
Approved versions of
the Signature
There are two approved ver-
sions of the signature. These
should preferably appear in red,
but could alternatively 
appear in black, grey, or 
white, if necessary. 

Version 1 
Version 1 in red is the pre-
ferred version and should 
be used whenever possible.
This version appears on the
University’s official letterhead
and business cards.

Version 2
Version 2 is to be used only for
publications destined for distant
places where it is believed that
the word “University” is neces-
sary for recognition. 

Other symbols of the
University

Over time, a number of symbols,
logos, or marks have been used
to identify McGill University.
The coat of arms, shield, and
signature illustrated above are
the only versions sanctioned for
current use.  Consult the
Secretary-General for permis-
sion to use any other graphic
identity.  Final approval rests
with the Board of Governors.

Using the Signature,
Coat of Arms, or Shield
in publications
It is important that the full
University signature (the shield
plus the wordmark) appear on
the front cover of brochures, fly-
ers, folders, newsletters, and
other printed materials produced
by the University for dissemina-
tion outside the University.  
In instances where a document
is for internal use only, or is
clearly associated with McGill,
the coat of arms or shield alone
may provide sufficient identifi-
cation.

6

Transforming Intelligence for the Edge:
Challenges and Opportunities in 

Modeling, Optimization, and Deployment 
Professor Brett H. Meyer

Electrical and Computer Engineering
McGill University

September 20, 2022



Approved versions of
the Signature
There are two approved ver-
sions of the signature. These
should preferably appear in red,
but could alternatively 
appear in black, grey, or 
white, if necessary. 

Version 1 
Version 1 in red is the pre-
ferred version and should 
be used whenever possible.
This version appears on the
University’s official letterhead
and business cards.

Version 2
Version 2 is to be used only for
publications destined for distant
places where it is believed that
the word “University” is neces-
sary for recognition. 

Other symbols of the
University

Over time, a number of symbols,
logos, or marks have been used
to identify McGill University.
The coat of arms, shield, and
signature illustrated above are
the only versions sanctioned for
current use.  Consult the
Secretary-General for permis-
sion to use any other graphic
identity.  Final approval rests
with the Board of Governors.

Using the Signature,
Coat of Arms, or Shield
in publications
It is important that the full
University signature (the shield
plus the wordmark) appear on
the front cover of brochures, fly-
ers, folders, newsletters, and
other printed materials produced
by the University for dissemina-
tion outside the University.  
In instances where a document
is for internal use only, or is
clearly associated with McGill,
the coat of arms or shield alone
may provide sufficient identifi-
cation.

6

Language Models at the Edge
• Advances in NLP → proliferation of language models
– Simple commands, a la Alexa and Siri
– Speech recognition, transcription, and translation
– Question answering, etc

• It can be useful to perform these tasks at the edge when
– Low-latency is a requirement
– Privacy is important
– Internet access is unreliable

© 2022 Brett H. MeyerEIW ’22, September 20, 2022 2
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Are Transformers All We Need?

© 2022 Brett H. Meyer 3EIW ’22, September 20, 2022
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[Source: 
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“If there ever was a candidate for [the future of modeling], transformers certainly 
would be one.” –Delip Rao, AI Research and Strategy, September 14, 2022
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Scarcity at the Edge
• Edge devices are resource-constrained
– Less compute, less memory
– Mobile: limited energy

• Edge devices are heterogeneous systems
– Multiprocessor CPUs, mobile GPU, sometimes NPU

• Lots of ways to optimize models
– Pipelining, partitioning, quantization, NAS, …
– Very many options to consider!

• Spoiler alert: uneven library support makes things interesting

4© 2022 Brett H. MeyerEIW ’22, September 20, 2022
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Anatomy of BERT Optimization and Deployment
Goal: performance and power optimization for the edge
Challenge: design space is large; model evaluation is expensive
1. Identify target hardware
2. Select optimization approach and search space
3. Take measurements to support metric estimation
4. Go! Search! Optimize!

5© 2022 Brett H. MeyerEIW ’22, September 20, 2022
Kirin 970 SoC
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This Talk: BERT Modeling and Optimization
• Modeling performance on CPUs
• Pipelining for parallelism on heterogeneous CPU systems
• Partitioning for parallelism on CPU-GPU systems
• Cross-cutting challenges and opportunities

6© 2022 Brett H. MeyerEIW ’22, September 20, 2022
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Bidirectional Encoder Representations from Transformers

© 2022 Brett H. Meyer 7EIW ’22, September 20, 2022
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So you want to find the optimal
• Why not just profile every model that is considered?
• Typical NAS experiments consider many, many possibilities
– E.g., 100M! (J. Xu et al., NAS-BERT, KDD 2021)

• Evaluating even 1% such a design space would take forever

8© 2022 Brett H. MeyerEIW ’22, September 20, 2022
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Abstract—Hardware-aware Neural Architecture Search (NAS) and
mapping & scheduling optimization methods are being used to find
efficient implementations of computationally-intense language models
such as BERT. This requires measuring real hardware inference
latency: good design decisions simply cannot be made with proxy
metrics such as FLOPs or the number of parameters. However,
the time required to perform on-device latency measurements is
prohibitive (e.g., a few days to a few weeks over the course of an
optimization run). To address this, we present BERTPerf, a low-cost,
highly-accurate method to predict the inference time of BERT on
ARM big.LITTLE multi-core processors. BERTPerf exploits latency
patterns at the layer-level to reduce on-device latency measurements,
and captures the effect of caching and intermediate tensor allocations
to reduce latency prediction error. BERTPerf reduces the maximum
prediction error by 7-11% compared to the state-of-the-art, and
requires 75% less on-device measurements compared to existing work
at the same prediction error.

I. INTRODUCTION

Transformer [1] models such as BERT [2] have brought sig-
nificant breakthroughs in natural language understanding. They
offer pre-trained contextual representations and achieve state-of-
the-art results on many downstream natural language processing
(NLP) tasks such as question-answering, natural language infer-
ence, and semantic similarity, and also can be incorporated in
machine translation [3]. However, such large-scale models are
impractical to deploy on resource-limited edge devices1 (e.g.,
smartphones, sensors, etc.). To address this, there have been
efforts to optimize transformer-based models through hardware-
aware Neural Architecture Search (NAS) [4], [5], [6] and efficient
mapping/scheduling [7], guided by inference latency feedback
from the target device.

However, the time required for on-device latency measurements
in such large-scale search optimization methods is prohibitive. To
find optimal models, a large number of models in the search
space must be explored, each of which needs to be compiled
and transferred to the device (compile & transfer time), then
deployed (inference time), while avoiding overheating (idle time),
and repeating high-variation measurements (repetition time). To
put that into perspective, NAS-BERT in [6] needs to evaluate 108
BERT models to find optimal solutions. On-device measurement
of even 1% of such a large number would take 3.5 weeks2 on the
Hikey 970 edge-computing platform, as illustrated in Fig. 1.

To mitigate this cost, there has been an increasing inter-
est in predicting instead of measuring Deep Neural Network
(DNN) latency on targeted devices. While latency estimation
of Convolutional Neural Networks (CNNs) is well-studied in

1For example, BERT-base takes 7.19s to process one input instance of sequence
length 512 on a 4-core-cluster of mobile Cortex A-53s.

2This estimation is based on our experimental setup (Section III), and BERT
models in our design space (Section II-A).

978-1-6654-8524-1/22/$31.00 ©2022 IEEE
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Fig. 1. Estimated on-device measurement time breakdown in a typical NAS
problem for BERT. We need to evaluate hundreds of thousands models [6]. We
consider 106 model evaluations, which is 1% of the design spcae introduced in [6].
These latency measurements would take approximately 3.5 weeks.

the literature [8], [9], [10], [11], [12], [13], [14], [15], [16],
latency modelling of transformers-based language models, such
as BERT, is relatively unexplored. Work in [4] models the
overall latency of transformers using a Multi-Layer Perceptron
(MLP). This approach, however, does not estimate individual
layers’ latency, and accordingly cannot be used in a wide range
of optimization methods that utilize layer-wise scheduling and
mapping to accelerate on-device inference [7]. In addition, MLP
provides poor prediction accuracy when trained on a relatively
small set of training samples, as we will show. Work in [6],
[5] use the latencies of individual operators to estimate end-to-
end network latency. However, as operator latency is measured in
isolation, this approach does not capture hardware characteristics
such as caching, parallelism, and intermediate tensor allocation
when operators run together in a model [12], [13]. These hardware
characteristics heavily affect latency.

In this paper, we propose BERTPerf3, a piece-wise linear
modelling approach to predict the inference latency of BERT on
ARM big.LITTLE architecture, which is a very popular CPU for
embedded devices such as smartphones. In this regard, we utilize
BERT model’s architectural parameters (such as the embedding
size, number of multi head attention units, etc.) to build the linear
model.

Our contributions are as follows. BERTPerf:

• captures caching and intermediate tensor allocations effects
on latency measurements, while predicting individual layers’
latencies; and

• adaptively trades off the number of on-device measurements
(i.e., time cost) and the resulting prediction error.

BERTPerf achieves a maximum prediction error that is less
than that of MLP and operator-wise latency modelling by 7%
and 11%, respectively. In addition, compared to the MLP latency
modelling [4], BERTPerf requires 75% less on-device latency
measurements (i.e., time cost). BERTPerf establishes a new state-
of-the-art inference latency predictor for transformers-based mod-
els, enabling lower-cost, higher-quality optimization methods for
on-device deployment.

3The BERTPerf code is accessible in here:
https://github.com/HMozafari/BERTPerf.git

Inference latency estimation is essential for model optimization
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Wait, why are we measuring?
• FLOPS, parameters, etc, are poor proxies for latency
– The same model executes in different time on different systems

• Past work has proposed evaluating and counting operations
– E.g., NAS-BERT and others.

• This results in high error! It can’t capture:
– Caching
– Parallelism
– Intermediate tensor allocation

9© 2022 Brett H. MeyerEIW ’22, September 20, 2022

And all of the above vary from architecture to architecture
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BERTPerf: Latency Modeling for ARM big.LITTLE
• Mobile GPUs are not ubiquitous; CPU performance still matters!
• BERTPerf is a BERT latency model for CPUs to support NAS
– Predict model inference latency given BERT hyperparameters
– Goal: minimize the number of measurements necessary

• Models are grouped into bundles with variable depth L
– A and I have the least impact on latency
– Systematically sample L in bundle #1 

and measure
– Bundles #2-4 behave similarly

10© 2022 Brett H. MeyerEIW ’22, September 20, 2022

the number of on-device measurements. We found that changing
A and I have the least and the second least effect on latency,
respectively. Accordingly, we sorted the bundles in an ascending
order with respect to A, then I as shown in Fig. 3. However,
the order of the effect of S, B and H on latency is not constant:
any of them can have more effect than the others based on the
model’s architectural parameters. Accordingly, we ordered them
arbitrarily: S, then B, then H, as shown in Fig. 3.

We observed that the latency of the models in a given bundle
follows one of two patterns, illustrated in Fig. 4. The y-axis is the
BERT depth j (i.e., the number of layers). The x-axis is the layer
index i. For example, Lat(j=12,i=1) refers to the latency of the first
layer in the BERT model that has 12 layers. Different latencies
are represented by different shapes/sizes. Rectangles represent the
latency of the first layer; ovals represent the latency of subsequent
layers.

1) No-poly latency pattern: In Fig. 4(a), all rectangles (layer 1
latencies), and all ovals (layer i latencies, i > 1) are the same size:
for these models, layer latency is not affected by model depth j.
Note that the latency of the first layer is longer than that of later
layers. Edge inference libraries, such as TensorFlow Lite (TFLite),
pre-allocate intermediate tensor between operators, to reduce in-
ference latency at the cost of memory space [22]. While the MHA
in the first layer reads its input data from tensors allocated for
the embedding output, the MHA in the remaining layers reads its
input data from tensors allocated for the Add&Norm output. Since
different tensors are allocated at different offsets in memory [23],
a difference in latency is expected. We refer to this pattern as
no-poly because it does not exhibit polynomial behaviour.

Exploiting the no-poly pattern. In order to predict the latency
of individual layers using the no-poly pattern, we only need to
profile the j = 1, 12 models. For example, the predicted value of
Lat(j,i=1) for j 2 {1, ..., 12} is Lat(j=12,i=1); the predicted value
of Lat(j,i) for i, j 2 {2, ..., 12} is Lat(j=12,i=2).

2) Poly latency pattern: In Fig. 4(b), the size of rectangles
(layer 1 latencies), and ovals (layer i latencies, i > 1) change as
a function of BERT depth: for these models, latency is a function
of j. We observe that the latency of a layer at a constant i in
the blue region follows a first-order polynomial in j. For larger
j, models then switch back to the no-poly pattern where j has
no effect on layer latency. We refer to the j at which the pattern
switches as jswitch.

Exploiting the poly pattern. We predict latency using i, j and
jswitch as follows:

Lat(j, i) =

8
><

>:

ai ⇥ j + bi j < jswitch, 1  i < jswitch

Lat(j=12,i=1) j � jswitch, i = 1

Lat(j=12,i=2) j � jswitch, 2  i  12

(1)

where (ai, bi) are the coefficients of the first-order polynomial in
j at a constant i 2 {1, ..., jswitch � 1}. (ai, bi) are determined
using linear least squares. Note that we only need to determine
(a1, b1) and (a2, b2): (ai, bi) = (a2, b2), i 2 {3, ..., jswitch � 1},
since Lat(j,i+1) = Lat(j,i), i 2 {2, 3, 4, ...}, for constant j.

These two patterns were consistently observed in the bundles
we profiled. Since how intermediate tensors are pre-allocated, and
how their memory offset is calculated, is the same in all our
experiments (i.e., using the same inference interpreter), and the
architectural parameters change the number of operations, not the
type of operations, we observe that any bundle in our design space
follows one of the two patterns.

128
..1

..64

1024

4

bundle #4
L2 {1,...,12}

2

bundle #3
L2 {1,...,12}

512

4

bundle #2
L2 {1,...,12}

2

bundle #1
L2 {1,...,12}

H

B

S

I

A

Fig. 3. An example sub-tree in our design space. Models are grouped in bundles
with same design parameters (H, B, S, I, A) and different depth (L). For Same-
HBS optimization, in Section II-C4, jswitch of bundle #1 is forwarded to the
remaining bundles under the same H, B, S to optimize the search process.

Fig. 4. The two general patterns observed at the layer-level of a BERT bundle:
(a) no-poly and (b) poly.

3) Caching and layer-level latency: The number of layers in
a BERT model affects the cache hit rates, and thus its latency
pattern. In the poly latency pattern, we observed that as the number
of layers in a BERT model changes, subsequently, the number
of operations changes as well. Accordingly, the size of the pre-
allocated tensors, and thus their offset, change, which changes the
entire memory map, and affects the cache hit rate. We used ARM
Streamline Performance Analyzer 6 to monitor cache hits/misses
to understand why this change in latency is not witnessed in
bundles that exhibit the no-poly pattern. We found that models
that follow the no-poly pattern are dominated by cache misses.
This occurs because not all their weights fit in cache. As such,
the hit rate is too low to change latency. We thus concluded that as
the cache capacity decreases, the number of the no-poly bundles
increases. A clear example of this is when we experiment and
report results on the LITTLE cluster, which has half the L2 cache
capacity as the big cluster, in Section IV.

C. Latency Prediction in Bundles

To predict a model’s latency, we need to determine whether its
bundle follows the no-poly or poly pattern. For poly bundles, we
also need to find jswitch, (a1, b1) and (a2, b2).

6https://developer.arm.com/tools-and-software/embedded/
arm-development-studio/components/streamline-performance-analyzer

3

[M. Abdelgawad et al., SIPS’22]
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How many BERTs are there?
• Many options between BERT-tiny and BERT-base
– Encoder depth L = {1, 2, … 12}
– Embedding size H = {128, 256, 384, …, 768}
– Batch size B = {1, 2, 4}
– Sequence length S = {64, 128, 256, 384, 512}
– Feed forward network width I = {512, 1024, 1536, 2048, 3072}
– Attention head count A = {2, 4, …, 12}

• A = H/64; I = 4H; B ∝ 1/H
• We consider 4,200 options in total
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L is for Latency
• BERT latency depends on 

encoder depth L
• The latency of encoder 1 

is different from the rest
– All parameters come

from memory

• Later encoders tend to 
have similar latency
– Parameters are at least

partially cached
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the number of on-device measurements. We found that changing
A and I have the least and the second least effect on latency,
respectively. Accordingly, we sorted the bundles in an ascending
order with respect to A, then I as shown in Fig. 3. However,
the order of the effect of S, B and H on latency is not constant:
any of them can have more effect than the others based on the
model’s architectural parameters. Accordingly, we ordered them
arbitrarily: S, then B, then H, as shown in Fig. 3.

We observed that the latency of the models in a given bundle
follows one of two patterns, illustrated in Fig. 4. The y-axis is the
BERT depth j (i.e., the number of layers). The x-axis is the layer
index i. For example, Lat(j=12,i=1) refers to the latency of the first
layer in the BERT model that has 12 layers. Different latencies
are represented by different shapes/sizes. Rectangles represent the
latency of the first layer; ovals represent the latency of subsequent
layers.

1) No-poly latency pattern: In Fig. 4(a), all rectangles (layer 1
latencies), and all ovals (layer i latencies, i > 1) are the same size:
for these models, layer latency is not affected by model depth j.
Note that the latency of the first layer is longer than that of later
layers. Edge inference libraries, such as TensorFlow Lite (TFLite),
pre-allocate intermediate tensor between operators, to reduce in-
ference latency at the cost of memory space [22]. While the MHA
in the first layer reads its input data from tensors allocated for
the embedding output, the MHA in the remaining layers reads its
input data from tensors allocated for the Add&Norm output. Since
different tensors are allocated at different offsets in memory [23],
a difference in latency is expected. We refer to this pattern as
no-poly because it does not exhibit polynomial behaviour.

Exploiting the no-poly pattern. In order to predict the latency
of individual layers using the no-poly pattern, we only need to
profile the j = 1, 12 models. For example, the predicted value of
Lat(j,i=1) for j 2 {1, ..., 12} is Lat(j=12,i=1); the predicted value
of Lat(j,i) for i, j 2 {2, ..., 12} is Lat(j=12,i=2).

2) Poly latency pattern: In Fig. 4(b), the size of rectangles
(layer 1 latencies), and ovals (layer i latencies, i > 1) change as
a function of BERT depth: for these models, latency is a function
of j. We observe that the latency of a layer at a constant i in
the blue region follows a first-order polynomial in j. For larger
j, models then switch back to the no-poly pattern where j has
no effect on layer latency. We refer to the j at which the pattern
switches as jswitch.

Exploiting the poly pattern. We predict latency using i, j and
jswitch as follows:

Lat(j, i) =

8
><

>:

ai ⇥ j + bi j < jswitch, 1  i < jswitch

Lat(j=12,i=1) j � jswitch, i = 1

Lat(j=12,i=2) j � jswitch, 2  i  12

(1)

where (ai, bi) are the coefficients of the first-order polynomial in
j at a constant i 2 {1, ..., jswitch � 1}. (ai, bi) are determined
using linear least squares. Note that we only need to determine
(a1, b1) and (a2, b2): (ai, bi) = (a2, b2), i 2 {3, ..., jswitch � 1},
since Lat(j,i+1) = Lat(j,i), i 2 {2, 3, 4, ...}, for constant j.

These two patterns were consistently observed in the bundles
we profiled. Since how intermediate tensors are pre-allocated, and
how their memory offset is calculated, is the same in all our
experiments (i.e., using the same inference interpreter), and the
architectural parameters change the number of operations, not the
type of operations, we observe that any bundle in our design space
follows one of the two patterns.
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Fig. 3. An example sub-tree in our design space. Models are grouped in bundles
with same design parameters (H, B, S, I, A) and different depth (L). For Same-
HBS optimization, in Section II-C4, jswitch of bundle #1 is forwarded to the
remaining bundles under the same H, B, S to optimize the search process.

Fig. 4. The two general patterns observed at the layer-level of a BERT bundle:
(a) no-poly and (b) poly.

3) Caching and layer-level latency: The number of layers in
a BERT model affects the cache hit rates, and thus its latency
pattern. In the poly latency pattern, we observed that as the number
of layers in a BERT model changes, subsequently, the number
of operations changes as well. Accordingly, the size of the pre-
allocated tensors, and thus their offset, change, which changes the
entire memory map, and affects the cache hit rate. We used ARM
Streamline Performance Analyzer 6 to monitor cache hits/misses
to understand why this change in latency is not witnessed in
bundles that exhibit the no-poly pattern. We found that models
that follow the no-poly pattern are dominated by cache misses.
This occurs because not all their weights fit in cache. As such,
the hit rate is too low to change latency. We thus concluded that as
the cache capacity decreases, the number of the no-poly bundles
increases. A clear example of this is when we experiment and
report results on the LITTLE cluster, which has half the L2 cache
capacity as the big cluster, in Section IV.

C. Latency Prediction in Bundles

To predict a model’s latency, we need to determine whether its
bundle follows the no-poly or poly pattern. For poly bundles, we
also need to find jswitch, (a1, b1) and (a2, b2).

6https://developer.arm.com/tools-and-software/embedded/
arm-development-studio/components/streamline-performance-analyzer
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L is for Latency
• Two bundle types:
– Constant layer latency
– Piece-wise linear latency

• Always measure j={1, 12}
• PWL models: linear first, 

constant after jswitch
– jswitch varies across 

bundles
– Binary search!

13© 2022 Brett H. MeyerEIW ’22, September 20, 2022

the number of on-device measurements. We found that changing
A and I have the least and the second least effect on latency,
respectively. Accordingly, we sorted the bundles in an ascending
order with respect to A, then I as shown in Fig. 3. However,
the order of the effect of S, B and H on latency is not constant:
any of them can have more effect than the others based on the
model’s architectural parameters. Accordingly, we ordered them
arbitrarily: S, then B, then H, as shown in Fig. 3.

We observed that the latency of the models in a given bundle
follows one of two patterns, illustrated in Fig. 4. The y-axis is the
BERT depth j (i.e., the number of layers). The x-axis is the layer
index i. For example, Lat(j=12,i=1) refers to the latency of the first
layer in the BERT model that has 12 layers. Different latencies
are represented by different shapes/sizes. Rectangles represent the
latency of the first layer; ovals represent the latency of subsequent
layers.

1) No-poly latency pattern: In Fig. 4(a), all rectangles (layer 1
latencies), and all ovals (layer i latencies, i > 1) are the same size:
for these models, layer latency is not affected by model depth j.
Note that the latency of the first layer is longer than that of later
layers. Edge inference libraries, such as TensorFlow Lite (TFLite),
pre-allocate intermediate tensor between operators, to reduce in-
ference latency at the cost of memory space [22]. While the MHA
in the first layer reads its input data from tensors allocated for
the embedding output, the MHA in the remaining layers reads its
input data from tensors allocated for the Add&Norm output. Since
different tensors are allocated at different offsets in memory [23],
a difference in latency is expected. We refer to this pattern as
no-poly because it does not exhibit polynomial behaviour.

Exploiting the no-poly pattern. In order to predict the latency
of individual layers using the no-poly pattern, we only need to
profile the j = 1, 12 models. For example, the predicted value of
Lat(j,i=1) for j 2 {1, ..., 12} is Lat(j=12,i=1); the predicted value
of Lat(j,i) for i, j 2 {2, ..., 12} is Lat(j=12,i=2).

2) Poly latency pattern: In Fig. 4(b), the size of rectangles
(layer 1 latencies), and ovals (layer i latencies, i > 1) change as
a function of BERT depth: for these models, latency is a function
of j. We observe that the latency of a layer at a constant i in
the blue region follows a first-order polynomial in j. For larger
j, models then switch back to the no-poly pattern where j has
no effect on layer latency. We refer to the j at which the pattern
switches as jswitch.

Exploiting the poly pattern. We predict latency using i, j and
jswitch as follows:

Lat(j, i) =

8
><

>:

ai ⇥ j + bi j < jswitch, 1  i < jswitch

Lat(j=12,i=1) j � jswitch, i = 1

Lat(j=12,i=2) j � jswitch, 2  i  12

(1)

where (ai, bi) are the coefficients of the first-order polynomial in
j at a constant i 2 {1, ..., jswitch � 1}. (ai, bi) are determined
using linear least squares. Note that we only need to determine
(a1, b1) and (a2, b2): (ai, bi) = (a2, b2), i 2 {3, ..., jswitch � 1},
since Lat(j,i+1) = Lat(j,i), i 2 {2, 3, 4, ...}, for constant j.

These two patterns were consistently observed in the bundles
we profiled. Since how intermediate tensors are pre-allocated, and
how their memory offset is calculated, is the same in all our
experiments (i.e., using the same inference interpreter), and the
architectural parameters change the number of operations, not the
type of operations, we observe that any bundle in our design space
follows one of the two patterns.
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Fig. 3. An example sub-tree in our design space. Models are grouped in bundles
with same design parameters (H, B, S, I, A) and different depth (L). For Same-
HBS optimization, in Section II-C4, jswitch of bundle #1 is forwarded to the
remaining bundles under the same H, B, S to optimize the search process.

Fig. 4. The two general patterns observed at the layer-level of a BERT bundle:
(a) no-poly and (b) poly.

3) Caching and layer-level latency: The number of layers in
a BERT model affects the cache hit rates, and thus its latency
pattern. In the poly latency pattern, we observed that as the number
of layers in a BERT model changes, subsequently, the number
of operations changes as well. Accordingly, the size of the pre-
allocated tensors, and thus their offset, change, which changes the
entire memory map, and affects the cache hit rate. We used ARM
Streamline Performance Analyzer 6 to monitor cache hits/misses
to understand why this change in latency is not witnessed in
bundles that exhibit the no-poly pattern. We found that models
that follow the no-poly pattern are dominated by cache misses.
This occurs because not all their weights fit in cache. As such,
the hit rate is too low to change latency. We thus concluded that as
the cache capacity decreases, the number of the no-poly bundles
increases. A clear example of this is when we experiment and
report results on the LITTLE cluster, which has half the L2 cache
capacity as the big cluster, in Section IV.

C. Latency Prediction in Bundles

To predict a model’s latency, we need to determine whether its
bundle follows the no-poly or poly pattern. For poly bundles, we
also need to find jswitch, (a1, b1) and (a2, b2).

6https://developer.arm.com/tools-and-software/embedded/
arm-development-studio/components/streamline-performance-analyzer
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Experiments and Results
• Design space: 4,200 models
• Latency measured on Kirin 970 big and LITTLE clusters
• BERTPerf can predict all model latencies with <2% error
– This requires profiling 19% of the design space
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TABLE I
OUTPUT LATENCY PREDICTORS W(/O) SAME-HBS OPTIMIZATION VS MAXIMUM ERROR ON THE BIG/LITTLE CLUSTERS.

Cluster Max. Bundles No. of models used in training No. of models used in testing

(L2 cache) error(%) no-poly poly In no-poly In poly Total % in design space In no-poly In poly Total

w/o Opt. w/ Opt. w/o Opt. w/ Opt. w/o Opt. w/ Opt. w/o Opt. w/ Opt.

bi
g

(2
M

B
)

±2 262 88 424 326 497 452 921 778 21.92 18.52 357 128 485
±3 310 40 516 375 244 200 760 575 18.1 13.69 438 53 491
±4 323 27 537 380 178 132 715 512 17.02 12.19 458 41 499
±5 326 24 548 382 151 115 699 497 16.64 11.83 465 34 499
±6 328 22 556 382 140 103 696 485 16.57 11.55 467 31 498
±7 331 19 577 382 102 84 679 466 16.17 11.1 470 29 499
±8 337 13 588 389 77 57 665 446 15.83 10.62 481 20 501
±9 340 10 597 392 58 44 655 436 15.6 10.38 485 17 502
±10 343 7 602 397 48 35 650 432 15.48 10.29 488 14 502

LI
TT

LE
(1

M
B

) ±2 349 1 618 400 6 6 624 406 14.86 9.67 501 5 506
±3 349 1 618 400 6 6 624 406 14.86 9.67 501 5 506
±4 349 1 618 400 6 6 624 406 14.86 9.67 501 5 506
±5 350 0 620 400 0 0 620 400 14.76 9.52 505 0 505

TABLE II
MAXIMUM ERRORS AND THE CORRESPONDING PERCENTAGE OF PREDICTED

LATENCIES THAT LIE WITHIN EACH MAXIMUM ERROR.

Maximum error (%) Operator-wise (%) MLP (%) BERTPerf (%)

±0.5 19.3 21.4 30.9
±1 28.2 37.5 56.08
±1.5 40.4 48.4 83.09
±2 50.3 56.2 100
±9 94.2 100 -
±13 100 - -

Prior work has approximated model latency by using operator
latency. Operators are either profiled [10], [5], [6] or modelled
with a continuous regression function[9], [16]. These approaches,
however, do not capture caching, parallelism, and intermediate
tensor allocation effects, which we have shown results in poor
accuracy.

Other approaches train an end-to-end latency prediction model
as a graph convolutional network [13], a meta-learned regression
model [14], or an MLP[26], [4]. However, these approaches
require more on-device measurements than our approach (e.g.,
a few thousand) and only estimate the overall latency (i.e., do not
estimate the latency of individual layers).

VI. CONCLUSION AND FUTURE WORK
In this paper, we introduced inference latency modelling

methodology for BERT models on ARM big.LITTLE architecture,
and we tested it on different ARM processor. We showed that by
exploiting latency patterns and capturing caching and intermedi-
ate tensor allocations, our method outperformed existing work,
reducing max error by 7-11%, and measurement time by 75%.

In the future, we plan to extend our method to support dif-
ferent number of threads, and exceptional BERT models such as
MobileBERT [21], which utilizes deep convolutional layers in its
implementation. Also, while our method predicts the latency only
up to the layer-level, we will extend it to predict the latency at the
operator-level, which will help optimization methods that require
individual operators’ latencies.
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Observations
• If 5% latency prediction error can be tolerated, profile less
– 11% of the design space on the big cluster

• LITTLE cluster latency is easier to predict
– 2% error can be achieved with <10% of the design space
– Why? Most bundles have constant layer latency– likely due to cache size
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PipeBERT: big.LITTLE Pipelining for Edge Throughput
• Edge SoCs are heterogeneous; why not use all CPU cores?
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For BERT-base: ~900 ways to do this!
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PipeBERT for Better Throughput
• Use binary search with hardware latency feedback to split models
– Requires ~1% of the time for exhaustive search
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BERT models

Homogeneous 
Throughput
(Inference/s) 

With PipeBERT
Heterogeneous Throughput

(Inference/s) 

PipeBERT
Throughput

Improvement (%)Big LITTLE
BERT-base 0.73 0.43 1.26 72.6
ALBERT 0.67 0.38 1.04 55.2

SqueezeBERT 1.62 0.55 1.94 19.8
MobileBERT 4.98 1.9 5.94 19.3
DistillBERT 1.47 0.91 2.52 71.4

Average       48.6
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PipeBERT for Better Energy Efficiency Trade-offs
• Least energy per inference? LITTLE cluster: up to about 30% impr
• Best energy-delay trade-off? PipeBERT: 60% impr on average
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BERT models
Average active power (W) Energy efficiency

(inference/J) Energy-delay product (J×s)

4B 4L PipeBERT 4B 4L PipeBERT 4B 4L PipeBERT
BERT-base 4.79 1.32 5.69 0.15 0.31 0.22 8.99 7.14 3.59
ALBERT 4.75 1.44 5.67 0.14 0.25 0.19 10.58 9.97 4.96

SqueezeBERT 5.21 1.09 5.35 0.31 0.50 0.35 1.99 3.60 1.42
MobileBERT 5.16 0.97 4.39 0.97 1.89 1.33 0.21 0.27 0.15
DistilBERT 4.71 1.54 5.43 0.31 0.55 0.46 2.18 2.17 0.86
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Fast Heterogeneous Task Mapping for Edge Latency
• Edge SoCs are heterogeneous; why not use the CPU and GPU?
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[M.L. Kornelsen et al., ASAP’22]
For BERT-base: 250 ways to do this!
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Profiling with Apache TVM
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CPU↔GPU communication 
profiled separately
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Predict Latency by Composing Layer/Comm Latency
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Validated using Inception w/ 
ARMCL on Kirin 970: 5% error
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Experiments and Results
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Observations
• BERT models have large sequential components (e.g., FFN)
– 10-15% improvement for BERT
– Latency improvement improves with model size

• Other models have parallelism that is more easily exploited
– 24% improvement for SqueezeBERT
– 31% improvement for Inception
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So you want to find the optimal, redux
• The design space matters a lot
– How to identify a set of candidates?
– How do you sample it to build an estimator?
– How do you explore it? Algorithms matter
– Training (i.e., pre-training, fine-tuning) is time 

consuming; avoid it!
• Measurement on hardware is difficult
– Profiling tools are limited
– Must isolate the energy consumed on cores 
– Controlling the system for stable measurement 

requires substantial effort
– Measurement is time consuming; avoid it!
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5. Experiments and Results 45

Figure 5.3: Energy measurement setup

5.1.3 CPU Frequency

On both the Hikey 960, Hikey 970 board, there exists multiple CPU frequency and voltage

levels for the big cluster and the little cluster. To avoid the impact of DVFS(Dynamic

Voltage and Frequency Scaling) and ensure repeatable experiments, many research work set

the CPU to run at the highest frequency. For example, experiments conducted by Zhang

et al. set the CPU and GPU to run at the highest frequency to avoid the impact of DVFS

(Dynamic Voltage and Frequency Scaling) and to ensure repeatable experiments [76]. In [78],

they measure load time and energy consumption simultaneously on the Cortex-A9 processor
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So you want to find the optimal, redux
• OTS models are not always available in the format you want
– ONNX? PyTorch? TVM? TFLite? TensorRT?
– Conversion is a minefield!

• BERT (c. 2018!) operations are not uniformly supported
– Apache TVM: great* for multicore CPU; poor performance for GPU
– ARMCL: requires manual development of BERT components
– TFLite: BERT not supported for Mali GPU
– Everything is broken; pick your poison!
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So you want to find the optimal, redux
• Quantization varies by toolchain and hardware architecture
– TensorRT: INT8, FP16, FP32, but only for NVIDIA GPUs; poor accuracy
– ONNX: INT8, FP16, FP32 for CPUs; only FP16 and FP32 for GPUs
– TVM: quantization does not improve inference latency

• Documentation? What documentation?
– Yeah, there isn’t any, for either edge devices or software toolkits
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Want to learn more? Check out our papers!
• M. Abdelgawad et al., BERTPerf: Inference Latency Predictor for 

BERT on ARM big.LITTLE Multi-Core Processors, at SIPS’22

• H-Y. Chang et al., PipeBERT: High-throughput BERT Inference for 
ARM Big.LITTLE Multi-core Processors, in press for J. Signal 
Process. Syst.

• M. L. Kornelsen et al., Fast Heterogeneous Task Mapping for 
Reducing Edge DNN Latency, at ASAP’22
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Or, check out our posters!
• Hung-Yang Chang: NAS plus Pipeline for 

High Throughput Edge Inference BERT
• Negin Firouzian: Latency and Accuracy 

Predictors for Efficient BERT Hardware-aware NAS
• Murray Kornelsen: ARMCL BERT: Novel 

Quantizable BERT Implementation for ARM SoCs
• Lily Li: BERT Inference Energy Predictor for 

Efficient Hardware-aware NAS
• Dr. S. Hasan Mozafari
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