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Abstract

The computational cost of transformer-based
language models grows quadratically with the
sequence length. In this paper, we introduce
the selective cache, which stores the selected
key-value pairs from the previous context. By
selecting important key-value pairs the model
makes better use of the cache so that in lim-
ited cache size, a longer context history can be
stored. We design three kinds of selection meth-
ods. The first is based on human language pro-
cessing. The key-value pairs are selected if they
correspond to tokens that are fixated longer, as
recorded in eye-tracking-while-reading exper-
iments. We also incorporate the cognitively-
inspired selection process into the language
model as a trainable process, resulting in two
additional methods with improved performance.
The selection task is converted into a pruning
task so they can be trained with differentiable
masks. We demonstrate that the proposed se-
lective cache improves the language modeling
performance across different datasets.! With
the same number of stored key-value pairs
(cache size), our selective cache outperforms
XL cache (Dai et al., 2019) and compressive
cache (Rae et al., 2019) by considerable mar-
gins.

1 Introduction

Transformers (Vaswani et al., 2017) have been used
as the backbone architecture of various models and
achieve state-of-the-art results in a wide range of
tasks (Devlin et al., 2019; Dosovitskiy et al., 2020;
OpenAl, 2023; Kirillov et al., 2023). Compared to
other architectures such as Recurrent Neural Net-
works, its attention mechanism directly connects
long-distance elements in the input sequence. Thus,
it better captures long-range dependencies. How-
ever, it also constitutes the bottleneck in Transform-
ers. The time and space complexity of Transformer
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attention is O(n?). Hence, the computational cost
becomes prohibitively expensive or even makes the
task infeasible when processing long sequences.
Extensive research is performed to address this
problem, introducing a number of X-former models
(Wang et al., 2020; Kitaev et al., 2020; Choroman-
ski et al., 2022).

While many proposed models successfully miti-
gate the problem to some extent, there are still open
limitations such as the storage cost of preserving
the whole sequence in memory and the inability to
be directly inserted into existing pretrained models.
In this paper, we propose a novel cache that stores
past key-value pairs, namely the selective cache,
for auto-regressive language modeling (LM). This
method aims to make better use of the cache in-
troduced in Transformer-XL (Dai et al., 2019) by
selecting more informative key-value pairs. Dif-
ferent from prior works such as (Rae et al., 2019),
it distills the previous context by extracting or se-
lecting, instead of averaging. In other words, some
key-value pairs are kept in the cache as it is, while
others are simply discarded. It is utilized as easily
as the cache in Transformer-XL, that is, the stored
keys and values are simply prepended to the current
keys and values.

We explore three selection methods for the cache:
(1) using eye fixation duration as importance scores,
(2) using neural networks which learn to select, and
(3) replace. The first one uses eye-movement data.
We simply consider the total reading time of each
word. Long-fixated words are important for lan-
guage comprehension (Rayner and Duffy, 1986)
and are usually difficult to infer from the context
(Rayner et al., 2011). Furthermore, fixation du-
ration correlates with the gradient-based saliency
in Transformer language models (Hollenstein and
Beinborn, 2021). Thus, selecting key-value pairs
associated with long-fixated tokens is a cognitively
plausible modeling decision. The second method
is to train a selector neural network. By learn-
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ing to prune key-value pairs, the selector learns
to select. It is based on a neural network pruning
method (Louizos et al., 2017), which uses differ-
entiable stochastic masks and L penalty. The se-
lector learns to mask out unimportant key-value
pairs so it can be used to select them. Finally, the
third method uses the same technique but applies
the mask and its opposite mask simultaneously,
in order to train a replacer network that directly
learns the trade-off. The motivation is to simulate
the actual situation where adding new items to the
cache results in discarding old ones. In addition,
we introduce a novel method for training the selec-
tor and replacer network. By sampling a previous
snippet of context to train the network and stopping
gradient during cache updating, we avoid backprop-
agation through time (BPTT), while the network
can still learn to model long-term dependency.

Experimental results show that using these meth-
ods improves the model’s performance, especially
the latter two. They bring about considerable per-
formance gain against XL cache and compressive
cache (we use these two terms to refer to the meth-
ods used in Dai et al., 2019 and Rae et al., 2019,
respectively) with the same total cache size.

Moreover, thanks to the enhanced interpretabil-
ity of selective cache, we can directly investigate
which tokens are stored. We find that the trained se-
lector and replacer tend to keep named entities and
rare tokens, which is a common tendency found in
many prior works (Sun et al., 2021; Wu et al., 2022;
Hutchins et al., 2022). We also show that the se-
lective cache can preserve information from a very
distant context, or even from an infinite distance,
depending on the characteristics of the processed
document.

2 Related Work

Transformers have difficulty processing long se-
quences. There are a lot of works trying to address
this limitation. Linformer (Wang et al., 2020) and
Performer (Choromanski et al., 2022) introduce
new self-attention mechanisms, which can approx-
imate the original full attention with linear space
and time complexity. Many works utilize sparsity
to achieve efficient long-range attention, includ-
ing strided attention (Child et al., 2019; Beltagy
et al., 2020), global attention by a few tokens (Belt-
agy et al., 2020; Zaheer et al., 2020; Ravula et al.,
2020) and random attention to a limited number
of tokens (Zaheer et al., 2020). Moreover, suitable

sparsity patterns can be learned for each attention
head (Sukhbaatar et al., 2019; Correia et al., 2019).
Some other works (Kitaev et al., 2020; Roy et al.,
2021) use clustering techniques to partition ele-
ments in the sequence and perform intra-cluster
attention. Besides, hierarchical structure (Zhu and
Soricut, 2021; Ren et al., 2021) is incorporated
into the attention mechanism to reduce computa-
tional complexity. Long documents can also be
split into segments and processed in a recurrent
manner. Block-Recurrent Transformer (Hutchins
et al., 2022) use a set of hidden representations
to store past information and use cross-attention
to interact with them, while Memory Recurrent
Transformer (Bulatov et al., 2022) utilizes dedi-
cated memory tokens to do so.

Transformer-XL (Dai et al., 2019) achieves this
segment-level recurrence by the cache mechanism,
which stores the past hidden states and uses them
as an extended context when the model processes
the next input sequence. Compressive Transformer
(Rae et al., 2019) extends the Transformer-XL with
a secondary cache which compresses the old hid-
den states. On the other hand, Memorizing Trans-
former (Wu et al., 2022) expands the cache to an
enormous size, and uses an approximate k-nearest-
neighbor (kNN) search to retrieve key-value pairs
from the cache efficiently. oco-former (Martins
et al., 2022) utilizes a continuous-space attention
mechanism and represents the input sequence as a
continuous signal, so that the long-term memory
can be represented with lower precision. Expire-
Span (Sukhbaatar et al., 2021) computes a span
for each hidden state that determines how long it
should stay in memory.

In this paper, we make use of eye-tracking data,
which has been incorporated into many NLP frame-
works (Mathias et al., 2020). Eye-tracking data
provides advantages to NLP models in terms of
both their performance and interpretability. Re-
search has demonstrated that incorporating eye-
tracking features can enhance prediction accuracy
in tasks like named entity recognition (Hollenstein
and Zhang, 2019; Tokunaga et al., 2017), part-of-
speech tagging (Barrett et al., 2018), sentiment
analysis (Mishra et al., 2017) and general NLP
benchmark tasks (Khurana et al., 2023). In the
meantime, eye-tracking data is utilized to explore
the correlation between human behavior and neural
attention (Hahn and Keller, 2023; Sood et al., 2020;
Brandl and Hollenstein, 2022).
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We also use a pruning technique based on
stochastic masks (Louizos et al., 2017), which is
mainly used in neural network pruning (Louizos
et al., 2017) and interpretation (Voita et al., 2019;
De Cao et al., 2020). Different from these ap-
proaches, we aim to improve performance by us-
ing it to select important parts of previous context.
Even though the technique is used for different pur-
poses in different scenarios, it actually does the
same thing, i.e., learns what is less important.

3 Model

In this paper, we use decoder-only transformers
(Vaswani et al., 2017) to perform auto-regressive
LM tasks. Long documents are split into segments
of 512 tokens. The segments are not shuffled and
fed into the model sequentially. In other words, the
language model processes the document step by
step, one segment at a time, as is done in (Dai et al.,
2019; Wu et al., 2022).

At each step, Transformer-XL (Dai et al., 2019)
caches and fixes (stops gradient) the hidden state
sequence computed for the current segment. In
the next step, it is reused to extend the context.
Although in (Dai et al., 2019), the hidden states are
cached, we follow the practice in (Wu et al., 2022)
and save the key-value pairs into the cache for the
purpose of efficiency. When doing attention, the
keys and values are prepended to the current keys
and values. When the XL cache size C,; is greater
than the input segment length Cjy,;,, the XL cache
is a first-in-first-out (FIFO) queue.

When using cached representations, it is nec-
essary to use relative position embeddings. We
use TS relative position embeddings (Raffel et al.,
2020), which adds different biases to different rela-
tive offsets when doing attention.

When switching to a new document, the cache
may contain some content from the old document,
we apply document masks to solve this problem.
Concretely, for the cached key-value pairs, we keep
track of their document IDs. Each token can only
attend to other tokens with the same document ID.

These are the common settings used for all our
experiments involving the cache, including base-
lines and proposed models.

3.1 Selective Cache

We aim to make better use of the cache by select-
ing those key-value pairs which are more beneficial
than others. The selective cache is a FIFO queue

will be added to selective
cache after the current step
- —

NEN_EEE EEEEER
EEE EEE DEEEEE
EEE DDE DEEEEE

selective cache XL cache input sequence

Figure 1: In the selective cache, we extend the attention
layer with cached representations from previous context.

and is of a fixed size like XL cache. At each step,
the key-value pairs that satisfy a certain criterion
are selected and saved into the selective cache. In
the meantime, the same number of old key-value
pairs are discarded. Like XL cache, the selective
cache is also non-differentiable. In this paper, all
the models that use selective cache also use XL
cache in the meantime. The selective cache serves
as a secondary cache and selects tokens discarded
by XL cache, like the compressive cache (Rae et al.,
2019). So the model contains a detailed recent con-
text, as well as a distilled context that covers a
wider historical period. The cached keys and val-
ues from the selective cache are concatenated with
those from XL cache and those from the current
input. See illustration in Figure 1.

We also introduce a set of trainable bias param-
eters, the selective cache bias. They are used in
the same manner as T5 position embeddings. Re-
call that TS position embeddings are scalars added
to the dot product of queries and keys. When the
query attends to the keys in selective cache, the po-
sition embedding that corresponds to the maximum
distance is used. Meanwhile, the selective cache
bias (also a scalar) is added to the dot product as
well. For each layer, there are m bias parameters,
where m is the number of heads. So the same bias
is used for all attention scores of one head.

3.2 Using Eye-fixation Duration as Criterion

A crucial component of the selective cache is the
selection criterion. One plausible choice is human
fixation data. While eye-tracking data contains
various information about human eye movements
during reading, we simply utilize the total read-
ing time (TRT) of each word, which is the sum of
all fixation duration on a single word. If an input
token is associated with a TRT longer than a cer-
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tain threshold, its corresponding key-value pairs
are selected into the cache in all attention layers.
The threshold is a hyperparameter that needs to be
tuned. Because human reading is optimized for ef-
ficiency and accuracy, they only fixate words to the
extent necessary for task success (Hahn and Keller,
2023). Long fixated words are usually important
and are likely to contain new information which
cannot be inferred from the context.

However, there is no available eye-tracking data
for the LM datasets used in this paper. We choose
to use a simple long short-term memory (LSTM)
network to predict the fixation duration for the text
in LM datasets. It is trained on the available eye-
tracking corpora. After training it is able to predict
the TRT within an acceptable error range (see Ap-
pendix B). The fixation prediction model only pro-
cesses the text once at the preprocessing stage. The
predicted fixation duration is used repeatedly for
many epochs when training the language model.

3.3 Using Selector Network as Criterion

We introduce an automatic selector, which gives
free rein to the model and let it decide which to-
kens should be cached. It is a small neural network
integrated into the self-attention layer. The selec-
tion task is converted into a task similar to network
pruning. The language model is provided with
some previous key-value pairs when doing the LM
task, the selector is encouraged to prune some of
the key-value pairs. Its architecture is described in
Appendix E.

Binary Masks For a sequence of past hidden
states [El, o, -+ l_in] (the time index is omitted
here for simplicity), the selector network takes the
hidden states as input and outputs binary masks for
each of them [z1, 22, - - , z,,]. The masks are used
in self-attention as follows:

-
—

Sij :qi-kj—i-lnzj (1)

where s, ¢, k are the attention score before softmax,
the query, and the key respectively. So when z; is
zero, the corresponding key-value pair is masked
out, when z; is one, the attention score is not af-
fected. Note that here the position embeddings,
document masks, and selective cache bias are all
omitted for simplicity.

In the meantime, Ly norm is applied to the pre-

—— Binary Concrete
25 Hard Concrete
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Figure 2: Left: The probability density function of
Binary Concrete distribution and Hard Concrete dis-
tribution. In this example, loga = 0,8 = 0.5,y =
—0.1,¢ = 1.1, and p(z = 0) = p(z = 1) = 0.23.
Right: Hard Concrete distribution with different log o
when 5 =04,v=-0.1,{ = 1.1.

dicted masks.

l12llo = 1ry0)(2)) )

J=1

where ||z||o denotes Ly norm, 1(-) stands for in-
dicator function. Ly norm penalizes the number
of non-zero values. It imposes a constant penalty
everywhere except for z; = 0. It encourages the
selector to completely switch off some key-value
pairs.

As we can see, Ly norm is not a differentiable
function and has zero derivative almost everywhere.
Meanwhile, the outputs z; are not produced from a
continuous function either.

Stochastic Masks The solution to these two prob-
lems is to use the stochastic masks drawn from
some distributions controlled by the selector, and
the Ly norm becomes the expected number of non-
zero masks. More specifically, we use Hard Con-
crete distribution (Louizos et al., 2017), which is
a mixture of discrete and continuous distributions,
ranging in the closed interval [0, 1]. It gives non-
zero probability to the two endpoints 0, 1, while
between 0 and 1 the probability density function is
continuous, as shown in Figure 2. The Hard Con-
crete distribution contains a few parameters, one
of which is log a. It controls the probability mass
skewing towards O or 1. See Appendix C for more
information.

With the Hard Concrete distribution, the selec-
tor is trained as follows: On the one hand, the
network outputs the parameter log o ; for each in-
put hidden state i_ij. Then one sample z; is drawn
from each distribution and is used to mask attention
scores as Equation 1. With the reparameterization
trick (Kingma and Welling, 2013), the gradient
can backpropagate through the sampling process

4841



to the selector network. The training objective of
language modeling would encourage the selector
to output larger log <, so that extra information
can be obtained to help predict the next token. On
the other hand, Ly norm is treated in expectation,
which becomes a differentiable function of log c.
It encourages the selector to output smaller log a.

With the influence of both aspects, important
key-value pairs are likely to be kept. When the
selector is used as the selection criterion, the log o
is compared with threshold 0. If loga;; > 0, Ej
and v; are put into the selective cache.

When using selector, the training loss becomes:

L =Ly + Ao 3)

where L is the total loss, Ly is the language
modeling loss. £ represents the Ly norm. A is the
coefficient. A key problem is to determine A. We
design an adaptive A as follows:

#selected

Ae=17 N
t= T #total

e = 11 %0.9 x0.1 (4)
where 7; is a running average of the selection ratio,
A is the coefficient used at step ¢. \’ is a hyperpa-
rameter. In this way, if the selection ratio grows

too big, the “suppression force" also increases.

Simultaneously Selecting and Training The se-
lective cache stores context of multiple previous
steps, one way to train the selector is to backpropa-
gate gradient through all relevant steps. We avoid
this by separating the selecting and training process.
We sample a random snippet of length Cj;,,, = 128
from previous context to train the selector, i.e., per-
form the pruning task, while it also performs se-
lection as a non-differentiable process. In other
words, during training, some additional keys and
values are prepended to the concatenation of selec-
tive cache, XL cache, and current keys and values.
We control how distant the snippet is through a
geometric distribution parameterized by a hyperpa-
rameter /. It should be determined based on how
long the dependency we intend to capture. See
more details in Appendix D.

3.4 Removal of Similar Instances

In preliminary experiments of training the selector,
we find that some tokens are repeatedly selected.
Because the selector network makes decisions on
token-level, it does not have the overall information,
e.g., which kind of information is already selected.

For this reason, it is possible that it selects very
similar representations. To address this issue, we
calculate the distance matrix of the selected values
in each step. Values with a distance smaller than a
certain threshold are considered in the same “clus-
ter". Only one key-value pair in each “cluster"” is
finally selected. See more details in Appendix F. In
this process, we only calculate the distance matrix
once among the selected values. This process can
be regarded as a secondary selection. In the follow-
ing part of the paper, we refer to this technique as
removal of similar instances (RSI).

3.5 Replacement-Based Selective Cache

When training the selector network, the Ly penalty
implies the capacity limit of the selective cache.
Because the cache size is fixed, storing some new
key-value pairs means discarding some old ones.
Inspired by this process, we further propose a way
to directly model this trade-off. Concretely, the
key-value pairs are grouped two by two, a neu-
ral network compares the two key-value pairs and
masks out either of them.

Suppose that the representations at position j and
4" are compared. The approach calculates stochas-
tic masks as follows.

log avjjr = frpi(hj, At;) — frpi(hyr, Atyr)  (5)
z;j ~ HardConcrete(log a1, 3,7,()  (6)

where f,,;(-) denotes the neural network trained
(we refer to it as the replacer network, see its ar-
chitecture in Appendix E), At; is the time interval
between the current step and the previous step when
processing position j. HardConcrete represents the
Hard Concrete distribution, 3, v, ¢ are constant pa-
rameters. Then the sampled random mask z;;/ is
used as follows.

ke + In 2 )
Sijr = G - i+ ln(l - ij/) (8)

Therefore, ideally, only one of the two can be
attended. Intuitively, if the key Ej and value v;
provide more important information for the current
step, the replacer network should output a higher
“score" f,,(h;, At;) which results in high log av; .
The cost, on the other hand, is masking out Ej/ and
Ujr.

However, this one-to-one relationship deviates
from the actual situation. Adding one into the cache
does not necessarily result in removing the other,
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the removed key-value pair could be any one in
the cache. Nevertheless, we still opt to use this
relationship for its simplicity.

When training the replacer, there is no need for
Lg penalty. We again use a random snippet of
previous context for training. A random set of key-
value pairs in selective cache is chosen to do the
one-to-one comparison with those in the snippet.
The replacer network outputs masks, and each of
the masks and its opposite mask are applied to
one in the snippet and one in the selective cache
respectively.

When updating, the replacement-based selec-
tive cache is not a first-in-first-out queue anymore.
The input sequence is compared with the selec-
tive cache element-wise. The key-value pair with
higher “score" frpl(i_ij, At;) is retained. Impor-
tantly, when switching to a new document, the
key-value pair from the new document is always
preserved no matter what the replacer outputs.

4 [Experiments

We evaluate the models described above on three
datasets using two different model sizes. The ex-
periments are all language modeling and the per-
formance is evaluated by perplexity per token. Be-
sides, we also do various qualitative and quantita-
tive analyses on the models. From these analyses,
we provide strong evidence of the effectiveness of
the proposed models.

4.1 Data

We introduce the language modeling datasets used
in the experiments. The eye-tracking corpora are
described in Appendix A

PG-19 PG-19 language modeling benchmark is
a LM dataset introduced by Rae et al. (2019). It
includes a collection of English books published be-
fore 1919 from the Project Gutenberg books library.
Each document in the PG-19 is a full-length book.
However, due to limited computational resources,
we only use 1% of the training set, which is 286
books, around 18M tokens. The documents are
randomly selected and then fixed. So the same set
of documents is used for all models. On the other
hand, we use full validation and test set, which con-
tain 3M and 7M tokens respectively. Even though
only 1% is used, the training data still has a reason-
able size and is enough for fine-tuning.

WikiText-2 The WikiText language modeling
dataset (Merity et al., 2016) consists of articles
from Wikipedia. It provides two sizes, WikiText-2
and WikiText-103. They share the same validation
and test set, while the training set of WikiText-2 is
a truncated version of that of WikiText-103.

CMU-DoG CMU Document Grounded Con-
versations Dataset (Zhou et al., 2018) provides
conversation data about the contents of specified
documents. Following (Martins et al., 2022),
we also use it to test long-range modeling. The
dataset contains conversations about movies, the
Wikipedia article about the movie is also provided.
In this paper, to test the models’ ability on modeling
long-dependency, we concatenate all conversations
to their corresponding Wikipedia articles. The
resulting document takes the following form:
(WikiArticle,Converstation 1,--- Converstation n).
Note that the Wikipedia article accounts for only a
small portion (1.3%) of a concatenated document
on average.

4.2 Experimental Methods

Due to limited computational resources, we do not
train the language models from scratch. We fine-
tune a pretrained language model. We extract the
decoder of T5v1.1-LM-adapted 2, and remove the
encoder-decoder attention layers from it. It is a
version of T5 (Raffel et al., 2020) adapted to LM
objective during pretraining. We choose it because
it not only uses relative position embedding which
is necessary for our purpose, but also is available
in a wide range of sizes. Its Small and Base sizes
suit our budget. Even though taking only a part of
it seems crude, we find it works well on LM tasks
in general, even before our fine-tuning.

We fine-tune two sizes of T5v1.1-LM-adapted,
namely Small and Base. We simply refer to them
as TS5 Small and T5 Base. The former has 8 layers
and 6 heads, and the latter has 12 layers and 12
heads.

The input size is always Cj,, = 512 tokens.
There are two groups of experiments with total
cache size of 512 and 640 respectively. In the
first group one baseline is pure XL cache of size
C,; = 512, in other words, same as Transformer-
XL (Dai et al., 2019). The other baseline is Com-
pressive Transformer (Rae et al., 2019). We imple-

Zhttps://github.com/google-research/text-to-text-transfer-
transformer/blob/main/released_checkpoints.md
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XL 2nd PG-19 WikiText2 CMU-DoG

Small Base Small Base Small Base
Vanilla Transformer - - 30.85 2524 2230 17.56 20.77 17.22
XL 512 - 29.89 2438 19.85 1631 20.15 17.19
XL, CPR 256 256 29.39 2418 1995 16.17 20.09 17.02
XL, SLC (fix) 256 256 29.32 24.04 19.78 16.27 1997 16.75
XL, SLC (fix,RSI) 256 256 2946 2399 19.77 16.19 19.83 16.63
XL, SLC (slc) 128 384 29.08 24.14 19.13 15.65 19.12 16.11
XL, SLC (slc,RSI) 128 384 28.89 23.83 19.05 15.60 1898 16.15
XL 640 - 29.62 2443 19.77 1627 2023 1741
XL, CPR 384 256 29.38 2421 19.83 16.14 20.20 17.16
XL, R-SLC 128 512 28.50 23.63 18.57 15.20 1795 14.82

Table 1: Test perplexity on three datasets. Columns “XL" and “2nd" denotes the XL cache size and secondary cache
size. “XL", “SLC", “CPR" in rows refer to XL , selective and compressive cache respectively. “(fix)" means using
fixation duration as selection criterion. “(slc)" means using selector network. “R-SLC" stands for replacement-based

selective cache.

ment their compressive cache in our experimental
framework and use the best configuration reported
in their paper. For each model, we choose the best
cache size configuration between (Cyy, Capgq) =
(256, 256) or (128, 384), where Cy,4 is the size of
the secondary cache. In other words, given the total
size limit, we treat the cache sizes as hyperparam-
eters and search for the best one. In the second
group the total cache size is 640 tokens. Because
our replacement-based selective cache needs to be
greater or equal to the input size, i.e., >= 512, and
meanwhile, XL cache plays an important role so
it is necessary to have a minimum size of it. Thus
we use (Cyy, Cong) = (128,512). For compres-
sive cache, we choose the best configuration be-
tween (Cyy, Cong) = (128,512) or (256, 384), or
(384, 256). See more details in Appendix G.

4.3 Results

Table 1 shows the results on three datasets (see
Appendix H for statistical significance). We can
clearly see that using selective cache achieves the
best results in all scenarios. Partly replacing XL
cache with selective cache results in considerable
gains across datasets and model sizes.

We can see that the fixation-based selection sur-
passes XL cache, especially on PG-19 dataset,
which demonstrates the validity of using eye fixa-
tion. It achieves similar performance as compres-
sive cache. On the other hand, using the selec-
tor network brings about larger improvement, be-
cause it allows the model to select what it needs.
Note that this is not because of larger selective

cache size, the configuration of cache size shown
in the table is the optimal configuration. More-
over, replacement-based selective cache produces
even larger improvements. In general, the most
substantial performance gains are on the concate-
nated CMU-DoG dataset. While using XL cache
and compressive cache only slightly reduces the
perplexity, using selective cache reduces the per-
plexity by substantial margins. Regarding RSI, it
slightly improves the performance in general. It
appears to be more effective when the selector is
used. It is probably because the key-value pairs
selected are more homogeneous in that case.

In addition, the compressive cache shows smaller
improvements on PG-19 compared to (Rae et al.,
2019), we think it is because of different experimen-
tal settings. For example, we fine-tune pretrained
models while they train from scratch; we keep the
total cache size the same when comparing models;
we use smaller models and datasets.

4.4 Analysis

Tokens selected by selector Figure 3 show the in-
put tokens corresponding to the selected key-value
pairs (See Appendix K.1 and K.3 for more exam-
ples). It’s obvious that the selector has a strong
tendency to select named entities. Other than capi-
talized nouns and some rare tokens, it also selects
some normal nouns that are keywords of the text,
e.g., “exploration”. Note that there is no explicit
guidance for this behavior during training. It’s in-
teresting that this pattern is automatically learned
with a simple LM objective and a Lj penalty. One
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previously been seen by Doctor|NEHBERY in 18. Mr. Gilbert was the geologist of this expedition,/and his studies of the canyon- during this and subsequent years
have added greatly to our knowledge of this land of wonders, Major Powell's Several Tripl In this same year | essayld to explore the Grand Canyon of the Colorado, together with
the upper canyons of that stream and the great canyons of the lower portion of Green River. For this purpose | employed four rowboats and made the descent from what is now
Green Riverh through the whole course ofﬁs to the mouth of the Rio- a distance of more than a thousand miles, [H- From Kai Looking
Southl In the spring of 1870 | again started with three boats and descended the river to the Cross- of the Fatherl, where | met a pack train and went out with a party of men to
explore ways down into the Grand Canyon from the north, and devoted the summer, fall, winter, and following spring to this undertaking. In the summer of 1871 | returned to the

rowboats and descended through Marble Canyon to the Grand Canyon o . and then through the greater part of the Grand Canyon itself, Subsequent years were then given
to exploration of the country adjacent to the Grand Canyon. On these trips Mr. Gl[ber’t M who had been with Lleutenanth and Capi

geologicallcompanion§l On the second boatlilill, and during all the subsequent years o 5
by a number of toplgraphlcal engineers, In 1882 Mr .h as my assistant in the United State
on the north by a trail which we built down a sid

- in this- of stu,

descended from the summit of the Kai
descent was made in the fall [andla small party of men was left with Mr|

in thi prof JAJl Thompson was my geographicall
went with me into the depths of the Grand|
e cani/on in a direction toward the mouth of the Little)

ou to make a study of the geology of an important region of

labyfililihian GBRGES Here, with his party, he was shut up for the winter, for it was known when

Figure 3: The selected tokens in PG-19 validation set. The input tokens of the selected key-value pairs are marked
with blue. Deep blue means the key-value pairs pass the secondary selection and are stored in selective cache, while
light blue means they are selected by selector but then removed by RSI. The model is TS Small + XL, SLC (slc,RSI).

possibility is that keeping the named entities in the
cache largely facilitates the prediction when the
target tokens are themselves. More importantly,
it seems that the selector tends to select tokens
starting from the second token of a noun phrase.
For example, “Doctor <Newberry>" (using “<>"
to represent the selection), “Grand <Canyon>"
etc. This is a reasonable behavior because when
the first token of these noun phrases occurs as the
input token, the target is very likely to be the sec-
ond token. In other words, given that in real data
distribution p(2nd token|1st token) is much larger
than p(2nd token), so successfully modeling this
conditional probability can reduce perplexity sig-
nificantly. But it is hard without seeing any prece-
dents. Keeping these tokens in cache largely helps
to model this kind of conditional probability. From
these examples, we can see that the selector tries
to make the best use of the cache.

Effect of RSI In the examples shown, RSI seems
to work well, at least from the observation of input
tokens. The selector repeatedly selects “Canyon".
By RSI, only the last one is kept (bottom right cor-
ner), and all other “Canyon" tokens are removed.
To some extent, it avoids storing similar informa-
tion in the cache repeatedly, thus saving space for
other kinds of representations that carry more di-
versified information.

Effect on token-level loss We also examine the
selective cache from the output side, i.e., the token-
level cross-entropy loss. We find that the model
makes worse predictions on named entities after
masking out part of the selective cache. This, to
some extent, explains where the overall perplexity
improvements come from. See Appendix K.2.
Combining the findings from both sides, we find
the model mainly uses selective cache to store rare
tokens or names of characters and places. Impor-

tantly, this retrieval-based working pattern is in line
with prior works (Sun et al., 2021; Wu et al., 2022;
Hutchins et al., 2022). Therefore, this pattern is not
because of the design of selective cache, but rather
a general tendency.

Replacement process As for replacement-based
selective cache, we calculate the replacement ra-
tio over time. As we expect, we find that the re-
placement ratio is very high at the beginning of a
document, then it quickly decreases and finally sta-
bilizes around a certain level. This is because the
density of important key-value pairs in the cache
increases over time. Interestingly, on the concate-
nated CUM-DoG dataset, the replacement ratio
stabilizes around zero, which means it preserves
the beginning of the document for many steps. Im-
portantly, we observe the same tendency as when
using the selector. Most of the newly added to-
kens in each step belong to named entities. See
Appendix L.

Fixation-based selection The fixation duration
is predicted by a separate LSTM network. We ex-
amine the selected tokens and find that the fixation
duration is reasonable in general (see Appendix M).
It does not simply stick with a single kind of token
such as named entities or rare words. It usually
focuses on the core actions in the sentence and the
subject and the object of the action, as well as some
relevant adjectives and dates. Therefore, it largely
reflects human reading behavior (Tokunaga et al.,
2017).

Regarding the reason why fixation-based selec-
tion is good but not good enough, we think it
mainly lies in the discrepancy between the LM task
and the task that humans are doing. On the one
hand, humans are performing a task of language
comprehension when reading. On the other hand, a
lookup table for noun phrases could be more advan-
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tageous for prediction when they appear multiple
times.

5 Conclusion

In this work, we propose the selective cache that
stores selected key-value pairs from previous con-
text for language models, which significantly in-
creases the length of the context that a language
model can attend to. Moreover, we propose three
different ways to select important key-value pairs,
namely using fixation duration, the selector net-
work and the replacer network. The experimen-
tal results from different datasets and model sizes
demonstrate the effectiveness of the proposed ap-
proaches. Without increasing total cache size, the
selective cache outperforms XL cache by consider-
able margins. Moreover, further analyses reveal im-
portant characteristics of the selective cache, such
as the neural network-based selection tends to se-
lect named entities and rare tokens, as shown by
the increased interpretability of our models.

Limitations

Due to limited computational resources, we eval-
uate the proposed selective cache by fine-tuning
pretrained models on small datasets. In contrast,
most of other relevant works train models from
scratch on very large language modeling datasets.
It is possible that the selective cache performs bet-
ter or worse in different settings. We cannot di-
rectly compare our results with other related work
because of the same reason. Moreover, among all
the datasets commonly used to evaluate long-range
models, we only use PG-19. Other datasets include
character-level LM datasets text8 and enwik8 (Ma-
honey, 2011), source code datasets GitHub (Wu
et al., 2022). We have to train from scratch if we
evaluate models on those datasets. Finally, while
processing long sequences is an ability needed in
many applications, we only apply the selective
cache on language modeling tasks. The effect of
selective cache on other modalities, such as speech
and time series is also worth investigating. We hope
that future work will continue to evaluate our mod-
els on a wider range of datasets and experimental
settings.
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A Eye-tracking Corpora

To train a fixation prediction model, we gather
eye-tracking data from four eye-tracking Corpora.
Namely, Dundee (Kennedy et al., 2003), GECO
(Cop etal., 2017), ZuCol (Hollenstein et al., 2018),
and ZuCo2 (Hollenstein et al., 2020). We only take
the eye-tracking data during natural reading of En-
glish text. The collected data comprises multiple
domains such as news, novels, movie reviews, and
Wikipedia articles. All data is recorded by profes-
sional researchers and equipment, with a minimum
of 10 subjects reading the same text. There are 1.6
million tokens in total (including repeated text read
by different subjects). The total reading time (TRT)
of each word is normalized across corpora and av-
eraged over subjects, and then evenly mapped to
{0,1,--- ,11}.

B Fixation Prediction Model

We train a fixation prediction model, which uses the
same tokenizer and embedding layer as the main
transformer language model (the embedding layer
is frozen for the sake of generalization on unseen
tokens). The model predicts fixation duration on
token-level. The original word-level fixation dura-
tion is converted to token-level in order to train the
model. The conversion is slightly complex: TRT of
a word is first assigned to each character of it, then
a small number is assigned to the last character of
the word (mainly to give small values to punctua-
tion). After tokenizing the word we obtain the span
of each subword, and take the maximum value in
the span to get the final token-level fixation data.
We do it in this way because the tokenizer we are
using only provides character-level span informa-
tion. This is not a perfect solution but it works fine
in most cases.

The fixation prediction model consists of an em-
bedding layer (T5 embedding), a two-layer bidirec-
tional LSTM, and a one-hidden-layer MLP on top
of it. The best model achieves an MSE of 4.02 on
a randomly held-out test set (25% of all data).

C Hard Concrete Distribution

The Hard Concrete distribution is based on Bi-
nary Concrete distribution (Maddison et al., 2016;
Jang et al., 2016), which is defined on the interval
(0,1) and can be regarded as a relaxed version of
Bernoulli distribution (see Figure 2). The Binary
Concrete distribution is parameterized by log o and
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5. The location parameter log « controls the prob-
ability mass skewing towards O or 1, while 5 con-
trols how sharp the probability density is, or the
degree of approximation to a real Bernoulli distri-
bution. The following function can be used to draw
samples from this distribution:

s = Sigmoid ((log u — log (1 — u) + log @)/ B)

)
where u is drawn from a uniform distribution
u ~ U(0,1), s is the sample drawn from Binary
Concrete distribution. To obtain the Hard Concrete
distribution, the Binary Concrete distribution is first
stretched to (v, ¢) interval, where v < 0 and ¢ > 1.
It is then rectified to [0, 1].

(10)

(1D

where z is the sample drawn from the Hard Con-
crete distribution. In the second step, the prob-
ability mass between (v, 0) is "folded" to the O
point, and the probability mass between (1, () is
also "folded" to the point at 1. The stretching and
rectifying operations result in non-zero probabil-
ity at the two endpoints, as well as a continuous
curve between them. Figure 2 shows how param-
eter log « affects the distribution. For more infor-
mation about the probability density function and
cumulative density function of Hard Concrete dis-
tribution, see Appendix B of (Louizos et al., 2017).
When using stochastic masks, the Ly norm is
treated in expectation. Then Equation 2 becomes:

s=5(C—7)+7

z = min(1, max(0, 5))

E[||2lo] = ZJE Lo (z)]  (12)
= Zp(zJ- > 0) (13)
= Z ~ Q5,0 (14)

where Qs (+) is the cumulative density function of
s, which is the stretched distribution introduced
in Equation 10. The last term is a function of its
parameters.

n
> (1-Q5,(0
7j=1

ZSlgmmd(loga] Blog 7)
j=1 ¢

15)

In this paper, we follow the recommendation
in (Louizos et al., 2017) and use 5 = 2/3,v =
—0.1,¢ = 1.1 when training the model with the
selector network. Thus the selector only predicts
log ..

D Training Selector over Previous
Snippets

To train the selector, the model maintains a list of
previous snippets. Two hyperparameters [ and Cg,y,
control the length of the list (the number of snippets
stored) and the size of snippets respectively. Note
that in this paper, C,, = 128. At the end of the
current step, a consecutive sub-sequence of hidden
states and key-value pairs are randomly selected
from all current hidden states [h1, - - - 2] and all
current keys and values [ky,- - - kyn], [T, - - - Th).
They do not receive gradient as well. If the list
is not full, the selected snippet is then appended to
the list, otherwise a random old snippet is replaced
by it. At the beginning of the next step, one random
snippet in the list is selected. The stored hidden
states are fed into the selector, and the correspond-
ing keys and values are prepended to the main key
and value matrix. The selector produces masks
that control the attention to the snippet. Therefore,
the selector is trained on a snippet of the previous
context, and the time interval between that context
and the current input is random. The probability
of selecting a snippet from the kth previous step

is (1 — $)¥=14, which is a geometric distribution.
Thus [ should be set according to the average length
of documents.

On the other hand, at the end of each step, the
selector selects key-value pairs. But this process
does not update the selector. The self-attention
layer then learns to attend to whatever is selected.
During testing, since the selector does not need
training, the list of snippets is always empty, and
there are no snippets prepended to the current keys
and values.

E Architecture of Selector and Replacer
Network

The selector network consists of one fully-
connected layer, one ReLLU activation function
(Agarap, 2018), and one fully-connected layer se-
quentially. The input size, hidden size, and output
size are H, H/4, 1 respectively, where H is the
dimensionality of hidden states of the language
model. For each self-attention layer, there is a sepa-
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rate selector network, so that the selection criterion
is adapted to the need of each layer.

We use the same architecture for the replacer net-
work, with the exception that we add time informa-
tion. The time interval At is first converted into a
vector and then concatenated with the hidden states.
In mathematical form, £; = At- [2?1,1 e 2%],
where d; is the dimensionality for time embed-
ding. In this paper, we use d; = 8. So the input
size, hidden size, and output size of replacer is
H +8,H/4,1, where H is the dimensionality of
the hidden states.

F Detailed Description of RSI

In the case of selector network, suppose that the
output log o for [711, e ,ﬁn] are greater than 0,
then their cozrespondigg key-value pairs are se-
lected, i.e., (K1, - s knel, [Uir, -+ Tnyl, Vr €
{1,---,m}, where r is the index of the head,
m is the number of heads. Then a distance
matrix D € R™"™ is calculated. Each entry
D;; is the Euclidean distance between the con-
catenated values, i.e., Concate(¥; 1, - - - , Ui ) and
Concate(¥j 1, - ,Ujm). The reason for choosing
values instead of hidden states is that the imple-
mentation is simpler. Then the distance matrix
is compared with a threshold and converted into
a binary matrix D, whose entries are equal to 1
for distances less than the threshold, and O other-
wise. Therefore, each row or column represents
a collection of similar representations. Then its
elements along and above the diagonal are set to
be 0, resulting in a strictly lower triangular matrix
D. Finally, the sum of each column is calculated,
if o, ﬁij = (, then Ejﬂ“’ U}, are remained. If
Sy ﬁij > (, the corresponding key-value pairs
are discarded. The additional computation involved
in these operations is mainly on the distance cal-
culation. Since this operation is implemented with
high-performance code by most popular deep learn-
ing frameworks, and the distance is only calculated
for selected representations, it does not add much
extra computation.

Figure 4 shows the case where v, U3 are similar
and Uy, Uy, U5 are similar.

Again, like the coefficient for Ly norm, we find
a constant threshold is not appropriate. The overall
magnitude of distance varies across different layers.
Therefore, we use a threshold that is determined
by the average distance. Specifically, threshold =
n% > ; Dij, where 7 is a hyperparameter. Note

123 Uy V3 Uy Us vy 1) V3 Uy Vs
P10 10 0 %o 00 0 o0
2 o101 1 2 g ololo|o
s 0 1/0/1 00 s 1lo0|lo0olo]o
o lol1 0|11 o100 0
s lo|l1|l0|1|1 % o 10 10

[=))
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Figure 4: In order to further remove similar represen-
tations, a pair-wise Euclidean distance matrix is calcu-
lated. It is then converted to a binary matrix D whose
1 entries represent that the distance is small enough. It
is then converted to a strictly lower triangular matrix
D. If the sum of a column is zero, the corresponding
key-value pair is kept.

that in practice, 7 is usually not a small value, so
the vectors in the same cluster only bear a limited
resemblance.

G Implementation Details

Batching and Processing Figure 5 shows how
the model is trained with batches of documents. In
all of our experiments, the documents are shuffled
and then packed in this way. The models process a
batch of segments at a time, each segment comes
from a different document. The segments are al-
ways aligned, i.e., the segments at the same position
in the batch dimension are consecutive. Therefore,
there are separate caches for each position in the
batch dimension. Because the selected number of
key-value pairs is different for each cache, we iter-
ate over the batch dimension to update each cache
respectively. The cache is emptied at the beginning
of each epoch, as well as the beginning and the
end of the evaluation. When the model encounters
a new document, e.g., from document A to docu-
ment B in Figure 5, the cache is not emptied. It is
unnecessary to do so because the document masks
(Section 3) can prevent the model from attending
the old document.

During training and validation, the model stops
at the shortest row in Figure 5, i.e., at the end of
document I in this example, for the sake of effi-
ciency. During testing, the model finishes all the
documents, i.e., it stops at the end of document
D. The documents are packed in a way such that
the rows in Figure 5 have lengths that are as sim-
ilar to one another as possible. This is important
since some documents (especially in PG-19) are
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Figure 5: The documents are packed and split into multiple segments. The model processes a batch of segments
at a time, and then moves to the next batch of segments (from left to right). In the same position along the batch
dimension, i.e., for each row, the segments are continuous. All the models in this paper are trained and tested in this

way.

extremely long, and uneven lengths cause a lot of
waste.

Implementation Details TS5 Small has 8 layers, 6
heads of dimension of 64 in each layer, an embed-
ding size of 512, an FFN hidden layer of size 1024.
T5 Base has 12 layers, 12 heads of dimension of 64
in each layer, an embedding size of 768, an FFN
hidden layer of size 2048. The two models use
GEGLU activation (Shazeer, 2020) in FFN layer.
The two models use a sentence-piece (Kudo and
Richardson, 2018) tokenizer with a vocabulary size
of 32K.

In preliminary experiments, we fine-tune the TS
Small with XL cache and T5 Base with XL cache
on truncated PG-19 dataset using learning rate of
{1-1073,1-107%,5-107°,2- 1075}, as well as a
constant learning rate and a linearly decaying learn-
ing rate. We find that a constant learning rate of
1 - 10~* works best for both models, when trained
for 100K steps. Therefore, we use it for all the
experiments presented in this paper. In the follow-
ing part of this section, unless otherwise specified,
the same setting applies to all models. We use
AdamW (Loshchilov and Hutter, 2018) optimizer,
with weight decay of 0.01. We also use fp16 16-bit
mixed precision training. We run all experiments
on Tesla T4 GPUs. The models are implemented
in Pytorch (Paszke et al., 2019) and based on Hug-
gingface Transformer (Wolf et al., 2020).

For experiments done on the truncated PG-19
dataset, we train the models for 100K steps (59.28
epochs). After SOK steps, the models are evaluated
on the validation set every 10K steps, and the best
checkpoints are then tested on the test set when
the training is finished. We use batch size of 32
for models using TS5 Small, and use batch size of
16 and gradient accumulation of 2 steps for mod-
els using TS5 Base. Note that we train the models
on 1% of training data from PG-19 for about 60

epochs instead of training 60% of data for 1 epoch.
The reason is that we would like to compare the
performance when the models reach convergence.
For experiments done on WikiText2 dataset, we
train all models that use T5 Small for 50 epochs,
with batch size of 32. We train models that use T5
base for 40 epochs (these models converge faster)
with batch size of 16 and gradient accumulation of
2 steps. The models are evaluated on validation set
every epoch. The best checkpoints are then tested
on the test set. For experiments done on the con-
catenated CMU-DoG dataset, we train all models
for 30 epochs, because we find the models start to
overfit after 15-20 epochs. we use batch size of 8
and accumulate gradient for 2 steps. We use the
same evaluation process as WikiText2.

For compressive cache, we implement the best
configuration reported in (Rae et al., 2019), namely,
1D convolution as the compression function trained
with attention-reconstruction loss. We follow the
compression rate reported in their experiments on
PG-19 and use the compression rate of 2. The other
experimental settings are the same as other models
in this paper, e.g., fine-tuning instead of training
from scratch. Recall that we keep track of docu-
ment IDs to use document masks, the document ID
of the first hidden state in the sliding window of
convolution operation is assigned as the document
ID of the compressed hidden state.

For fixation-based selective cache, we transform
the original fixation duration to values ranging from
0 to 11, thus the prediction is also mostly in this
range (See preprocessing of eye-tracking data in
Appendix A). we then experiment with thresholds
of 8,9, 10 and find 9 works best, which means there
are roughly 25% of key-value pairs are selected in
each step. Given that Cjy,), = 512, Cy. = 256, the
selective cache only covers two previous steps.

For selector-based selective cache, when train-
ing the selector, the size of the context snippet
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Csnp = 128 throughout all experiments, which is
removed during evaluation. we haven’t tried other
values for Uy, because we assume it does not af-
fect the performance as long as it is not too small.
Besides the cache size, another important hyperpa-
rameter is the length of the list that stores previous
snippets [. Recall that in Section D, the probability
of selecting a snippet from the kth previous step is
a geometric distribution with parameter /. In gen-
eral, It is better to set larger [ for modeling longer
dependency. We search the best hyperparameter
[ from choices of {3,5,7} for PG-19 and Wiki-
Text2 datasets, and from {6, 9, 12} for CMU-DoG
dataset, using a model fine-tuned from T5 small.
For PG-19, the best [ = 5; For WikiText2, the
best | = 3; For CMU-DoG, the best [ = 9, and
in this dataset the performance is almost the same
with different choices. Another hyperparamter is
A in Equation 4. In preliminary experiments, we
find A’ = 0.01 works the best in general among
{0.03,0.01,0.003} and use it for all experiments
involving Ly norm. As for the n that is used to
control the threshold for RSI (See Section 3.4), we
simply set n = 0.5 in all experiments.

As for replacement-based selective cache, we
adopt the same hyperparameters when possible.
Concretely, I use Cyp,p = 128, Cye = 512,Cyy =
128, Cinp = 512. We also use [ = 5 for PG-19,
{ = 3 for WikiText2, [ = 9 for CMU-DoG.

H Statistical Significance

We measure the statistical significance of the re-
sults. We did 3 runs with different random seeds
for 3 configurations, namely TS Small + XL of size
512, T5 Small + XL, CPR of size (256,256), T5
Small + XL, SLC (slc, RSI) of size (128, 384). We
measure the standard deviation of the perplexity as
shown in Table 2. Note that we train models on
PG-19 dataset for only 10K steps, while we use the
same experimental setting on other datasets. We
can see the standard deviation is much smaller than
the gap between different models.

I Training and Inference Cost

We measure the number of parameters, speed
and memory usage of different configurations, as
shown in Table 3. For all these configurations, we
use the same hyperparameters (batch size, model
size, etc.) and experiment on the same device (2
Tesla T4) to ensure fair comparisons. We can see
the training and inference cost of the proposed

methods are comparable to the compressive cache,
and higher than vanilla and XL cache. While these
numbers will change on different hardware, we
believe the relative proportion will be largely con-
sistent.

J Comparison to Simple Baselines

Other than fixation duration and neural networks,
we also experiment with two less-sophisticated
baselines. (1) The first one (“freq") selects rare
tokens. We calculate the token frequency on the
training set, and select those tokens whose fre-
quency is lower than the threshold into the selective
cache. We determine the threshold so that, on av-
erage, around a quarter of tokens in each step are
selected (same as when using fixation duration).
(2) The second one (‘“‘entropy") uses information
entropy. When doing auto-regressive LM, the lan-
guage model estimates the distribution of the next
token P(X;|x<;), the entropy of the distribution
is H(X;) = =), cv P(zilr<i)logP(zilz<i),
where V' denotes the vocabulary. If the entropy
of X is large enough, the observed next token will
be selected. Intuitively, when the entropy is large,
the model is uncertain about the next token, or it’s
hard to infer from the context, so seeing the next
token provides new information. Similarly, we de-
termine the threshold so that the same proportion
of tokens are selected in each step.

The experimental results of the new baselines
are shown in Table 4. From the table, we can see
that the frequency is a better selection criterion than
the entropy in general. Compared to Table 1, the
frequency and the fixation duration achieve sim-
ilar performance. On PG-19, the latter performs
slightly better, while on CMU-DoG the former per-
forms better. However, the frequency and fixation-
based methods demonstrate different selection pat-
terns. E.g., when using frequency as selection crite-
rion, the model selects almost all digits and selects
more named entity-related tokens.

Note that the models with selector and replacer
networks still show considerable improvements
compared to these two baselines. Therefore, even
though neural network-based selection tends to se-
lect rare tokens, aspects other than frequency also
play an important role.
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PG-19 WikiText2 CMU-DoG

XL 34.49 + 0.059 | 19.95 4+ 0.055 | 20.13 £ 0.058

XL,CPR 34.09 + 0.033 | 19.92 +0.035 | 20.13 £ 0.052

XL,SLC (slc,RSI) | 33.14 £+ 0.051 | 19.05 & 0.010 | 18.94 4+ 0.037

Table 2: Mean and standard deviation of 3 runs
Trainin Inference
XL 2nd #param sfiter Mergnory s/iter Memory

Vanilla Transformer - - 523M 071 90GB 0.12 29GB
XL 512 - 523M 084 105GB 0.14 3.1GB
XL, CPR 256 256 560M 095 124GB 0.16 34GB
XL, SLC (fix) 256 256 523M 093 105GB 0.17 3.0GB
XL, SLC (fix,RSI) 256 256 523M 107 105GB 020 3.0GB
XL, SLC (slc) 128 384 523M 098 125GB 0.16 3.0GB
XL, SLC (slc,RSI) 128 384 523M 105 125GB 0.18 3.0GB
XL, R-SLC 128 512 523M 098 122GB 0.15 3.1GB

Table 3: Training and inference cost of difference configurations. “#param” denotes the number of parameters,
“sfiter” stands for second per iteration, “Memory" stands for memory usage per GPU.

K Analysis of Selector Network

K.1 Selected Tokens

Other than Figure 3, we show more examples in
Figure 6. We can see the same pattern as described
previously.

K.2 Effect on Token-Level Loss

We run two identical models which use selector and
selective cache. One model runs normally, while
the cached key-value pairs in selective cache of the
other model are randomly masked (50% probabil-
ity). The model cannot attend to those key-value
pairs, but those still occupy the room in selective
cache. The differences in cross-entropy loss be-
tween these two models are then calculated on
token-level. In other words, we measure whether
the model makes better or worse predictions when
predicting each token. Figure 7 shows the result-
ing loss difference. Note that in previous figures
of selected tokens, the color is associated with the
input token, while in this figure the color is asso-
ciated with the prediction target token. We pur-
posely choose the input sequence that is from the
same document as the previous example, and a
few steps after that. Orange color means the loss
increases after masking, green means the loss de-
creases. Deeper color represents bigger values. The
difference values that exceed 1.0 or -1.0 are repre-
sented in full color.

K.3 Difference across Layers

Figure 8 shows examples of the selected tokens
in other layers. We can see the selection ratio is
different across layers, as well as the “quality"” of
selection. Besides selecting named entities and
rare tokens, no other meaningful patterns are found.
The pattern only appears in a few layers. The pat-
tern shown in the figure is consistent in the whole
dataset.

K.4 Performance on CMU-DoG

It is interesting to see how the selector performs in
CMU-DoG dataset as shown in Figure 9. Recall
that the document in this dataset consists of one
Wikipedia article and many conversations based
on that article. Therefore, keeping the article in
memory is a considerable advantage when doing
LM on this dataset.

It is obvious that the selector treats the Wikipedia
article and the conversations very differently. The
selection ratio drops drastically when coming to
the conversation part (in the middle of the third
block in Figure 9). This means that the selective
cache stores the background article and receives
minimal updates afterward. Therefore, the back-
ground article can be preserved for many steps.
Note that this beneficial pattern is learned by the
model itself, and there is no token type embedding
or something similar to explicitly distinguish two
types of inputs. Furthermore, this example reveals
a key difference between the selective cache and
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PG-19 WikiText2 CMU-DoG
Small Small Base Small Base
XL, SLC (freq) 256 256 29.53 19.86 16.25 19.85 16.66
XL, SLC (entropy) 256 256 2991 19.88 16.24 20.24 17.02

XL 2nd

Table 4: Test perplexity when using frequency (“freq") and information entropy (“entropy") as selection criterion.

-he game and Sonic as a mascot for the company . = = Alternate versions and ports = = = = = 8 @-@ bit version = = = A version of Sonic the Hedgehog was developed
by Ancient and released in 1991 for Segl ‘s 8.@-@ bit consoles , the Master System and Game Gear . lts plot and gameplay mechanics are similar to the 16 @-@ bit version , with
different level themes and digital assets . The level design is flatter , with no vertical loops , and Sonic cannot re @-@ collect his rings after being hit . The game has a different
soundtrack , composed by chiptune musician Yull§ KoBhirf and including his compositions and adaptations of music from the 16ii It was the final game released
for the Master System i America . The Master version was re @-@ released for Wil |s Virtual/Gonsale service in North America on Augustll , 2008 , and in Europe on
August. . The Game Gear version was re @-@ released for the Nintendo 3DS V\rtualq on June{13, 2013, and included as an unlockable game in Soni :
Director ‘s Cut fo \. and Windows an for PlayStation@ , Xbox , and Windows . = = = Sonicthe Hedgehog Genesis = = = A port, Sonic the
Hedgeh , was released for the Game; (GEM) on Novemberh . 2006 in United States to mark the game s fifteenth anniversary . It included several new
features , such as the ability to save game progress , a level select option , and an Anniversa with the Spin Dag move ( not originally implemented until Scnic-

. Its screen is slightly zoomed in , and adapted to the G widescreen aspect . . The game received poor reviews , with a Metacritic score of 33 percent ; the
chief complaints concerned its poor conversion to the Gam: ( resulting in a slow frame rate ), remixed chunky music, and poor preservation of the original gameplay .
= = = Compilation releases = = = With its sequel

Figure 6: The selected tokens in WikiText2 validation set. See the caption of Figure 3 for an explanation of colors.
The model is T5 Small + XL, SLC (slc,RSI).

science and the new literature created in the last decades of the nineteenth century. And now | once more return to a reminiscent account of the Grand Canyon, for old men love to
talk of the past. The PlateaulRegion The Grand Canyon of BIEBRE and the Marble Canyon constitute one great gorge carved by a mighty river through a high plateau. On the
northeast and north a line of cliffs face this plateau by a bold escarpment of rack. Climb these cliffs and you must ascend from 800 to 1,000 feet, but on their summit you will stand
upon a plateau stretching away to the north. Now turn to face the south and you will overlook the cliff and what appears to be a valley below. From the foot of the cliff the country
rises to the south to a great plateau through which the Marble and the Grand canyons are carved. This plateau terminates abruptly on the west by the Grand Wash Cliff§, which is a
high escarpment caused by a “fault” (as the geologist calls it), that is, the strata of sandstone and limestone are broken off, and to the west of the fracture they are dropped down
several thousand feet, so that standing upon the edge of the plateau above the Grand Wash Cliffs you may look off to the west over a vast region of desert from which low volcanic
mountains rise that seem like purple mounds in sand-clad lands. On the east the great plateau breaks down in a very irregular way into the valley of the Littlcj{EBIBISSE, and where
the railroad ascends the plateau from the east it passes over picturesque canyons that run down into the Little Colorado. On the south the plateau is merged into the great system
of mountains that stand in Southern Arizona. Where the plateau ends and the mountains begin is not a well-defined line. The plateau through which the Grand/Canyon is cut is a
region of great scenic interest. Its surface is from six to more than eight thousand feet above the level of the sea. The Grand Plateau is composed of many subsidiary plateaus, each
one having its own peculiar and interesting feature. The Kai-qau, to the northeast of the Grand Canyon, is covered with a pine forest which is intercepted by a few meadows
with here and there a pond or lakelet. It is the home of de

Figure 7: Difference in token-level loss when randomly masking 50% key-value pairs in selective cache in layer
4.5 and 6. Orange color means the loss increases after masking, green means the loss decreases. The deeper color
represents bigger values. The model is T5 Small + XL, SLC (slc, RSI) trained on PG-19.

-prevmusly been seen by Doctor Newberry in 1858, Mr, Gilbert was the geologist.of this expedition; and his studies of the canyon region during this and subsequent years
have added greatly to our knowledge/of this land of wonders, Major Powell's Several Trips In this same year I-ed to explore the Grand Canyon/of the Colorado, together with
the upper canyons of that stream and the great canyons of the lower portion of Green River] For this purpose | employed four rowboats and made the descent from what is now
Green River station through the whole course of canyons to the mouthiof the Rio Virgin| a distance/of more than a thousand miles] [lllustration: From Kaibab Plateauj Locking
Southy] In the springiof 1870 | again started with three boats and descended the river to the Crossing/of the Fathers) where | met a pack train and went out with a party/of men to
explore ways down into the Grand Canyon from the north, and devoted the summen, fall, winter, and following spring to this undertaking! In the summeriof 1871 | returned to the
rowboats and descended through Marble Canyon to the Grand Canyon of Arizona, and then through the greater partof the Grand Canyon itself| Subsequent years were then given
to exploration of the country adjacent to the Grand Canyon, On these trips Mr Gilbert] the geologist] who had been with Lieutenant Wheeler] and Capt, C. E! Dutton, were my
geological companions, On the second boat trip, and during all the subsequent years of exploration in this region, Prof| Al H| Thompsan was my geographical companion, assisted
by a number, oflopographica\- In 1882 Mr, C} D, Walcott) as my assistant in the United States Geological Survey, went with me into the depths ef the Grand Canyon, We
descended from the summitiof the Kaibab Plateau on the north by a trail which we built down a side canyon in a direction toward the mouthlof the Little Colorado River, The
descent was made in the fall| and a small partylef men was left with Mr] Walcott in this region/ef stupendous depths to make a studylef the geologylef an important regionll
labyrinthian gorgesl Here, with his party, he was shut up for the winlerl for it was known when

BB reviously been seen by Doctor Newberry in 1858. Mr. Gilbert was the geologist of this expedition, and his studies of the canyon region during this and subsequent years
have added greatly to our knowledge of this land of wonders. Major Powell's Several Trips In this same year | essayed to explore the Grand Canyon of the Colorado, together with
the upper canyons of that stream and the great canyons of the lower portion of Green River. For this purpose | employed four rowboats and made the descent from what is now
Green River station through the whole course of canyons to the mouth of the Rio Virgin, a distance of more than a thousand miles. [lllustration: From Kaibab Plateau, Looking
South.] In the spring of 1870 | again started with three boats and descended the river to the Crossing of the Fathers, where | met a pack train and went out with a party of men to
explore ways down into the Grand Canyon from the north, and devoted the summer, fall, winter, and following spring to this undertaking. In the summer of 1871 | returned to the
rowboats and descended through Marble Canyon to the Grand Canyon of Arizena, and then through the greater part of the Grand Canyon itself. Subsequent years were then given
to exploration of the country adjacent to the Grand Canyon. On these trips Mr. Gilbert, the geologist, who had been with Lieutenant Wheeler, and Capt. C. E. Dutton, were my
geological companions. On the second boat trip, and during all the subsequent years of exploration in this region, Prof. A. H. Thompson was my geagraphical companion, assisted
by a number of topographical engineers. In 1882 Mr. C. D. Walcott, as my assistant in the United States Geological Survey, went with me into the depths of the Grand Canyon. We
descended from the summit of the Kaibab Plateau on the north by a trail which we built down a side canyon in a direction toward the mouth of the Little Colorado River. The
descent was made in the fall, and a small party of men was left with Mr. Walcott in this region of stupendous depths to make a study of the geology of an important region of
labyrinthianjgorges. Here, with his party, he was shut up for the winter, for it was known when

&I oreviously been seen by Dod‘or, in 1858, Mr. Gilbert was the geologist of this- and his studies of the- region during this and subsequent years
have added greatly to our knowledge of th of wonders, Major Powell's Several Trips In this same year | essayed to explore the Grand Canyon o Colorado, together with
the upper canyons of that stream and the great canyons oftl portion of Green River. For this purpose | employed four rowboats and made the descent from what is now
Green River station through the whole course otﬁs to the mouth ofithy a distance of more than a thousand milesll-rationl From Kaibab Plateaul Looking
Southl] Inithe spring of 1870 | again started with three boats and descended the river to the Crossing of the Fathers, where | met a pack train and went out with a party of men to
explore ways down into the Grand!/Canyon from the north| and devoted the summer, fall, winter, and following spring to this undertaking! Inffll8 summer of 1871 | returned tolthe
rowboats and descended through Marble/Canyon to the Grand|Canyon o , and then through the greater part of the Grand Canyon itself, Subsequent years were then given
to exploration of the country adjacent to- Grand Canyon. On these trips Mr. Gilb: he geologist, who had been with Lieutenantﬁ and Capt. C. E. Dutton, were my
.ological companions, On the second boat trip, and during all the subsequent years of in this region) Prof. A. H. Thompson was my geographical companion| assisted
by a number of topographical engineers n.82 Mr. C. D. Walcott, as my assistant |n“ went with me into the depths of the Grand| We
descended from the summit of the Kai- Plateau on the north by a trail which we built down a side canyon in a direction toward the mouth 01- Little| The
descent was made in the falll and a small party of men was left with Mr. Wal- in this region of stupendous depths to make a study of the geology of an important region of
labyrinthian gorgesl Here, with his party, he was shut up for the winteri for it was known when

Figure 8: The selected tokens in PG-19 validation set. See the caption of Figure 3 for an explanation of colors.
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ESYRRBH ik document: cast: Roy Scheider as ChiefJRISHIN Brod)IRCEEHISHEN 25 JOUNURIEREGIDIEY =3 > NISHNCOBELoHaINaIaa = EISHBIog) critical response: a
sensationally effective action picture, a scary thriller that works all the better because it's populated with characters that have been developed into human beings the most
cheerfully perverse scare movie ever made ... [with] more zest than an early picture, a lot more electricity, [and) it's funny in a—osort of way Spielberg is blessed with a
talent that is absurdly absent from most American filmmakers these days: this man actually knows how to tell a story on screen. .. It speaks well of this director’s gifts that some of
the most frightening sequences in .laul are those where we don't even see the shark. It's a measure of how the film operates that not once do we feel particular sympathy for any of
lhe-s victims. ... In the best films, characters are revealed in terms of the action. In movies Ilke.la\ul characters are simply functions of the action ... like stage hands who move
props around and deliver information when it's necessaryllBll§ is too gruesome for children, and likely to turn the stomach of the impressionable at any age.l.. It is a coarse-grained
and exploitative work which depends on excess for its impact. Ashore it is a bore, awkwardly staged and lumpily written. scare machine that works with computer-like precision]...
You feel like a rat, being given shock therapy d\redm‘hberg genre: thriller \nlmdudiorr.-s is a 1975 American directed by and based on 's 1974 . In the story,

EBRE- giant attacks beachgoers on Arr. Island, a fictional summer{ prompting the local police chief to hunt it with the help ofia and @ professional shark hunter. The film stars
as police chief], as/ENEIR hunterQUiRt, as oceanographerMatt Hooper| as| Vaughn, the mayor of Amity Island, and as B wif . movie name rating: Rotten
omatoes: 97% with an average: 9.2/10 Metacritics: 87/100 IMDB: 8.0/10 year: 1975 description: A beach party takes place at dusk on) where a woman named
Waltkill§ goes skinn i . While , she is vlolent\y pu\led under. The next day, her partial remains are found on shore. The medical examiner ruling the death a shark
attack leads t: closing the beaches. M Vaughn overrules him, fearing it will ruin the town's summer_ The-oner now concurs with the
mayor's theory that Wa was killed in a boating accident. B reluctant\y accepts their conclusion until another fatal|shark attack occurs shortly after. A bounty is then placed
on the|shark, resulting in an amateurﬁzy Local professional sharki offers his services for $10,000. Meanwhile, consulting |[iBERographer ]Il Hooper
examines|iNGIG remains and confirms her death was from alshark attack. When local fishermen catch a large , the mayor proclaims the beaches safe Hogper dispute: ng
the same predator, confirming this after no human remains are found inside it IHoaper and/Billl find a half- sun' vessel while searching the nigh in|
Underwater, Hoo. retrieves a sizable 's tooth embedded in th He drops it after finding a partial (orpse- discounts|ifody and| 's claims that a huge
great white/shark is responsible and refuses to clusieaches allowing only added safety precautions. On the Fourth of July weekend, tourists fill the . Following a
Jjuvenile: Irank, the reall enters| a- killin ler and causing

to go into shock. Brody finally convinces'a
shark. While/Brody lays down a line,/Quint waits for an opportunity to hool shark. Without warning, s.a barrel
but it drags the barrel underwater and disappears. With the o slowly sinking, the trio attempt a skler approach, Hoopet puts on and enters

lethally inject th with using a hypol | | Thel i befcre H
thy ctly and devours/Quint Bi
destroying it. Thelresulting 3 | conversation: user1: Hi!

The movie | want to talk to you about today is Steven Spielberg's JAWS. It has a 97% review on Rof lomatoes and has a 8/10 IMDB rating! user2: Yes, that was worth a one time
watch back in the 70's! user1: So do you agree with the ratings of the movie? Many people find it to be a scary thriller, but others describe it as being too gruesome. What do you
think? Do you like this kind of movie? user2: | found it to be to gruesome and didn't agree with the rating. But then, | don't like violent movies. user1: | hear ya. But, maybe you

should give it another try! It's a classic movie full of action and suspense JSTSUSIIBBIBIberg never disappoints. Do you typically like Steven Spielberg movies? user2: I'm not sure as to
whether

-I‘d like to give it another try or not, but then again | liked ET. user1: Well, like one person put it, it's funny in a Wood- sort of way. Since it's a classic, it might not be
exactly as you remember. Might be worth the watch even if just for the laughs! user2: Perhaps the humor is subtle. | recall not really seeing to much humor in it though, user1: Well,
| suppose the film works for both types of people. Some love it because of its action and because it's a scary thriller, while others find it to be more humorous and funny. user2:
That's true, and it probably also has a lot to do with the s of humor people like, or don't care for. user1: Yeah, that's true. But, of course, most watch it for the thrill. For example,
there is a scene in the movie where a woman mamed& goes skinnyld‘rpping in the-. While she's in the water, she's suddenly pulled under! It's unexpected and
thrilling, one of the reasons why | enjoy this movie. user1: | honestly don't know what else to say...... This has been going on way too long and is honestly silly. I'm going to return
the HIT. Hopefully you can abort the conversation and still get paid. This is terrible user2: Ok, let's get this done. Nice chatting with you either way! :-) conversation: user2: Hi, how
are you today? user2: hello?? user: Hello, user2: hi user1: | was thinking of how | remember what a good movie the original Jaws was. user1: Do you like action movies? user2: | do
somewhat is jaws an action movie? user1: Yes, definitely. It is a classic, but still very action packed even for today. user2: | don't know much about it.. can you refresh me? user1: It is
about an extremely large great white shark that is way too close to a vacation beach. user2: That sounds terrifying! user1: A marine biclogist and the police try to hunt it before it
hurts anyone else. user1: The first scene is legendary when a woman is dragged under by

Figure 9: The selected tokens in the concatenated CMU-DoG valid set. The input sequences shown are consecutive,

starting from the beginning of a document. See Figure 3 for the explanation of colors. The model is TS Small + XL,
SLC (slc,RSI).
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compressive cache. The latter defines a fixed com-
pressive rate beforehand, while selective cache is
adaptive to the varying density of information in
the input and has varying compressive rates.

In addition, different from previous examples on
PG-19 and WikiText2, in this example the selector
not only selects named entities or rare words, but
also selects some common words such as “shark”,
“tank", even including a verb “escape”. This shows
that the selection is not necessarily restricted to
named entities or rare words. The selector can
further learn to select other kinds of tokens such as
keywords.

L Analysis of Replacer Network

L.1 Analysis of Replacement Process

Figure 10 shows how the replacement ratio changes
over time. The peaks in the figure correspond to the
start of a new document. It seems that the selective
cache can preserve items for infinite steps on CMU-
DoG, since there are some nearly zero replacement
ratios. We found this is the case for most layers.

Figure 11 shows an example of replacement.
Both new key-value pairs and the cached ones are
shown. They are aligned to show that “shops" and
“," are compared (more precisely, their correspond-
ing inner representations), “districts” and “@" are
compared, etc. Note that the “cache" rows contain
non-continuous context, while “new" rows contain
a continuous input sequence.

M Tokens Selected According to Fixation
Duration

Figure 12 shows the selected token according to
fixation duration. we can see the differences com-
pared to those selected by the selector network.
Humans are doing comprehension when reading,
such as building the relationship map between char-
acters and understanding the plot, and the long-
fixated tokens are key information for that. As
we can see, an important difference is that verbs
compose a substantial proportion in those tokens
selected by fixation duration, while they are ex-
cluded by the selector network. We think those
verbs are also helpful for predicting future tokens,
but that requires higher-level abilities. It is possible
that when combined with a more advanced or much
larger language model which has the capacity to do
complex reasoning and comprehension over pre-
vious distant context, the fixation-based selection
can bring about much larger performance gains.

Meanwhile, another important advantage of using
fixation duration is that it does not require training
or fine-tuning together with the language model.
So it can be used to select key-value pairs for those
very large pretrained language models that are too
expensive to calculate gradients.
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Figure 10: Replacement ratio over time. “Lx" denotes the layer number. Top: T5 Small + XL, R-SLC on PG-19
dataset. Bottom: TS Base + XL, R-SLC on the concatenated CMU-DoG dataset.

cache gops districts washe e s 1930 mad river " @  Country Music member districts Register ~ of Historic Place s quit ted Highland Park

new @ 000 people ." The East Mississippi Correction al Facility is located in un incorporated Lauderdale County + near Meridian

cache poywntown Historic District city 19 13 trial Union Station dale  districts built Rag s dale City Center Historic District Main Street er Station Historic  District @
new It is operated by the G EO Groupon  behalf of the Mississippi Department of ~Correction s . The chief ofthe  Meridian Fire  Department

cache govermment and = and council Railroad Meridian ~ Transit  System 2005 Grey hound Buse s t zel Car ous ways I ee
new is Anthony Clayton . The fire department responded to more than 1600 calls in 2009 , including 123 structural fire s and 6

cache ppne budget Colonial iHall Italian ate Edgar Ray  Kill en Kre s s late &Co | aught er ung a
new 09 emergency service calls . The Mississippi Department of Mental Health operates the East Mississippi State Hospital in Meridian . The United

cache o, 1 23 Southern and Avenue Grand ~ Avenue 1 East End 1986¢ y kin nd James Cha  ney Theater — Avenue 10 Dr
n  state politics

new States Post al Service operates the Meridian + North Meridian B and the West Meridian Station post  offices

cache 11 George M . Thomas th st Ward 1 Station Ave Kenne thDustin Mark hamvey representative from Ave 2
new . the Mississippi Senate  district map divide s the cityinto  three sections . The northern tip  of the city is in the 31

cache  parbaramir n son  District, representative from Ward 3 feder ate Kim Houston St, representative from Ward 4 .19 Randy Ham
new st State Senate District and  seats Terry Clark Burton ( R ) . Astrip of the city from the southwest corner up

cache mon,  and representative from Ave 5 Hotel 3 council Downtowncum s Mc In nis listed . Gulf total, Mobile and Place
new to the northeast corner comprises part of the 32 nd State  Senate District and seats Sam p son Jackson , I (D )

cache gaiiroad north 1979 6 th St between Meridian and Grand Avenue s and Land Security s s dale  Survey Block Center 71 Hurricane Kat
new B The westernand s outheastern portions of the city lieinthe 33 r d State Senate District and  seats Vid e t

Figure 11: A example of replacement. Rows starting with “cache" depict the content of the selective cache, while
rows starting with “new" show the new candidates from the input sequence. Tokens that are aligned to represent
the one-to-one relationship. Highlighted tokens mean that their corresponding key-value pairs are kept after the
replacement process. The configuration is TS5 Small + XL, R-SLC on the WikiText2 dataset.

the greater part of the Grand Canyon itself| i of the country- to the Grand- Onj

who had been with| . C.E| . On the second boat trip, and during all thej ears o in this
region, Prof. A. H | Mr. C. D L as m in the United States
Ga-g- Survey, went me into the s of the Grand| from th: of th bab Plateau on the north by a trail which we built down a side
canyon in a direction toward the mouth of the Litlle- River. Th was made in the fall, and a small party of men was left with Mr. Wal- in this region of
_s to make a study of the- of an important region of . Here, with his party, he was shut up for the winter, for it was known when we left
is now the Director of the

him that snows on the summit of the plateau would| his return to the upper region before the sun should melt them the next spring. Mr. Wall

United States Ge- Survey. After this year | made no knowledge of the Grand Canyon, though | ard| the
to the south and east throughout a wide region o i . Since my first trip in boats many others havs ed to follow me, and year by year
suC s have met with disaster; some hard on the banks of the Green, and the graves of others ar s along the course of the

Colorad: the- X is life. started at the head of Marble Canyon and made their way down
the river as thei extended a survey for 4 along its course. Othe of the Grand Canyon region, and Mr. G| James has

hi s widely over the region in the interest of
2013, and included as an unlockable game in Sonic Adventure DX : Director 's Cut fo Cube and Windows and Sonic Mega Collection Plus for PlayStation 2, Xbox , and
Windows . = = = Sonic thi . i , was released for the Game Boy Advance ( GBA ) on November 14, 2006 in United States
to mark the game 's fifteenth anniversary . | , such as the ability to save game progress, a level select option , and an Anniversary Mode with the Spin
Dash move ( not originally implemented until Sonic the . i d in, and| io.

, with | : i to the Game Boy Advance ( i |
. igi . = = = With i‘rs-s forgﬂr*, i for a wide range
i (1995 ) for th: , Sonic Jam (1997 ) for the Segal and Game.com

Plus (2004) Sonic 's Ultimate (2009 ) for the Xbox 360 and PlayStation 3, and Soni

2010) for the Nintendo DS | , the game is an| reward in the console versions of Sonic| 3 Sonic th
has been| for all three majo @-@ generation video game| s . It was part of the Wii at the service 's 200 , and was released for
the Xbox Live) and PlayStation Network shorﬂy_ . The game wa for the iPod| , iPod video , and video @-@ capable iPod models in 2007 and

for Apple ' service h iPhone and iPod touch models ) in April 2009 . Sonic

Figure 12: Top: The selected tokens on PG-19. Bottom: The selected tokens on WikiText2. Those long-fixated
tokens are selected, based on the fixation duration predicted by a separate model. The input tokens of the selected
key-value pairs are marked with blue. The RSI is not used here.
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