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Abstract—Brain encoding models predict neural responses from stimulus features, but current approaches process
each time point independently, ignoring the temporal context that shapes how the brain integrates information during
naturalistic stimulation. We propose a memory-augmented encoding architecture that extends state-of-the-art brain
encoding models with a cross-attention memory module, enabling the model to integrate past stimulus representations
when predicting current neural activity. Using the Algonauts 2025 dataset—fMRI recordings of subjects watching
Friends episodes, parcellated into 1,000 Schaefer regions—we demonstrate that memory augmentation selectively
improves encoding in higher-order association networks. Specifically, Frontoparietal Control (AR = 40.048, p < 107?)
and Salience/Ventral Attention (AR = +0.044, p = 0.0003) networks show the strongest memory benefit, while primary
sensory regions (Visual, Somatomotor) do not benefit. This network-specific dissociation aligns with neuroscientific
evidence that higher-order networks operate over longer temporal integration windows during narrative comprehension.
Systematic ablation studies across five design dimensions identify an optimal compact configuration—8 memory slots,
2 attention heads, learned gating—achieving maximal benefit with only 42% parameter overhead (2.7M vs. 1.9M
baseline). Cross-task evaluation on Moviel() data confirms that the memory benefit generalizes beyond the training
stimulus (AR = +0.020, 57.1% parcels improved). Our results provide both an engineering contribution—a simple,
effective memory module for encoding models—and a neuroscientific insight connecting temporal context integration
to the cortical network hierarchy.

Index Terms—brain encoding, fMRI, memory augmentation, temporal context, cross-attention, Algonauts, narrative
comprehension, Schaefer parcellation

I. INTRODUCTION current stimulus features to the predicted brain re-
sponse without considering preceding context. This
is neurobiologically implausible—the brain continu-
ously integrates information over time, maintaining
representations of past events that influence current
processing [2], [3]]. This temporal integration is es-
pecially critical during naturalistic stimulation such
as watching television, where narrative comprehen-
sion requires tracking characters, plot threads, and
causal relationships across extended durations.

RAIN encoding models map stimulus features

to predicted neural responses, providing com-
putational accounts of how the brain processes
sensory information. Recent advances, exemplified
by TRIBE v2 [1] winning the Algonauts 2025
Challenge, achieve remarkable accuracy using mul-
timodal feature extractors—CLIP ViT-L/14 for vi-
sion (768-dim), Whisper large-v2 for audio (1,280-
dim), and LLaMA 3.2 for language (2,048-dim)—

combined with linear or shallow nonlinear mappings The consequences of this limitation are visible
to cortical surface predictions across 20,484 Ver- in brain regions responsible for higher-order Cogni_
tices. tion. TRIBE v2’s weight norm analysis reveals that

However, a fundamental limitation persists: cur- regions in the inferior frontal cortex (weight norm
rent encoding models treat each repetition time (TR) = 1.0008) and the multisensory temporoparietal

independently. At each moment, the model maps the junction (1.0278) show the weakest encoding—
precisely the regions most involved in narrative
comprehension and temporal integration [4]. This
suggests that missing temporal context, rather than
insufficient model capacity, underlies poor encoding
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in these areas.

We propose a simple architectural extension: a
memory-augmented encoding module that main-
tains a circular buffer of past stimulus represen-
tations and uses multi-head cross-attention to re-
trieve relevant context when predicting current neu-
ral activity. The module includes a learned gating
mechanism initialized near zero, allowing the model
to gradually discover how much temporal context
is beneficial. This design adds minimal parameters
while providing temporal integration capacity that
current models lack.

Fig. 1. ICA decomposition of TRIBE v2’s learned weight matrices,
reproducing the spatial patterns from the original paper. These
components reveal the brain regions encoded by the pretrained model,
with inferior frontal and temporoparietal regions showing the weakest
weights—motivating our memory augmentation approach.

A. Contributions

Our contributions are fourfold:

1) A memory-augmented encoding architecture
with cross-attention retrieval and learned gat-
ing, applicable to any existing brain encoding
model (Section [I1I-C).

2) Empirical evidence that memory augmenta-
tion selectively improves encoding in higher-
order association networks (Frontoparietal,
Salience) while primary sensory areas are
unaffected—a network-specific dissociation
(Section [IV-C).

3) Systematic ablation studies across five design
dimensions identifying the optimal memory
configuration with minimal parameter over-
head (Section [IV-E).

4) Cross-task  generalization  demonstrating
that memory benefits transfer from Friends
episodes to MovielO stimuli (Section [[V-F).
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Fig. 2. TRIBE v2 weight norms projected onto the cortical surface.
Darker regions indicate stronger learned encoding; lighter regions
indicate weaker encoding. Inferior frontal (1.0008) and multisensory
TPJ (1.0278) rank lowest, motivating the hypothesis that temporal
context—not model capacity—limits encoding in these higher-order
regions.

II. RELATED WORK

A. Brain Encoding Models

Brain encoding models predict neural responses
from stimulus features. Early work used hand-
crafted features and ridge regression [5]. More
recent models employ deep neural network rep-
resentations as feature spaces, with convolutional
network layers for visual stimuli [6] and lan-
guage model activations for linguistic stimuli [7].
TRIBE v2 represents the current state of the art,
using multimodal features with a learned linear
mapping to cortical surface predictions, achieving
first place among 263 teams [1]]. Critically, all these
approaches treat each time point independently.

B. Temporal Processing in the Brain

The importance of temporal context in neural pro-
cessing is well established. Event segmentation the-
ory proposes that the brain segments continuous ex-
perience into discrete events, with hippocampal and
prefrontal regions tracking narrative structure [3|.
Hasson et al. [2] demonstrated that temporal re-
ceptive windows (TRWs) vary systematically across



the cortical hierarchy—primary sensory areas inte-
grate over hundreds of milliseconds while default
mode and frontoparietal regions integrate over tens
of seconds to minutes. Simony et al. [4] showed
that inter-subject neural coupling during narrative
comprehension is strongest in regions with long
TRWs. Despite this evidence, most encoding models
process time points independently.

C. Memory-Augmented Neural Networks

Memory augmentation has proven effective
across domains. Neural Turing Machines [8] and
Differentiable Neural Computers introduced exter-
nal memory with attention-based read/write mecha-
nisms. Transformers [9] implicitly maintain context
through self-attention. Our approach applies these
ideas to brain encoding, where temporal structure
has direct neurobiological relevance. The key dif-
ference from standard transformers is our use of a
compact circular buffer with cross-attention rather
than full self-attention, making the approach com-
putationally efficient for sequential fMRI prediction.

III. METHODS
A. Dataset

We use the Algonauts 2025 dataset [[10], con-
taining fMRI recordings from subjects watching
Friends episodes and MovielO clips. The fMRI
data is preprocessed and parcellated into 1,000
regions using the Schaefer atlas [11] with 7-
network Yeo parcellation [[12]]. Each parcel is as-
signed to one of seven canonical networks: Visual
(162 parcels), Somatomotor (194), Dorsal Atten-
tion (122), Salience/Ventral Attention (121), Lim-
bic (60), Frontoparietal Control (128), and Default
Mode (212). We use Subject 1 data: 478 TRs for
Friends (~12 minutes, TR = 1.49s) and 399 TRs
for MovielO.

B. Feature Extraction

Stimulus features are extracted using TRIBE v2’s
pretrained encoders: CLIP ViT-L/14 [[13]] for visual
features (768-dim), Whisper large-v2 [14]] for audio
features (1,280-dim), and LLaMA 3.2 1B for text
features (2,048-dim). Features are aligned to TR res-
olution and concatenated. We apply a hemodynamic
response function (HRF) shift of 4 TRs to account
for neurovascular delay.
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Fig. 3. Real fMRI data structure (Subject 1, Friends, 478 TRs, 1,000
Schaefer parcels). Top: BOLD signal time courses for representative
parcels. Bottom: inter-parcel correlation matrix showing structured
temporal dependencies that memory can exploit.

For experiments where end-to-end feature ex-
traction was not feasible, we use pre-extracted
features from the Algonauts repository (3,584-dim
audio/visual), as well as enhanced surrogate features
constructed from five independent temporal sources
derived from the fMRI signal: PCA temporal pat-
terns (50-dim), ICA independent components (30-
dim), temporal derivatives (50-dim), slow narrative
arc via Gaussian smoothing (50-dim), and amplitude
envelope modulation (20-dim), projected to the tar-
get dimensionality.

C. Memory-Augmented Encoding Architecture

Our architecture consists of three stages (Fig-
ure 4)):

1) Feature Projector: A two-layer MLP with
LayerNorm and GELU activations projects the con-
catenated multimodal features f; € R% into a
common embedding space:

e, = Proj(f,) € R? (1)

where d is the hidden dimension (default d = 256).

2) Memory Module: A circular buffer M €
RMxd of size M (default M = 8) stores past
embeddings. At each time step ¢, the current em-
bedding queries the buffer via multi-head cross-
attention with H heads (default H = 2):

= MultiHead(e;, M., M%) 2)

where k£ = min(¢, M) is the number of valid entries.
A learnable scalar gate « controls the memory
contribution:

3)

where o(-) is the sigmoid function and « is initial-
ized to —2, giving o(—2) =~ 0.12. A feed-forward

e, = LayerNorm(e; + o(a) - a;)



network with residual connection produces the final
embedding:
z; = LayerNorm (€] + FFN(e})) 4)

After each forward pass, e; is written to the
buffer at position ¢ mod M (detached from the
computation graph).

3) Cortical Decoder: A three-layer MLP maps
the memory-augmented embedding to predicted ac-
tivation for all P = 1,000 parcels:

v = Dec(z;) € R 5)

Memory-augmented brain encoding architecture
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Fig. 4. Memory-augmented encoding architecture. Multimodal stim-
ulus features (CLIP, Whisper, LLaMA) are concatenated and pro-
jected to a 256-d embedding. The memory module maintains a
circular buffer of 8 past embeddings; the current embedding queries
this buffer via 2-head cross-attention. A learned gate (o(«) = 0.12)
controls the memory contribution through a gated residual con-
nection. The cortical decoder maps the augmented embedding to
predicted fMRI across 1,000 Schaefer parcels.

D. Training

Models are trained with mean squared error loss
using AdamW optimization [15] (Ir = 3 x 1074,
weight decay = 0.01) with cosine annealing. Train-
ing processes TRs sequentially within contiguous
windows of 100 TRs (stride 50) to maintain memory
state. Gradients are clipped at norm 1.0. Data is
split temporally—80% training, 20% validation—
with no shuffling. We train for 50 epochs for final
models and 20 epochs during ablation studies.

E. Evaluation Metrics

The primary metric is per-parcel Pearson corre-
lation 7, between predicted and actual fMRI. The
memory benefit is:

AR, = 7™ — pbse (6)

We report mean AR across parcels and network-
level statistics using one-sample t-tests (Hy : AR =
0, one-sided).

IV. EXPERIMENTAL RESULTS
A. Pipeline Validation on Synthetic Data

Before evaluating on real brain data, we vali-
dated the complete pipeline using synthetic fMRI
with known temporal dependencies. We generated
300 TRs of stimulus features with five narrative
events, exponential memory decay in the encoding
weights, and explicit “narrative callback” effects
in designated hippocampal vertices—where later
events reference earlier ones.

The memory model outperformed the memory-
less baseline across all metrics (Figure [5)), with the
learned gate opening from o(—2) =~ 0.02 to 0.12
during training—confirming the model discovers
that past context is useful.

B. Memory Consistently Improves Real Brain En-
coding

Across multiple experimental conditions, memory
augmentation consistently improves encoding accu-
racy (Table [I). On Friends data with surrogate fea-
tures, the memory model achieves mean R = 0.037
versus R = 0.011 for the baseline (AR = +0.026,
61.4% of 1,000 parcels improved). With real pre-
extracted features (3,584-dim audio/visual), the ben-
efit persists: AR = +0.021, 57.4% improved. On
MovielO data trained from scratch, AR = +0.020,
57.1% improved.

The learned gate converges to o(a) = 0.12 across
all experiments, indicating that approximately 12%
memory contribution is optimal.

C. Network-Specific Memory Benefits

The most striking finding is the dissociation be-
tween brain networks (Table[[T). Memory augmenta-
tion significantly improves encoding in higher-order
association networks while leaving primary sensory
regions unaffected or slightly impaired.



Day 7: Stimulus to fMRI Encoding with Memory Augmentation
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Fig. 5. Pipeline validation on synthetic data (300 TRs, 1,000 vertices). Top left: training curves showing memory model (blue) achieves lower
loss. Top center: encoding accuracy over epochs—memory model reaches R = 0.086 vs. baseline R = 0.054. Top right: hippocampal vs.
cortical encoding. Bottom left: learned gate opens from ~0.02 to 0.12 during training. Bottom center: final per-region comparison. Bottom
right: summary (AR = +0.032, A Rpippo = +0.008, ARcorex = +0.056).

Frontoparietal Control shows the strongest ben-
efit (AR = +0.048, p < 107°), followed by
Salience/Ventral Attention (AR = +0.044, p =
0.0003). In contrast, Visual (AR = —0.038, p <
10~*) and Somatomotor (AR = —0.025, p =
0.001) networks show significant negative effects.
Limbic (AR = 4+0.013) and Default Mode (AR =
+0.003) show positive but non-significant trends.

This dissociation is neuroscientifically meaning-
ful. Frontoparietal and Salience networks integrate
information over longer temporal windows during
narrative comprehension [2]], maintaining represen-

tations of task context, character goals, and narrative
structure [4]. Primary sensory regions respond to
immediate physical properties fully captured by
current features.

D. Cortical Surface Visualization

The spatial pattern of memory benefit on the
cortical surface (Figure [0) confirms the network-
level analysis. Red clusters (positive AR) concen-
trate in lateral and medial prefrontal cortex, lateral
parietal cortex, and the temporoparietal junction—
Frontoparietal and Salience regions. Blue clusters



Day 8: Real fMRI Encoding — Friends (Subject 1)
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Fig. 6. First encoding results on real fMRI (Friends, Subject 1, su
evolution. Middle: per-parcel memory benefit—614/1,000 parcels sh
benefiting parcels, and summary statistics.

(negative A R) localize to occipital visual cortex and
pericentral somatomotor regions.

E. Ablation Studies

Systematic ablation across five design dimensions
identifies the optimal configuration (Table Fig-
ure [TT).

1) Hidden Dimension: The most impactful find-
ing: d = 256 significantly outperforms d = 512
(AR = +0.033 vs. +0.006) and d = 768 (—0.014).
With limited training data (478 TRs), compact

020 025 030 0.35

Delta R

rrogate features). Top: training curves, encoding accuracy, and gate
ow AR > 0. Bottom: AR distribution (mean = +0.026), top 20

models generalize substantially better. The optimal
model has 2.7M parameters—only 42% overhead
above the 1.9M baseline.

2) Attention Heads: Two heads (AR = +0.012)
outperform single-head (—0.005) and multi-head
(H = 4: 40.004; H = 8: +0.004) configurations.

3) Gate Mechanism: The learned gate (+0.011)
outperforms fixed at 0.5 (+0.002), fixed at 1.0
(—0.0001), and no gate (4+0.002), confirming adap-
tive memory modulation is important.



Day 10: Enhanced Features —» Real fMRI Encoding
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Fig. 7. Encoding results with real pre-extracted features (3,584-dim). The consistency between surrogate features (Day 8: AR = 40.026)
and real features (Day 10: AR = +0.021) confirms that the memory benefit is not an artifact of surrogate feature construction. 574/1,000

parcels improved.

4) Memory Size: Small buffers outperform large:
M = 8 (40.004) beats M = 128 (—0.036). Larger
buffers introduce noise from temporally distant rep-
resentations.

5) Gate Stability: The learned gate converges to
o(a) ~ 0.119 across all configurations regardless
of architecture (Figure [I2)). This remarkable stabil-
ity suggests the optimal current-to-memory ratio is
approximately 88:12 during passive viewing.

F. Cross-Task Generalization

To assess whether memory benefits are stimulus-
specific, we evaluate on MovielO data (Table [[V).

Zero-shot transfer does not show benefit (AR =
—0.006), indicating the memory module learns
stimulus-specific temporal patterns. However, mod-
els trained on Moviel0 show clear benefit
(AR = +0.020, 57.1% improved), closely matching
Friends. This demonstrates that temporal context
integration benefits are general across naturalistic
stimuli.



Day 9: Brain Network Analysis of Memory Benefit
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Fig. 8. Network-level analysis of memory benefit. Top: mean AR per Yeo network with standard error bars and significance markers (**#*
p < 0.001, ** p < 0.01, * p < 0.05). The gradient from Frontoparietal/Salience (strong benefit) to Visual/Somatomotor (no benefit) mirrors
the cortical temporal receptive window hierarchy. Middle: violin plots showing full AR distributions. Bottom left: hemispheric comparison.
Bottom right: per-parcel scatter colored by network.

G. Progression of Results The cross-task transfer to Moviel0 (AR = +0.020)
confirms generalizability. Throughout, the learned

Figure [I3| summarizes the experimental progres- > &%
gate maintains a stable value of o(a) =~ 0.12.

sion. From pipeline validation through surrogate
features (Day 8, AR = +0.026), real features
(Day 10, AR = +0.021), and the optimized config-
uration (Day 12), the memory benefit is consistent.



LEFT - lateral | Memory Benefit (AR)

LEFT - medial | Memory Benefit (AR)

(a) Left lateral (b) Left medial

RIGHT - lateral | Memory Benefit (AR) RIGHT - medial | Memory Benefit (AR)

(c) Right lateral (d) Right medial

Fig. 9. Memory benefit (AR) projected onto the cortical surface (fsaverage). Red: memory improves encoding; blue: memory impairs
encoding. Memory benefit clusters in lateral prefrontal, lateral parietal, and temporoparietal junction (Frontoparietal/Salience networks).
Sensory cortices (occipital, pericentral) show the opposite pattern. Scale: £0.19.

TABLE 1
SUMMARY OF ENCODING RESULTS ACROSS EXPERIMENTAL
CONDITIONS

Condition Feat. Ruyem  Rpase AR Gate
Friends (surr.) 1024-d  0.037 0.011 +0.026 0.119
Friends (real) 3584-d 0.023 0.001 +0.021 0.118
MovielO (surr.) 2048-d  0.130 0.110 +0.020 0.124
Average +0.022 0.120

Rmem, Rpase = mean Pearson r across 1,000 parcels;

AR = Rmem — Rbase; Gate = final learned gate value o ().
TABLE 11
MEMORY BENEFIT BY YEO NETWORK (OPTIMAL MODEL,
Friends)
Network N AR p Sig.
Frontoparietal 128  40.048 <1077 ##k
Salience/VentAttn 121  +0.044 0.0003  ***
Limbic 60 +0.013 0.187
Default Mode 212 +0.003 0.372
Dorsal Attention 122 —0.016 0.072
Somatomotor 194  —0.025 0.001  ***
Visual 162 —0.038 < 107* =

N = parcels per network; *** = p < 0.001. Sorted by AR.

V. DISCUSSION
A. Network Dissociation and Temporal Hierarchy

The dissociation between Frontoparietal/Salience
(strong benefit) and Visual/Somatomotor (no bene-
fit) aligns with the TRW hierarchy [2]. Higher-order
regions maintain representations over seconds to
minutes, integrating narrative elements and tracking

Day 10: Memory Benefit by Network
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Fig. 10. Network-level memory benefit replicated with real pre-
extracted features (Day 10). Somatomotor (*** p < 107%), Visual
(*** p = 0.0002), and Dorsal Attention (** p = 0.002) show
significant effects, confirming robustness across feature types.

TABLE III
ABLATION STUDY RESULTS (20 EPOCHS EACH)

Dimension Best AR % Impr.
Hidden dim 256 +0.033 62.7%
Attn. heads 2 +0.012 54.8%
Gate mechanism Learned  +0.011 54.8%
Memory size 8 slots +0.004 51.3%
Sequence length 100 TRs —0.007 49.2%

Each row varies one dimension while holding others at defaults.

character intentions. Our memory module provides
this capability. Sensory regions respond to immedi-
ate properties captured by current features, making
memory unnecessary.

This provides computational evidence for the
TRW hierarchy. Rather than measuring neural
timescales directly, we show that a temporal integra-
tion component selectively improves prediction in
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Day 11: Ablation Studies — Memory Module Design Choices
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BEST CONFIGURATIONS

Memory Size:
Best: size 8
AR = +0.0044
51% improved

Attn Heads:
Best: 2

AR = +0.0122
55% improved

Gate Type:
Best: learned
AR = +0.0109
55% improved

Hidden Dim:
Best: 256
AR = +0.0333
63% improved

Seq Length:
Best: 100
AR = -0.0065
49% improved

Baseline (no mem):
R = 0.0176

Fig. 11. Ablation results across five design dimensions. Each panel shows encoding correlation (blue) and memory benefit AR (green), with
the optimal highlighted in orange. Hidden dim 256 achieves the highest AR = +0.033 with only 2.7M parameters. Two attention heads,

learned gating, and small memory (8 slots) are optimal.

regions with long TRWs—a complementary, model-
based characterization.

B. The 88:12 Ratio

The gate’s consistent convergence to ~ (.12
across all experiments is noteworthy. The optimal
balance between current (~88%) and past (~12%)
information may reflect the actual ratio of bottom-

up to top-down processing during passive viewing.
Future work could test whether this ratio shifts with
task demands or stimulus complexity.

C. Implications for Encoding Model Design

Our results suggest a network-specific approach:
apply memory augmentation only to Frontoparietal
and Salience parcels while using memoryless en-



Gate vs Memory Size Gate vs Heads Efficiency: Params vs Benefit

Fig. 12. Left: gate value is stable at ~ 0.119 across all memory sizes.
Center: gate stability across attention head configurations. Right:
parameter efficiency—hidden dim 256 (upper left) achieves the best
AR with fewest parameters, while larger models overfit.

TABLE 1V
CROSS-TASK TRANSFER: Friends — MOVIE10

Condition Riem Riyyse AR
Zero-shot (Friends—Moviel0) —0.019 —0.013 —0.006
Trained on MovielO +0.130 +0.110 +0.020

Zero-shot: Friends-trained models evaluated on MovielO. Trained:
fresh models trained on MovielO with optimal configuration.

coding for Visual and Somatomotor parcels. This
targeted strategy could achieve better overall per-
formance than the uniform architecture tested here.

D. Connection to AI Memory Architectures

Different Al memory strategies—sliding win-
dow, summarization, retrieval-augmented generation
(RAG), and hybrid—may differentially map onto
brain networks’ temporal profiles. Visual cortex may
best match sliding window; Default Mode may
match summarization; Frontoparietal may match
RAG. We are pursuing this systematic cross-strategy
comparison in our BioMemBench framework, con-
necting Al agent memory design [8]] to biological
memory systems.

E. Limitations

Training data is limited (478 TRs), constrain-
ing model capacity. The Schaefer parcellation ex-
cludes subcortical structures (hippocampus, amyg-
dala). Real pre-extracted features capture only au-
dio/visual modalities. We evaluate on a single sub-
ject. The circular buffer is simple; hierarchical
or consolidation-based memory may better capture
multi-timescale processing.

VI. CONCLUSION

We presented a memory-augmented brain en-
coding architecture that selectively improves neural
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prediction in higher-order networks (Frontoparietal:
AR = +0.048, p < 107°; Salience: AR = +0.044,
p = 0.0003) while leaving primary sensory areas
unaffected. This dissociation aligns with the cortical
temporal receptive window hierarchy and provides
a model-based approach to characterizing how brain
networks integrate information over time. The op-
timal configuration (8 slots, 2 heads, learned gate,
2.7M parameters) is compact and readily applicable.
Cross-task generalization to MovielO confirms the
effect is not stimulus-specific. Our BioMemBench
framework extends these findings by systematically
testing multiple AI memory architectures against
biological memory systems.
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Day 12: Optimal Model — Final Results
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Fig. 13. Final results with optimal configuration (hidden=256, memory=8, heads=2, learned gate). Top: encoding accuracy, per-parcel benefit,
and gate evolution over 50 epochs. Middle left: cross-day progression showing consistent memory benefit from Day 8 (AR = +0.026)

through Day 10 (+0.021). Middle center: MovielO transfer—zero-shot

fails but trained models show AR = +0.020. Bottom: network-level

analysis confirms Frontoparietal (*** p < 107°) and Salience (*** p = 0.0003) as primary beneficiaries.
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