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Abstract

Real-time applications of Automatic Speech Recognition
(ASR) on user devices on the edge require streaming process-
ing. Conformer model has achieved state-of-the-art perfor-
mance in ASR for the non-streaming task. Conventional ap-
proaches have tried to achieve streaming ASR with Conformer
using causal operations, but it leads to quadratic increase in the
computational cost as the utterance length increases. In this
work, we propose a chunked-context masking approach to per-
form streaming ASR with Conformer, which limits the compu-
tational cost from quadratic to a constant value. Our approach
allows self-attention in Conformer encoder to attend the lim-
ited past information in form of chunked context. It achieves
close to the full context causal performance for Conformer-
Transducer, while significantly reducing the computational cost
and maintains a low Real Time Factor (RTF) which is highly de-
sirable trait for resource-constrained low-power edge devices.
Index Terms: streaming ASR, attention masking, ASR for
resource-constrained devices

1. Introduction

Speech is one of the most preferred interfaces to interact with
intelligent devices [1]. As the applications of Al on user devices
continue to grow [2, 3], so does the demand to deploy computa-
tionally efficient Automatic Speech Recognition (ASR) models
on low-power edge devices. In several applications, real-time
speech recognition is desired, meaning the text is predicated on
the go as the speaker utters speech. This mode of speech is
generally referred to as streaming or online ASR [4]. Until re-
cently, Recurrent Neural Network (RNN) based models were
the de-facto choice for streaming ASR, because of their abil-
ity to keep the context in the RNN state from previous inputs
[5, 6, 7]. The introduction of the Transformer in ASR [8] has
shifted the focus from RNN to training-friendly Transformer
encoder-decoder-based models.

Many state-of-the-art (SOTA) end-to-end ASR models
based on Transformer are proposed [9, 10] to perform speech
recognition in a sequence-to-sequence manner, meaning that
they predict the full-text sequence by consuming a complete
speech signal. These models require the speaker to finish
speaking before they can start predicting the text. Convolu-
tion augmented Transformer (Conformer) encoder is proposed
[10] which synergizes the local and global features extraction
by convolution and attention layers respectively, and achieved
SOTA performance for non-streaming ASR. Conformer is pro-
posed in three different sizes and the Conformer-Small is best
suitable for ASR on resource-constrained devices.

Recently, a few techniques are proposed to enable Trans-
former based models like Conformer to work for streaming ap-
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Figure 1: Overview of our proposed streaming Conformer-
Transducer architecture. Conformer consumers chunks of au-
dio where attention layer attends the frames from current and
past chunks. The Transducer decodes the latest encoded chunk
while using the last predicted label from previous chunk.

plications. One way is to make the layers of the encoder causal
[11], meaning the attention layers in the encoder are allowed to
attend only to past and current frames in the sequence. This
future-restricted attention approach has to process the entire
past sequence repeatedly as the new frames arrive. Therefore
the computational cost of such a streaming set-up continues to
grow as the length of utterance increases, given the quadratic
computational complexity of the self-attention layer [12]. An-
other approach is to perform ASR in a chunk-based setting [13],
which processes a chunk of audio frames through the encoder
and then performs decoding on the encoded chunk. Chun-
ked based streaming approach results in significant performance
degradation as the attention layer is only allowed to attend the
elements inside the given chunk.

Our work proposes a context based chunk masking, which
bridges the gap between full context causal attention and chunk-
based attention approaches for streaming ASR. Chunked-
context mask allows attention layer in Conformer to attend not
only elements in the current chunk but also from a predefined
number of previous chunks. Overall our work makes the fol-
lowing contributions:

* It proposes a chunk-based context masking technique to en-
able Conformer-Small to work for streaming ASR with lim-
ited computational cost and low latency.

It demonstrates the real-time deployment of streaming ASR
with Conformer encoder and Transducer decoder.
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2. Related Work

This section discusses related work in two aspects. First is the
general work related to the deployment of ASR models on edge
devices, and the second is about the proposed methods for en-
abling streaming ASR with Transformer-based models.

For ASR applications on the edge, mainly RNN-based
encoder-decoder models are proposed [14, 15, 16, 17]. RNN-
Transducer [14] model was proposed recently with a reasonably
small size of 35M parameters for edge applications. [15] dis-
cussed the detailed performance analysis of several RNN mod-
els on edge devices. [16] uses knowledge distillation to ob-
tain a streaming model from a non-streaming RNN-Transducer.
A model optimization technique in [17] is used for RNN-
Transducer to optimize the model size for edge devices. How-
ever, the challenge with RNN-based models is that their perfor-
mance degrades for long utterances [18].

Transformer-based models especially Conformer have sig-
nificantly outperformed RNN-based models for end-to-end
ASR tasks [19]. Some recent proposals have enabled Con-
former to work for streaming ASR. A recent work [20] based
on causal masking of the wav2vec2.0 model is proposed, which
works by updating the state of the encoder for every new chunk
of speech frames. Another work [21] achieves streaming ASR
of Conformer with future restricted self-attention. A com-
bined triggered attention-based CTC and RNN decoder mecha-
nism is proposed in [22] which further improves the streaming
ASR performance with a causal Transformer encoder. How-
ever, the causal mechanism of the encoder causes a quadratic
increase in the computational cost as the length of utterance
increases. A sequentially sampled chunk-based streaming ap-
proach is proposed in [23] for Conformer encoder with Connec-
tionist Temporal Classification (CTC) [24] and Transformer de-
coders. However, the computational cost of the encoder still in-
creases linearly for long utterances. Secondly, CTC and Trans-
former decoders are not suitable for single-chunk decoding as
they fail to make a connection between consecutive chunks.

Our proposed Conformer encoder performs streaming ASR
at a fixed computational cost and uses the Transducer decoder
to perform streaming decoding only for the latest chunk while
keeping a connection with the previous chunks.

3. Proposed Architecture
3.1. Chunked-Context Masking

The sequence-to-sequence modeling ability of the Conformer
model comes from the inherent nature of the self-attention layer.
Each element of the sequence (query) computes its attention
score with respect to all other elements of the sequence (keys).
For the speech recognition task, self-attention requires a full
sentence to be spoken to compute attention scores, hence re-
stricting transformers to be applied for streaming ASR without
any modification. The masking technique can restrict the self-
attention layer to attend only specific frames of the sequence
during the training. At inference time, it can process the incom-
ing chunk of frames from speech sequence of the same length
as it was trained.

A causal mask for self-attention as in Figure 2 (a), allows
each new frame or query (Q) in sequence to attend all past
frames or keys (K) as proposed by [20, 21]. Figure 2 (b) shows a
chunk mask which allows only a chunk of audio to compute at-
tention scores with one another as in [13]. Our proposed mask-
ing approach named Chunked-Context Masking allows replicat-
ing a chunked-context inference set-up in the training by shift-
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Figure 2: Different types of masks for streaming Conformer.
Green shows new frames for the current chunk, blue shows the
attended context, and white shows unattended frames. (a) is a
causal mask, when applied in a streaming setup, it computes the
attention for the entire past sequence as the new frame arrives.
(b) is the chunk-based approach which performs attention only
for frames in the current chunk. (c) is our proposed approach
that computes attention while attending to context chunks and
the current chunk.

ing the context mask window for the current and past chunks
as shown in Figure 2 (c). Our mask allows queries to attend
keys from the current chunk and also predefined number of past
chunks for computing attention scores for each frame. ASR is
basically a monotonic alignment task [25], meaning that, ele-
ments in the sequence that are very far from the current frame
are less relevant. To make use of this inherent monotonic na-
ture, discarding past frames beyond a certain context is a win-
win scenario for ASR on resource-constrained edge devices.

Supposing the length of the input sequence is X, and the
dimension of the encoder is D. The complexity of Multi-Head
Self Attention (MHSA) is linear to dimension D and quadratic
to the length of sequence X. On top of that, before comput-
ing the self-attention, linear operations for Query (Q), Key (K),
Value (V), and Output (O) need to be computed and they have
linear complexity with respect to X and quadratic to D. Overall
computational cost of MHSA module, represented by €2 can be
written as Equation 1 .

Q(MHSA) = 4XD* 4+ X*D (1)

On the other hand, if we divide input sequence of length
X into chunks of size C' each, the complexity of MHSA will be
quadratic to chunk size C' multiplied with the number of chunks,
n. Overall the complexity of our Chunked Context Mask-based
MHSA (CCM_-MHSA) module will be as represented by Equa-
tion 2. For a fixed number of chunks n and size of the chunk
C, the computational cost would remain constant irrespective
of the length of sequence as also shown in Figure 3.

Q(CCM_MHSA) = 4CD? + (nC)*D 2)

3.2. Chunk Encoder with Transducer (miniStreamer):

After training the model with proposed chunk mask, it pro-
cesses the inference on audio stream as shown in Figure 1. The
chunk of audio of having ¢ frames in each chunk are processed
through the encoder. If we represent the N, input chunk vec-
tor having C elements as xx, the encoder will take n number
of chunks ranging from xn_, to zx as input and will produce
the corresponding encodings as Ay —n to hy.

3)

hN_n..hny = encoder(xN_pn...TN)



Where n is number of chunks including current chunk and
context chunks. In his way, the maximum number of audio
frames for encoder would be n * ¢ irrespective of the total length
of audio. The encoded chunks for the latest chunk A will then
be fed to a decoder to predict text labels.

Several decoding approaches are proposed with Conformer
encoder including CTC [24] Transformer [26] and Transducer
[27]. In the case of chunk-based streaming ASR, the network
requires to perform decoding only for the newest encoded ele-
ments from the current chunk. As for the CTC and Transformer
decoders, they perform decoding on the chunks independently
with no information about the previous frames, hence using
these decoders will not result in appropriate predictions at the
edges of each chunk.

We use a Transducer decoder which consists of a small 2-
layer RNN as a predictor network and a single fully connected
layer-based joint network. Transducer decoding keeps a con-
nection between the last predicted label from the previous chunk
and the following tokens in the next chunk. Given that Trans-
ducer produces ux number of tokens for Ny, chunk. This de-
coding step will be represented by Equation 4.

yn = transducer(yy" 7', hn) C))
This step is shows in Figure 1 as green block. It is worth
mentioning that, streaming decoding approaches based CTC or
Transformer based decoders, perform decoding on entire en-
coded sequence at each step, which adds a significant computa-
tional overhead. Our proposed architecture performs decoding
only on the encodings of latest chunk, irrespective of context
length in encoder which results in fastest decoding time. It is
also important to reiterate the significance of change in dimen-
sions at different stages of the network. The signal x x in each
chunk of audio signal has ¢ number of frames, which are then
pre-processed after which one frame represents a 10ms audio
signal. These frames are down-sampled by 8 times by follow-
ing sub-sampling modules after which each signal represents a
80ms signal. The encoder embeddings have fixed dimension of
s for each chunk. However, the decoder may produce a variable
number of text labels to align with each audio chunk, hence rep-
resented by u n at the final stage. The parametric details of each
stage of the network are explained in the following section.

4. Experimental Results
4.1. Network Details:

We used the small version of the Conformer[10] as encoder in
our experiments. The first stage of the network is audio pre-
processing, to convert a uni-dimensional temporal audio signal
into 80 MFCC features. We used a 10 ms hop length and a win-
dow length of 25 ms. We also apply spectrogram augmentation
[28] with two masks in each frequency and time dimensions.
Next, we have three 2D convolution sub-sampling layers with
kernel size 3, and 144 filters in each layer. We used layer nor-
malization in each sub-sampling module and this stage of the
network down-samples the audio from 10 ms to 80 ms per ele-
ment of the sequence, which becomes the input of the MHSA
layer of the following 16 consecutive Conformer blocks. Each
Conformer block has a convolution module and MHSA layer
sandwiched between feed-forward modules as proposed in the
original Conformer [10]. We also used sinusoidal positional
encoding relative to the start of each utterance, before feeding
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Figure 3: FLOPS count for different masks of streaming Con-
former. The causal model shows a quadratic increase in the
computational cost as it processes the entire past sequence
for every new chunk. Chunked-context mask based streaming
Conformer-Transducer limits the computational cost by encod-
ing a fixed number of chunks as context and decoding only the
latest chunk.

input elements to Conformer blocks. For the Transducer de-
coder, we used 2 layers of RNN as a sub-word predictor net-
work and a fully connected layer-based joint network to com-
bine the results of the encoder and sub-word predictor. Overall,
our Conformer-Transducer-Small network has 9.4M parameters
for the encoder, 0.9M parameters for the decoder, and 10.3M
parameters in total.

4.2. Training Settings:

We used LibriSpeech [29] 1000 hours dataset in our experi-
ments. We trained the model on standard training-clean and
training-other (960 hours) of the dataset and reported results
for dev-clean and dev-other test sets. For pre-processing of the
text data labels, we used sub-word conversion with a vocabu-
lary size of 256. We trained each model for 200 epochs where
each epoch took 25 minutes on 6 parallel NVIDIA A100 80G
GPUs with a batch size of 4. We used AdamW [30] optimizer
with its standard parameter settings. The networks trained with
streaming masks take longer because these masks are defined
dynamically during the training for different lengths of audio
signals in the batch.

Table 1: Word Error Rate (WER) of different modes of Con-
Sformer on LibriSpeech dataset.

Computation Attention Word Error Rate (WER)
Cost Mask dev-clean  dev-other
Fixed Non-Stream  5.52 13.6
Quadratic Causal 5.79 14.61
Limited Chunk 6.01 15.63
Limited (Ours) 5 Chunks 5.96 15.21
Limited (Ours) 10 Chunks 5.81 14.65




4.3. Results of Proposed Model:

The experimental results for Word Error Rate (WER) are re-
ported in Table 1. First, we trained a non-streaming Conformer-
Transducer network on full sequence length. This offline model
produces the best result on the LibriSpeech dataset but is un-
able to perform ASR in a streaming way. We then trained the
model with a causal mask which allows MHSA layers in Con-
former to work for streaming ASR, but as it attends complete
sequence from the past, its computational cost grows quadrat-
ically as shown in Figure 3. If we train Conformer with a
chunk mask, allowing it to attend frames only in the current
chunk, its WER performance degrades significantly. Our pro-
posed chunked-context mask allows Conformer to maintain its
performance by attending to a limited context and puts a cap on
computational cost for long sequences by discarding the past
frames in a chunked manner. We tried reducing the size of the
context up to 5 chunks (including the current chunk), but the
performance starts to degrade. Hence we find that keeping 10
chunks is the appropriate setting and delivered results closest to
the causal network.

The computational cost of different modes of Conformer is
computed in terms of Floating Point Operations (FLOPS) by us-
ing a Python package, DeepSpeed [31]. We mainly focused on
the self-attention layer as it is the central layer of Transformer
based models. The FLOPS for the MHSA module also involves
linear layer computations for the key, query, value, and out-
put vectors before computing self-attention. These linear layers
have linear computational complexity with respect to the se-
quence length n, and quadratic complexity with respect to the
dimension of the Conformer encoder d, represented as O (nd?).
However, the attention operation has quadratic complexity with
respect to the sequence length n and linear complexity with re-
spect to the model dimension d, represented as O(n?d). There-
fore, the overall FLOPS increase quadratically as the length of
speech utterance increases, given that the model dimension is
fixed. The trend of computational cost increase with respect to
the utterance length is shown in Figure 3.

5. Real-time Deployment of Proposed
Architecture

For the real-time performance analysis of our proposed archi-
tecture, we selected a single NVIDIA A100 GPU. We used an
audio example from LibriSpeech dataset which is almost 15s
long. We feed this audio to the network in form of streaming
chunks. The length of each chunk is 0.8s which results in 18
total chunks. The number of context chunks n in this case is 10
including the current chunk. The proposed miniStreamer en-
coder processes the incoming stream with context chunks and
the Transducer decodes the encodings into text labels only for
the latest chunk. The y-axis represents Real Time Factor (RTF)
which is the relation of end-to-end computational time and au-
dio duration as represented by Equation 5.

time(decoder(encoder(xN—n...zN)))

RTF = 5)

duration(zn)

Figure 4 shows that for the causal approach, RTF keeps in-
creasing as the sequence length keeps growing, hence encoding
and encoding time also increases. However, for the proposed
chunked-context-based setting, the computational cost rises a
little in the beginning and then stays constant as the new chunks
keep arriving.
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Figure 4: The comparison between Real Time Factor (RTF) for
conventional causal-based streaming approach and our pro-
posed limited chunked-context masking approach. The x-axis
shows the predicted text labels for each 0.8s audio chunk and
y-axis shows the change in RTF with respect to time.

The predicted labels for each chunk are shown along the
horizontal axis as predicted labels of each chunk. It is clear that
the Transducer decoder keeps a connection between sub-words
for consecutive chunks. Therefore, our proposed approach can
work for arbitrarily long sequences, without worrying about in-
creasing computational cost for long sequences. 4.

6. Discussion

Our proposed architecture exploits self-attention in the Con-
former and monotonic nature of ASR to optimally process the
most relevant portion of the audio stream for streaming ASR.
Several streaming proposals for Conformer report good accu-
racy, but it is important to highlight that the actual inference
set-up for streaming Conformer has some challenges for shorter
chunk lengths. Especially the normalization layers in Con-
former cause deviation in predictions for small chunk sizes. In
our case, 0.8s length worked reasonably well for chunked-based
streaming ASR with Conformer-Small. With the proposed set-
tings, miniStreamer achieved a constant RTF for streaming ASR
of long audios, which is promising for real-time applications on
the edge.

7. Conclusion

Conventional streaming techniques for Conformer cause a
quadratic increase in the computational cost as the utterance
length increases. In this work, we proposed a chunked-
context-based streaming mask, which enhances Conformer-
Transducer’s capability to work for streaming ASR. Our pro-
posed architecture, which combines chunk-based streaming
Conformer with the Transducer decoder, resulted in signifi-
cantly reducing the computational cost in terms of FLOPS while
maintaining performance close to full-context causal stream-
ing. The real-time inference analysis of the model shows that it
maintains a low RTF even for long utterances when the conven-
tional causal method results in an increasing RTF. The future
work includes further improving the WER of miniStreamer and
evaluating the model on a range of edge devices.
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