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Abstract

As the scale of Transformer-based language models continues to increase, there is a
growing need for methodological improvements in training and inference efficiency.
Recent developments, such as IA3 and LoRA, have successfully addressed training
efficiency for fine-tuning, but not inference efficiency. Inspired by recent work in
Sparse Mixture of Experts and conditional computation in neural networks, we
propose Skip Transformers, which modify the standard architecture by adding
routers after each self-attention block in the Transformer architecture that decide
whether to route each token embedding to the corresponding feed-forward neural
network (FFN), or to skip the FFN and pass the existing embedding through to
the next attention block. We refer to this process as skip-routing. Using a new
set of penalty terms in the loss function and a specific router weight initialization
scheme, we demonstrate empirically that adapting the Transformer architecture
with skip-routing during fine-tuning can improve computational efficiency at infer-
ence while maintaining or improving performance on downstream tasks. These
results, although preliminary, establish and motivate an exciting new direction for
developing sparsely-activated Transformer models that improve model performance
and inference efficiency.

1 Introduction

Growing empirical evidence has affirmed the scaling laws of Transformer-based language models
[Hoffmann et al., Kaplan et al.l [Vaswani et al.|], leading to the proliferation of increasingly large,
densely-activated models [Brown et al., [Wei et al., Touvron et al.]. In response to this trend, there has
been increasing interest and development in the area of Sparse Mixture of Experts (SMoE) [Shazeer|
et al., [Lepikhin et al.| [Fedus et al.]], which aims to reduce the effective parameter count and required
compute resources at inference by relying on sparse network activation. Specifically, in the context of
Transformers, SMoE typically refers to widening the network by adding multiple feed-forward neural
networks (FFNs) at each attention block and then selecting a subset of these FFNs to process each
token embedding. In their work, [Fedus et al.| demonstrate empirically that routing can be learned over
a collection of FFN “experts” while only passing each token embedding through one expert at a time.
In this work, we investigate a special case of expert routing where, at each layer, a router decides
whether to pass each token embedding through the corresponding FEN or skip the FFN and preserve
the current token embedding. Importantly, skipping the FFNs yields a significant decrease in the
effective number of parameters during inference. In this work, we provide preliminary evidence that
this skip-routing can improve efficiency at inference while maintaining or improving performance on
downstream tasks. While efficient fine-tuning has been addressed recently with methods such as IA3
[Liu et al., [a] and LoRA [Hu et al.|], these methods do not improve inference efficiency.
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Although related to SMoE literature, we focus on the conditional computation aspect of this problem.
By conditional computation, we refer to the input-dependent, selective activation of neurons in a
neural network. In our implementation and experiments, we only consider one FFN “expert” per
attention layer and the choice between passing the token embeddings through this FFN or skipping
it. There is a natural extension to the case where there are multiple FFN experts, which we plan
to explore in future work. Techniques for conditional computation in neural networks, such as
those introduced in Bengio et al.| [la]], [Davis and Arel, Bengio et al.|[b]], have demonstrated practical
success in increasing efficiency while maintaining model performance. Unlike standard pruning and
quantization methods [Liang et al.], conditional computation only reduces the effective parameter
count, while increasing the total parameter count, which we hypothesize makes this approach more
likely to improve efficiency at inference while maintaining or improving model performance.

There has been some previous work applying these conditional computation methods to Transformers
to improve efficiency at inference. For example, [Hou et al.| introduced the idea of filtering out
“unimportant” tokens as the input sequence passes through the attention layers. Such approaches tend
to struggle with longer sequence lengths, as this filtering process can eliminate important long-range
context. Further, this method always applies the same, static intermediate layer skipping, and only
considers global (cumulative loss) or static (term frequency) rules for determining token importance.
Other work, such as|Dehghani et al.|and |Liu et al.|[b] propose halting algorithms that process each
token through a variable number of attention blocks. These algorithms limit computation by selecting
a contiguous sequence of layers to skip. In contrast, our dynamic routing approach allows tokens
to be processed by any subsequence of FFN experts, routing the token embeddings at each layer
depending on the contextual representation of that token following the previous self-attention layer.

Recent work by [Zeng et al.| and Raposo et al.| have also explored a similar idea about dynamic
skip-routing. In contrast to our work, both papers focus on pretraining transformer models and assume
each attention block has a fixed budget or “capacity” for the number of tokens it can process. While
this approach does provide a guarantee regarding the total load for each attention block, early results
from our work suggest that allowing the model to learn variations in the load distributions across
layers can improve performance on downstream tasks while achieving the same effective parameter
count. In addition, both papers consider a deterministic routing scheme, unlike our probabilistic
approach, which lessens the ability of these methods to serve as a form of regularization. The
architecture proposed by Raposo et al.| skips both the attention layers and the FFNs, while our work
focuses exclusively on skipping the FFNs. By skipping the attention layers, the tokens that are not
skipped will only be modified by the other tokens that were also selected to be processed by the
attention mechanism. Similar to|Hou et al., such an approach can lead to important context being
ignored in longer sequences. Since the FFNs are applied independently to each token, our approach
does not risk losing important context, while still addressing the most compute-intensive mechanism
in the transformer architecture.

In Section 2] we introduce our methodology for skip-routing, the corresponding Skip Transformer
architecture, and the related penalty terms and router weight initialization scheme. We then present
and discuss our preliminary experimental results in Section[3] The primary contributions of this work
are 1) introducing the Skip Transformer architecture and empirically validating its ability to improve
performance and efficiency at inference and 2) establishing an effective set of penalty terms and
weight initialization that yields improved performance for the Skip Transformer.

2 Skip Routing

At a high level, our approach consists of adding a router r; : RY — [0, 1] to each layer i € [IV;] that
will be applied to each token embedding x;; € R? corresponding to token j € [Nr] separately to
determine which tokens should be passed through the layer’s FFN and which should be skipped. To
minimize the increase in total parameter count, we focus on routers that are normalized linear layers
with sigmoid activation. Formally, we define the routing functions as
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where w; € R? and 75, 3; € R are learnable parameters, and o is the sigmoid function. The
decision to use a normalized linear layer was inspired by |Chi et al., who found that this helps avoid
representation collapse in similar SMoE systems. To determine which tokens are skipped, we sample
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Figure 1: Overview of Skip Transformer Architecture.

from the Bernoulli distribution according to the outputs from the router. For token j at router ¢, we
define the skip mask s; as

S; (Xij) ~ Bernoulli(ri (X'L'j s Wi, Tz))
This encourages exploration and adds a form of regularization similar to dropout, except that the
dropout in this case is input-dependent. For a given token embedding x and feed-forward net at layer
1, denoted by F'F'N;, we define the output of the layer as

f(x) = {Z(J;)(lx’n(x)) - FFN;(x),

Notice that, unlike traditional SMoE approaches, we are choosing between using an expert or not,
so we must define what happens when an expert is skipped. While we could pass through the input
embedding, x, as is, this would not propagate information about the router through the computation
graph. Instead, we scale x by the router output, such that when r;(x) = 1, which notionally
corresponds to the router being fully confident that the FFN should be skipped, the input embedding
is passed through unchanged. We provide the pseudocode for the core operations of the router and
FFN in Algorithm ]

Unlike SMoE approaches which encourage tokens to be load-balanced across the FFN experts, we
want to encourage tokens to skip the FFNs at each layer. Additionally, we want to encourage FFNs to
be skipped for any input sequence, incentivizing the model to create specialized FFNs for different
types of inputs. Suppose we have a batch size Np, fixed sequence length N7, and NN; layers. To
incentivize this behavior, we add the following penalty terms to the loss function,
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where a;, ap, € R are hyper-parameters to weight the relative importance of skipping the FFNs and
sy € [0,1] is the target skip-rate. The first term, [5, encourages each router to have an expected
skip-rate of s,- while the second term, /5, encourages the routers to have a constant skip-rate across
samples. By encouraging a constant skip-rate across samples, the model’s computational requirements
at inference also becomes more stable. To discourage the routers from learning a constant output
r;(+) = s, which would minimize I, and [,., we further add a penalty to incentivize variance in the
router output,
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Note that other, related penalty terms could be applied, which amount to rearranging the dimensions
along which we average the router outputs. In practice, we have found that this combination of
penalty terms leads to the best results in terms of performance and stability.

Router Initialization. In preliminary experiments, we observed that the initialization of router
weights, specifically the bias term, significantly impacts model performance. The router weights w;



are sampled from the Kaiming Uniform distribution, and we set 7, = 1. Then, critically, for a fixed
target skip-rate s,., we set 3; = 0~ 1(s,.), where 0~ (s,.) = log(s,) — log(1 — s,) is the inverse of
the sigmoid function. To justify this, let us assume the token embeddings are centered such that
E[x] = 0. Then, given that w; are sampled from a uniform distribution with E[w;] = 0, since w;
and x are independent at initialization, we have E[w x| = 0. Therefore, at initialization, we have
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Since the sigmoid function is nonlinear, E[r;(x; w;, ;)] # o(F [WTTTXH + Bi]). However, the
sigmoid function is convex for z < 0, corresponding to s, < 0.5, in which case Jensen’s inequality
tells us that E[r;(x; w;, ;)] < o(071(s,)) = s, such that initializing the router in this way likely
provides an upper bound on the initial skip-rate. Empirically, we find that with this initialization
technique, E[r;(x; w;, 7;)] & s,. In our experiments, initializing the expected router output close to
the target skip rate yields the best model performance by a significant margin.

Computational Efficiency. To estimate the skip-rate necessary to improve the computational
efficiency of the model, we can reason about the expected number of floating point operations
(FLOPs) required for a forward pass of the FFN, and compare that to the skip-router approach.
Matrix multiplication dominates the cost of computing the forward pass of a FFN. In the case of a
single hidden layer FFN with input dimension d, hidden dimension h, and output dimension d, for a
single vector input x € R?, the number of operations required for the matrix-vector multiplication
is 4hd — 2d. Similarly, the vector-vector multiplication required for the router, represented by a
single linear layer r; : R* — R, is 2d — 1. Since we are in a probabilistic setting, skipping FFNs by
sampling from a Bernoulli distribution, we can reason about the expected number of operations for
each router and FFN pair. Assuming the probability of skipping the FFN is s, the expected FLOPs
for the skip layer is given by

s-(2d—1)+ (1 —s) - (4hd —1).

The first term corresponds to the case where the FFN is skipped, and we only incur the cost of the
router. The second term corresponds to the case where the FFN is used, and we incur the cost of both
the router and the FFN. The expected difference in FLOPs between the standard FFN and the skip
layer is then

ahd —2d — (s (2d — 1) + (1 — ) - (4hd — 1)) = 2sd(2h — 1) — 2d + 1.

With this, we can find the skip-rate s necessary for the skip-layer to be more efficient than the standard
FFN in expectation to be
2d—1
7 dhd—2d’

We can simplify the expression by adding one to the numerator, creating the marginally looser
sufficient condition s > ﬁ Therefore, the skip-rate required for the skip layer to be more efficient
than the baseline architecture is inversely proportional to the hidden dimension of the expert FFNs.
For example, BERT-base uses h = 3072, so we can estimate that as long as s > ﬁ =~ 0.0002,
corresponding to a 0.02% skip-rate, the skip-transformer will improve efficiency. Therefore, even for
relatively small transformer models, the skip rate only needs to be marginal to improve efficiency,
due to the high dimensionality of the FFN hidden layer. Using our results from our IMDb experiment
in Section 3] suppose s = 0.10, the sequence length is 512, and there are 12 router-FFN blocks. Then
the Skip Transformer would save approximately 6 GFLOPs at inference time per input sequence.

3 Experimental Results

For our experiments, we use the original pretrained BERT model, BERT-base, as introduced in/Devlin
et al} to initialize the weights of our models. All weights, including the FFNs, are initialized from
the pretrained BERT-base model. For BERT-base, we have d = 768, h = 3072, and N; = 12,
such that there are 56 million parameters for the FFNs. The max sequence length is Ny = 512 and
during training, when processing a batch of sequences, we apply the attention mask to the router such
that all padding tokens are excluded from being considered by the router and in the corresponding
skip statistics. To initialize router weights, w; is sampled from the Kaiming Uniform distribution,



Model IMDb Emotion CoLA MRPC
BERT-Base 93.4 93.0 81.7 85.5
Skip-BERT (s, = 0.3) 93.1+0.2 | 93.1+0.2 | 79.9+0.3 | 84.1+0.2
Skip-BERT (s, = 0.1) 93.7+0.1 | 934+0.1 | 82.2+0.1 | 87.3+0.1
Skip-BERT (s, = 0.05) | 94.0+0.2 | 9294+0.3 | 83.6 0.2 | 86.7+0.1
Skip-BERT («, = 0) 93.1+0.1 | 925+0.1 | 83.0+0.1 | 85.7+0.1

Table 1: Out-of-sample accuracy for the Skip-BERT models across downstream tasks, varying
skip-rates (s,-), with and without the [,, penalty. Accuracy for CoLA and MRPC reported for the Dev
validation dataset.
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Figure 2: Skip-rate per router for the IMDb dataset. The blue dots represent the mean router output
over the test set and the bars indicate two standard deviations.

7, = 1,and 8; = o~ 1(s,) forall i € [N;]. We set oy = o = «, = 1 for our experiments.
In our experiments, we train the entire model and do not freeze any weights. We refer to these
Skip Transformer models as Skip-BERT. We benchmark the Skip-BERT models with varying target
skip-rates, s,., against the corresponding BERT-base model, fine-tuned using the Adam optimizer
[Kingma and Bal| for both and matching the initial learning rates for each experiment. Both the
Skip-BERT and BERT-base model are trained for five epochs for each experiment, and we use a
batch size of 32 for all experiments. We do not apply a weight decay penalty for either Skip-BERT
or BERT-base. We use this encoder-only architecture to fine-tune for contextual natural language
understanding classification tasks.

We fine-tune the Skip-BERT models on the IMDDb sentiment classification dataset, introduced by
Maas et al.|[2011]], which is a binary classification task, split into training and evaluation datasets
of size n = 25k. We also fine-tune our models on the Emotion Recognition dataset introduced by
Saravia et al.| [2018]], which is a collection of n = 20k English Twitter messages labeled with 6
different emotions (anger, fear, joy, love, sadness, and surprise). The dataset is split 80/10/10 into
training, validation, and test sets. We also evaluate our skip transformer architecture on several tasks
from the GLUE Benchmark [Wang et al.], specifically the CoLA and MRPC datasets, which cover
paraphrasing and grammar tasks. As this work is preliminary and under development, for the GLUE
tasks, we report accuracy on the Dev validation datasets. We summarize our results in Table[T]

We observe that across tasks, the Skip-BERT models match or outperform the BERT-base model. In
general, as expected, decreasing the skip-rate s,. corresponds to an increase in model performance. For
the CoLA task, we observe that a skip-rate around s,, = 0.05 actually improves model performance
significantly. However, similar to traditional dropout, there seems to be an optimal skip-rate for
some tasks, below which performance begins to decrease again. For example, we observed for the
Emotion dataset that s, = 0.1 seems to be about optimal, and dropping below to s,, = 0.05 decreases
model performance. In Figure[2] we provide a visualization of the mean and variance of the skip rate
across routers for the IMDb dataset. When «,, = 1, as in our experiments, the variance of the router
output is relatively small, especially for the first ten routers of the Skip-BERT model for IMDb with
s = 0.1. Interestingly, the variance and average skip-rate seem to shift significantly for the last two
routers, suggesting that the model has learned a uniform routing distribution for the earlier layers,
then focuses on the specific inputs and increases the variance in the skip-rate for the last few layers.



The skip-rate consistently drops at the final layer across tasks and skip-rates, suggesting that it is
often important to transform the token embeddings right before the final classification layer. The last
row of [T gives the model accuracy when the best skip-rate is selected and we set o, = 0, removing
the variance penalty. It can be seen that removing this penalty term negatively impacts performance
on downstream tasks, demonstrating the importance of encouraging variance in the router outputs. In
future work, we plan to investigate the impact of encouraging variance in the router outputs between
layers, to explore whether varying “budgets” for each FFN leads to better performance.

4 Conclusion

In this work, we provide early empirical evidence that conditional computation in Transformers via
skip-routing can maintain or even improve model performance on downstream tasks while improving
efficiency at inference time. We introduce an effective incentive scheme through new penalty terms
in the loss function and router weight initialization, significantly impacting model performance.
This work integrates well with related developments in SMoEs, as one could extend this work to
incorporate routing between multiple FFN experts, or skipping them all. While the focus of this
paper is on fine-tuning, an exciting future direction would be to use the Skip Transformer architecture
for pre-training as well, potentially leading to further, more generalizable skip-routing. The Skip
Transformer, as presented in this work, provides an exciting new direction for sparsely-activate
Transformer models that have the potential to improve inference efficiency while preserving model
performance.
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Supplementary Material

Algorithm 1 Encoder Skip-Layer Pseudocode (Pytorch)

Input: hidden_states, attention_mask
attention_output <— self_attention(hidden_states, attention_mask)
router_output <— router(attention_output)
skip_mask <— bernoulli(router_output)
ffn_indices < skip_mask == 0.
intermediate_states <— dense_in(attention_output[ffn_indices])
intermediate_states <— intermediate_act_fn(intermediate_states)
output_states <— dense_out(intermediate_states)
attention_output[ffn_indices] < output_states * (1 - router_output[ffn_indices]) + atten-
tion_output[ffn_indices]
attention_output[~ffn_indices] < router_output[~ffn_indices] * attention_output[~ffn_indices]
attention_output <— LayerNorm(attention_output)
return attention_output




	Introduction
	Skip Routing
	Experimental Results
	Conclusion

