 25.0-26.0 5/7 46
gated 20 0.50 31 30.00 + 0.00 30.0-30.0 3/7 51
gated 20 0.75 36 35.00 + 0.00 35.0-35.0 2/7 56
gated 20 1 41 40.00 % 0.00 40.0-40.0 1/7 61
gated 40 0 21 20.29 + 0.49 20.0-21.0 0/7 41
gated 40 0.25 31 30.00 + 0.00 30.0-30.0 1/7 51
gated 40 0.50 41 40.00 + 0.00 40.0-40.0 4/7 61
gated 40 0.75 51 50.17 £+ 0.41 50.0-51.0 1/7 71
gated 40 1 61 60.17 + 0.41 60.0-61.0 1/7 81
gated 80 0 21 20.00 + 0.00 20.0-20.0 0/7 41
gated 80 0.25 41 40.20 + 0.45 40.0-41.0 2/7 61
gated 80 0.50 61 60.00 &+ 0.00 60.0-60.0 1/7 81
gated 80 0.75 81 80.00 + 0.00 80.0-80.0 1/7 101
gated 80 1 101 100.57 £+ 0.53 100.0-101.0 0/7 121
naive 20 0 21 21.00 21.0-21.0 6/7 41
naive 20 0.25 26 - - 77 46
naive 20 0.50 31 31.00 £ 0.00 31.0-31.0 2/7 51
naive 20 0.75 36 35.33 +0.58 35.0-36.0 4/7 56
naive 20 1 41 40.67 + 0.58 40.0-41.0 4/7 61
naive 40 0 21 21.00 21.0-21.0 6/7 41
naive 40 0.25 31 30.80 + 0.45 30.0-31.0 2/7 51
naive 40 0.50 41 41.00 + 0.00 41.0-41.0 0/7 61
naive 40 0.75 51 50.86 + 0.38 50.0-51.0 0/7 71
naive 40 1 61 61.00 + 0.00 61.0-61.0 2/7 81
naive 80 0 21 21.00 + 0.00 21.0-21.0 5/7 41
naive 80 0.25 41 40.86 + 0.38 40.0-41.0 0/7 61
naive 80 0.50 61 61.00 + 0.00 61.0-61.0 0/7 81
naive 80 0.75 81 81.00 + 0.00 81.0-81.0 0/7 101
naive 80 1 101 100.80 + 0.45 100.0-101.0 2/7 121

Table 3: Seed-wise stability of the intermediate partial-prefix boundary m*(d, p) at 7 = 0.95. Mean, sample
standard deviation, and range are computed over finite per-seed boundaries only; censored seeds are not imputed.
When only one seed has a finite boundary, only that boundary value is shown because the sample standard deviation
is undefined; dashes indicate that no seed has a finite boundary. Cens. reports the number of right-censored seeds
out of seven, and Max scan reports the largest tested capacity for the configuration.

final query segment, and evaluation measures to-
ken accuracy over all positions in that record.

All tokens are synthetic symbols drawn from a
21-token vocabulary. The structural token IDs are O
for FACT, 1 for QUERY, 2 for IS, and 3 for ASK; ID 4
is reserved but unused in this experiment, IDs 5-12
are eight key symbols, IDs 13—19 are seven value
symbols, and ID 20 is the separator. The target key
is sampled uniformly from the eight key symbols,
and each of its 17 value tokens is sampled indepen-
dently and uniformly from the value vocabulary.
Each 10-token distractor record has the form

[FACT][KEY][IS][VALUE .7].

Its key is sampled uniformly from the seven keys
other than the target key, and its value tokens are
sampled independently and uniformly from the
value vocabulary. Distractor records are sampled
independently, so their keys and values may repeat
across records; at the record level, the key-collision
rule excludes only the target key from distractor-
key sampling. The final query contains one QUERY
token, the target key, and 18 repetitions of ASK.
We use this controlled structured retrieval di-
agnostic to test whether the finite-memory write-

policy effect persists beyond the original random-
token delayed-copy task. The symbolic experi-
ments use the same capacity-boundary procedure
as the delayed-copy experiments. Censored sym-
bolic boundaries are reported when no scanned
capacity reaches the success threshold.

C.3 Attention masks

We use local windowed self-attention with win-
dow size w. Let positions be indexed by ¢, s €
{1,...,T}, where T is the sequence length. The
standard local window mask allows each position
to attend to itself and the previous w — 1 positions:

0, max(l,t —w+1) <s <t,

otherwise.

win __

t,s T

_w,

In the natural setting, the model uses this stan-

dard local mask. In the forced setting, we addi-

tionally block all query-to-source attention edges.
Let

S=A{1,...,L}

denote source positions and

Q={T—-L+1,...,T}
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Model Policy d Expected Mean + SD Range Cens. Max scan
gated prefix-all 20 41 39.00 £ 0.00 39.0-39.0 1/7 61
gated prefix-all 40 61 60.00 £0.71 59.0-61.0 2/7 81
gated prefix-all 80 101 99.60 + 0.89 99.0-101.0 2/7 121
gated source-only 20 20 19.29 £ 1.89 15.0-20.0 0/7 30
gated source-only 40 20 20.00 £+ 0.00 20.0-20.0 0/7 30
gated source-only 80 20 20.00 4 0.00 20.0-20.0 0/7 30
gated source-pinned 20 20 20.00 4+ 0.00 20.0-20.0 0/7 100
gated source-pinned 40 20 20.00 4+ 0.00 20.0-20.0 0/7 100
gated source-pinned 80 20 20.00 £+ 0.00 20.0-20.0 0/7 100
naive prefix-all 20 41 39.00 39.0-39.0 6/7 61
naive prefix-all 40 61 60.00 + 1.41 59.0-61.0 5/7 81
naive prefix-all 80 101 99.00 + 0.00 99.0-99.0 5/7 121
naive source-only 20 20 20.00 £ 0.00 20.0-20.0 0/7 30
naive source-only 40 20 19.29 £1.89 15.0-20.0 0/7 30
naive source-only 80 20 20.00 £+ 0.00 20.0-20.0 0/7 30
naive source-pinned 20 20 20.00 £ 0.00 20.0-20.0 0/7 100
naive source-pinned 40 20 20.00 £ 0.00 20.0-20.0 0/7 100
naive source-pinned 80 20 20.00 £+ 0.00 20.0-20.0 0/7 100

Table 4: Seed-wise stability of the symbolic key—value retrieval boundary m*(d) at 7 = 0.95. Mean, sample
standard deviation, and range are computed over finite per-seed boundaries only; censored seeds are not imputed.
When only one seed has a finite boundary, only that boundary value is shown because the sample standard deviation
is undefined. Cens. reports the number of right-censored seeds out of seven, and Max scan reports the largest tested
capacity for the configuration.

Write policy Full-source retention condition Expected behavior

Source-only m>1L The full source is retained once capacity reaches
the source length, so m™(d) is approximately delay-
invariant.

Prefix-all m>L+1+4+d The memory must retain the source after the separator

and all delay/noise states are written, so m™(d) grows
with the written prefix length.

The boundary increases with the amount of written
non-source content, yielding intermediate boundaries
between source-plus-separator and prefix-all writes.
Source eviction is removed by design, so increasing
the admitted noise budget does not change the physical
source-retention condition.

Intermediate partial-prefix ~ m > L + 1 4 round(pd)

Source-pinned Source retained by construction;

m=L+gq

Table 5: Deterministic full-source retention conditions under different write policies. These conditions describe
physical source survival under FIFO eviction. The empirical boundary m™ is measured by an accuracy threshold
and may differ slightly from the full-retention condition.

are written into a finite FIFO memory according
to the write policy. Stored hidden states are used
as both memory keys and memory values. When
the memory capacity is exceeded, the oldest entries
are evicted. The memory is reset for each training
example and does not persist across minibatches or
examples.

Let H, denote the query-position hidden states
and let K,V denote the stored memory keys and
values. The memory read is computed by attention
over the external memory:

H,KT >
4t ), R=AV.
V dmodel

denote query positions. The forced mask is

—00, teQandseS,

t75 win
t,s

forced __

otherwise.

This forced mask removes direct query-to-source
attention and is used to test memory-dependent
behavior without that direct shortcut. Unless other-
wise stated, forced-setting experiments use w = 8.

C.4 External FIFO memory and readout
variants

The memory-augmented model uses a windowed
Transformer encoder followed by a single external-

A = softmax (
memory read at the final query positions. Token

embeddings are combined with learned absolute
positional embeddings at the encoder input. Se-
lected hidden states from the final encoder layer

This is a content-based post-encoder read; no ad-
ditional relative-position term is applied to the
memory-attention logits. We evaluate two readout-
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fusion variants. The naive additive readout uses
H,=H,+R.
The gated readout computes
G = o(WyH, +by),

where W, maps each query representation to a
scalar gate that is broadcast over its hidden dimen-
sion. The gated readout then fuses the original
query representation with the memory read as

H=1-G)0H,+GOR.
The final prediction head is applied to I;Tq at the
query positions.

C.5 Write policies

We compare three write-policy families and one
source-pinned control.

Source-only. The source-only policy writes only
source states into memory. It serves as an oracle-
like diagnostic control, because task-relevant states
are assumed to be identifiable before writing.

Prefix-all. The prefix-all policy writes the full
prefix before the query,

[source][sep][noise].

Under finite FIFO memory, later separator and
noise states can evict earlier source states.

Intermediate partial-prefix. The intermediate
partial-prefix policy always writes all source
states and the separator, but writes only the first
round(pd) noise states:

[SOU I"CG} [sep] [no i sel:round(pd)] )

where
p € {0,0.25,0.5,0.75,1.0}.

Thus, p = 0 corresponds to source-plus-separator
writes, and p = 1 recovers prefix-all writes. This
policy provides a controlled interpolation in the
amount of written non-source content.

Source-pinned control. The source-pinned con-
trol explicitly retains all L source states. In our
implementation, admitted noise states are managed
by a separate FIFO buffer. If the admitted noise
budget is g, then the total memory size is

m=1L+gq.

This control removes source eviction by construc-
tion while still allowing the readout to see a con-
trolled amount of non-source content.

C.6 Training protocol

Unless otherwise stated, models are trained with
Adam using learning rate 1073, batch size 16,
model dimension 64, 2 Transformer encoder layers,
and 4 attention heads.

Delayed-copy Experiments A—C, including the
main forced-boundary experiments, memory diag-
nostics, source-pinned control experiments, and
intermediate partial-prefix experiments, are trained
for 3001 optimization steps. Symbolic key—value
Experiment D uses a fixed budget of 9001 optimiza-
tion steps across all policies, delays, capacities,
readouts, and seeds, with the remaining optimiza-
tion settings unchanged. This longer fixed budget
was chosen after preliminary 3001-step runs indi-
cated slower convergence on the symbolic task.
Those preliminary runs are not included in the
reported aggregates or capacity boundaries; all
reported main Experiment D results follow the
9001-step protocol. At every optimization step,
the data generator samples a fresh synthetic mini-
batch; training does not repeatedly draw from a
fixed dataset.

All reported results are averaged over seven ran-
dom seeds:

{0,1,2,3,4,5,6}.

We report acc_mean_tail, the mean query-token
accuracy over the final 500 training steps. Since
each step uses a fresh minibatch, averaging reduces
sensitivity to any one minibatch and summarizes
end-of-training behavior. This is an operational
training-tail measure rather than a held-out gener-
alization metric.

C.7 Capacity boundary definition
In forced-setting experiments, success is defined

by a fixed accuracy threshold

Acc >, 7 =0.95,

where Acc denotes the seven-seed average of
acc_mean_tail for the corresponding configura-
tion.

For source-only and prefix-all writes, the capac-
ity boundary at delay d is

m*(d) = min {m € M : Acc(d,m) > 7} .

For intermediate partial-prefix writes, the boundary
is

m*(d, p) = min {m € M : Acc(d,p,m) > 7} .
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If no scanned capacity reaches the threshold, we
report a censored boundary, e.g.,

m*(d) > max(M).

C.8 Capacity grids

We use policy-specific capacity grids with addi-
tional points near expected FIFO retention thresh-
olds. The natural-setting sanity check uses m =
L = 20.

For source-only delayed-copy writes, the exe-
cuted capacity grid is

Mge = {5,10, 15,20, 25,30}.

For prefix-all delayed-copy experiments, the ex-
ecuted capacity grid is

Mpre = {10,20, 30, 31,32, 40, 41, 42, 50,
60,61,62,70,80,100,101,102, 120}.

The near-boundary values are centered around the
expected FIFO full-source retention thresholds L +
1+d.

The post-training memory diagnostics in Experi-
ment B use delays

d € {40,80}.
Their executed source-only grid is
ME = {10,15,20, 25,30},
and the prefix-all grids are
ME . (40) = {50,60,61, 62, 70},
MPE . (80) = {80,100, 101, 102, 120}.

The Experiment B source-pinned grid is

ME | = {20, 25,30, 40, 60, 80, 100}.

For the intermediate partial-prefix experiment,
we use

d € {20,40, 80},
p € {0,0.25,0.5,0.75,1.0}.

For each (d, p), we scan capacities around
b(d,p) = L + 1+ round(pd).
The grid is
Mint(d, p) = unique({lO, 20,
b—2,b—1,b,b+1,
b+2,b+ 10,b+20}).

after removing nonpositive values, de-duplicating,
and sorting.

For the source-pinned control, we vary the ad-
mitted noise budget

q € {0,5,10,20,40, 60,80},
so that the total memory size is
m=1L+gq.

Experiment D uses compact policy-specific
grids that include sub-threshold controls and con-
centrate points around the corresponding source-
preservation and prefix-all retention thresholds. For
source-only writes, the executed grid is

MP . =1{10,15,20,25,30}.

For prefix-all writes, the delay-specific executed
grids are

MPE (20) = {10,20,39,40,41,42,43,51,61},
MPE (40) = {10,20,59, 60, 61,62, 63, 71,81},

pre
MPB.(80) = {10,20,99,100, 101,102,
103,111,121}

The Experiment D source-pinned control reserves
all L = 20 source states and therefore begins at
total capacity m = 20; its executed total-capacity
grid is

MP

pin — {20, 407 607 100}’
corresponding to admitted-noise budgets ¢ €

{0, 20, 40, 80}.

C.9 Experiment groups

We organize the experiments into four groups. First,
natural-setting sanity checks verify that the exter-
nal memory pathway can solve delayed copying
when source states are retained. Second, forced-
setting delayed-copy boundary experiments mea-
sure m*(d) for source-only writes, prefix-all writes,
and the source-pinned control under w = 8. Third,
intermediate partial-prefix experiments measure
m*(d, p), testing whether the apparent memory re-
quirement changes continuously with the amount
of written non-source content. Fourth, symbolic
key—value retrieval experiments measure the corre-
sponding capacity boundaries for structured key—
value records.
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C.10 Memory-level diagnostics

For trained forced-setting configurations, we record
memory-level diagnostics after training. These di-
agnostics are used only for analysis and are never
provided to the model. For the source-survival plot
in Figure 3, we place the trained model in evalua-
tion mode and compute eval_acc over 16 freshly
generated same-distribution minibatches for each
seed and configuration. The evaluation genera-
tor uses a separate deterministic stream initialized
with the training seed plus 100000. The plotted
configuration-level accuracy averages these seed-
level values over the seven seeds. This post-training
diagnostic is separate from acc_mean_tail and is
not used to determine a capacity boundary.
We measure source survival as

nge(d, m)

psrc(da m) = I s

where n'(d, m) is the number of source entries
retained in memory. For memory attention, we
compute the total attention mass assigned to en-
tries originating from source, separator, and noise
positions. For example, the source attention mass

1S
Qgre = § A]’,

JE€Lsrc

where A; is the memory-attention probability as-
signed to memory entry j, and Zg. is the set of
retained memory entries whose origin is the source
segment.

We also categorize incorrect predictions accord-
ing to whether the predicted token appears in the
source segment, the noise segment, both, the sep-
arator token, or none of these categories. These
diagnostics help separate physical source eviction
from retrieval interference.

17766



