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Abstract

Convolutional Neural Networks (CNNs) have gained widespread adoption in various
domains due to their excellent performance in image and voice recognition tasks. How-
ever, executing CNNs on resource-constrained devices poses several challenges stemming
from their high complexity and size. Traditional approaches such as network compres-
sion or offloading to the cloud have serious limitations that hinder their effectiveness.
This research focuses on a different approach, namely CNN partitioning and execution
on multiple edge devices. The study explores the combination of Vertical and Horizontal
Partitioning strategies in a hybrid approach to leverage the advantages of both when
executing a CNN in a distributed fashion on resource-constrained edge devices. To this
end, we introduce a Design Space Exploration (DSE) process utilizing a Genetic Algo-
rithm (GA) and two distinct chromosomes, along with a specially developed analytical
model as the fitness function. Through the experimental results, the effectiveness of
the hybrid approach is proven along with the advantages of an advanced chromosome
which reduces the search space. Furthermore, the research showcases the usefulness of
the analytical model and explores the potential performance improvements achieved by
leveraging both CPUs and GPUs in hybrid partitioning mappings. Overall, this work con-
tributes to the advancement of CNN execution on resource-constrained devices, offering
a promising solution for achieving efficient distributed CNN inference on edge devices.
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1 Introduction

Convolutional Neural Networks (CNNs) have revolutionized various fields of artificial intelli-
gence, delivering exceptional performance in tasks like image and voice recognition and thus
have become ubiquitous. The execution of CNNs can be divided into two parts: training, where
parameters are learned from a training dataset, and inference, where input data is processed
through the network to produce an output based on the learned parameters. Due to the de-
manding nature of training, it is performed on powerful machines or clusters. Even though
the inference process is much less demanding, the increasing complexity of CNN architectures
poses significant challenges when it comes to their execution on resource-constrained devices.
In real-world scenarios, there are numerous use cases where executing CNNs on resource-
constrained devices becomes crucial. For instance, loT devices often have to perform inference
tasks, such as image recognition, where a resource-constrained controller needs to determine
the presence of a person in a security camera feed. Similarly, in automotive applications,
CNN inference sessions for navigation and object detection necessitate executing CNNs on
resource-constrained devices within a vehicle.

Several solutions have been investigated to address the challenges associated with CNN exe-
cution on resource-constrained devices. One approach is to perform model compression which
aims to reduce the complexity of the network through techniques such as network pruning or
knowledge distillation. However, the downside of such techniques is that they come at the cost
of accuracy loss and there is a tradeoff between the compression ratio and the accuracy loss.
Alternatively, a solution is to offload inference tasks to the cloud. Such an approach does not
suffer in terms of accuracy loss but comes at a cost of latency for transferring the data to and
from the cloud. In cases such as automotive applications, latency can become a prohibitive
factor. Furthermore, this approach also suffers from privacy issues and data restrictions, where
there are situations in which the data cannot be moved to a different geographical location.
Another common approach is the partitioning and execution of the CNN onto multiple devices
at the edge, thereby performing distributed CNN inference. This technique involves distributing
the network among several devices on the edge and performing inference by sending data to
each device. Since the edge devices are in close proximity to the data when compared to
the cloud, there are no prohibitive latency or privacy issues. As a result, CNN partitioning at
the edge offers a promising approach for executing inference on resource-constrained devices.
However, achieving optimal partitioning requires to consider multiple goals, including energy
consumption, memory usage, and inference latency. Different partitioning strategies exist, each
one with its own advantages and disadvantages. Each strategy's objective is to optimise some
or all of the goals, with varying success.

In this research project, the different strategies for CNN partitioning are introduced and studied
while focusing on the Vertical and Horizontal Partitioning strategies. Their advantages and
disadvantages are explored and the choice of combining the Vertical and Horizontal Partitioning
strategies into a Hybrid Partitioning is motivated. Such an approach aims to strengthen the
combined strategies while minimizing their limitations. To facilitate the evaluation and selection
of the generated CNN mappings based on this Hybrid Partitioning, an analytical model has been
developed to grade each mapping based on energy consumption per device, peak main memory
usage per device, and inference latency. A Design Space Exploration (DSE) process has been
implemented using the NSGA-II [1] genetic algorithm along with two types of chromosomes to
explore different mappings using the Hybrid Partitioning approach and search for the optimal
mappings. The project is based on the AutoDice [2] framework, which is used to partition the



CNNs and create the implementations of the mappings to run on real distributed systems.
The goal of this research project is to answer the following research questions:

e Does the Hybrid Partitioning offer benefits over other partitioning strategies and does it
improve upon the Vertical partitioning strategy which has shown great potential?

e Is a naive chromosome able to provide optimal mappings in a reasonable amount of
generations using a genetic algorithm? If not, can a suitable chromosome be developed
for such a hybrid partitioning strategy?

e Does the Hybrid Partitioning benefit from the use of both CPUs and GPUs in edge
devices and is it possible to find optimal mappings when using both?

e Is the development of an accurate enough analytical model possible that can be used
during the DSE?

Through the conducted experiments, it is shown that the Hybrid Partitioning strategy has the
potential to outperform other strategies, such as the Vertical Partitioning in some aspects.
Furthermore, the performance of each developed chromosome is intensely analyzed and the
superiority of the advanced chromosome is highlighted. The accuracy of the analytical model
is also showcased focusing on its usefulness for the DSE process. Additionally, the benefits
of utilizing both CPUs and GPUs in the hybrid partitioning approach have been investigated,
aiming to identify optimal mappings that leverage the capabilities of both processing units
within edge devices.

The remainder of this thesis is organized as follows: Section [2| presents the necessary back-
ground information. Section (3| explores some related work and research in this area. Section
describes the methodology employed in this project to answer the research questions for-
mulated above. Section [5| explains the experimental setup and presents the results. Finally,
Section [g] provides a discussion on the findings and avenues for future research.



2 Background

In this section, the foundational knowledge required for this master's thesis will be established,
providing the necessary background on the key topics that form the basis of our project. The
section begins by discussing the concept of edge computing and presenting its significance and
applications. Next, it dives into the inner workings of convolutional neural networks (CNNs),
their architecture and functionality. The subsequent subsection focuses on the various parti-
tioning strategies available for CNNs, thereby examining how they enable efficient utilization
of resources and improved performance. Finally, genetic algorithms are explained and NSGA-II
is introduced, which is the specific genetic algorithm employed in this project.

2.1 Edge Computing

Edge computing emerged in the 1990s from Content Delivery Networks (CDNs) that wanted
to accelerate performance by using techniques such as prefetching and caching content close
to the user [3]. By placing nodes at the edge of the network, closer to users than centralized
data centres, CDNs could achieve reduced end-to-end latency and improved bandwidth, both
of which are crucial for various applications.

The edge is comprised of a diverse range of devices including network infrastructure, cloudlets
and micro-datacenters that collectively form a heterogeneous environment. In this environment,
end devices transmit data for processing, while the actual computation takes place on edge
devices, as can be seen in Figure[l]

Research on the subject has bloomed, showing different types of use cases for such nodes that
are in close proximity to the end user and the many benefits of the paradigm. These use cases
include speech recognition and image recognition. Many people argue [4],[5], that nowadays
devices that used to only be consumers have become also producers, pushing more and more
data to the cloud. Devices like smartphones are one good example, that upload photos and
videos to social media. This requires massive amounts of network bandwidth and is a case
where edge computing can remove some strain off the network, by first applying compression
before uploading content to the cloud. This also gives higher availability by avoiding the cloud,
which may be unreachable due to network outages. Moreover, edge computing facilitates the
enforcement of privacy policies and restrictions related to data privacy by eliminating the need
to transfer data to the cloud. This ensures that data can remain within specific regions or even
countries, thus avoiding data leakages and helping to comply with regulations.

All of the aforementioned reasons highlight the advantages of leveraging the edge for offloading
CNN inference to resource-constrained devices at the edge. Given the abundance of devices
situated at the edge with varying capabilities, partitioning CNNs and executing the inference
on these devices presents several benefits that were outlined above.
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Figure 1: A simple visualization of edge computing showcasing 3 different types of end
devices, smartphones, IoT applications and cars, communicating with edge devices to
execute computation.

2.2 Convolutional Neural Networks

Convolutional Neural Networks (CNNs) have emerged as a powerful form of deep learning
models with multiple use cases, most notably image and pattern recognition, and they can
even be used in speech recognition. The basic architecture of CNNs consists mainly of 3 types
of layers:

e Convolutional Layers
e Pooling Layers
e Fully-Connected Layers

Convolutional layers are responsible for creating feature maps. They are made up of weights
and bias and they perform a weighted sum operation on local patches of the input data. The
resulting sum is then passed through a non-linear activation function, commonly the Rectified
Linear Unit (ReLU). The convolutional layer, as described in [6], is organized in feature maps
and each unit in a feature map is connected to local patches in the feature maps of the
preceding layers through the weights. This design is based on the understanding that images
exhibit spatially correlated local values, and features within an image can appear multiple
times at different locations. By connecting each unit to local patches, the convolutional layer
becomes capable of detecting conjunctions or combinations of features.

The second type of layer, the Pooling layer, takes a feature map as input which the layer divides
into regions and computes a summary statistic on the regions. Such can be, for example, the
Max Pool where it selects the largest item in the selected region. The benefit of this layer is the
reduction in dimensionality of the processed data by lowering the spatial complexity which in
turn lowers computation and memory requirements. In addition, the Pooling layers help CNNs
to capture abstract features and make them more robust to distortions of the input.
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Figure 2: This diagram is taken from the original paper presenting AlexNet [§]. It shows
the sequence of layers that are split between two GPUs for training.

Typically, the CNN models are composed of a sequence of stacked convolutional and pooling
layers. As explained in [7], the initial convolutional layers focus on detecting low-level features
that are used by the subsequent layers together in order to obtain higher-level abstract features.
Lastly, Fully Connected (FC) layers are usually situated at the end of the network, after the
series of convolutional and pooling layers. These FC layers enable classification and regression
tasks by connecting every neuron of the previous layer to the current one which aggregates
the information from the spatially localized features for decision-making.

In Figure 2] we can see the topology structure of one of the most influential CNNs, AlexNet,
as it was presented in the original paper [8]. Figure presents the stack of Convolutional layers
and Pooling layers which is followed by a series of three fully connected layers.

2.3 CNN as a Computational Model

In this thesis, CNNs are treated as direct acyclic graphs (L, E) following the same notation
as in [9], where L is the set of layers that are treated as nodes of the graph and E is the set
of edges that are the connections between the layers in the CNN. Every layer in the graph,
[; € L, receives input data X; and produces output data Y; by executing an operation op;
on X;. Depending on the type of layer [;, which is characterized by op;, layers have different
attributes. The characteristics of the Convolutional Layer and the Fully Connected layer are
introduced because their notation is required to explain how these layers are split using the
Hybrid Partition explored in this thesis.

Convolutional layers execute op; = convolution. They have a sliding window which is the
Weights ©; along with a stride s; to go over the input tensor X;. Furthermore, the areas
which are covered by ©; can overlap and the X; tensor can be extended or cropped using
padding pad; in cases where ©; cannot cover the whole X; properly. A bias tensor can be
defined as b;, which is present in some Convolutional Layers and is added while sliding over
X; to form a weighted sum. The tensors of the Convolutional layer have the format [H, W, C]
where H is the height of the tensor, W is the width, and C is the number of output channels.
Therefore, the complete notation for a Convolutional layer is:
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Bias tensor b;: b; *' where C? is the same as the N°

Padding pad;

Operation op;: op; = Convolution

On the other hand, Fully Connected (FC) layers execute op; = matriz multiplication. They
take an input tensor X; which is multiplied by their weight tensor ©; and a bias term is added
from their b; tensor to produce an output tensor Y;. The notation for the Fully Connected
layer is:

L vIHE X . .
o Input tensor X;: X, * ", where H* is the height of the input tensor

Y
e Qutput tensor Y;: Y;[Hi ’1], where HY is the height of the output tensor
- . Ve.CcPl o - : G
e Weight tensor ©;: ©; where N;? is the number of hidden units (neurons) and C;
is the number of output units

. 0P b o)
e Bias tensor b;: b, where C7 is the same as C;

2.4 CNN Partitioning

CNN partitioning involves dividing a CNN model into smaller sub-networks/partitions. This
process is driven by the need to deploy the CNN model on distributed environments or resource-
constrained devices to execute the inference process. The aim of the CNN partitioning process
is the optimization of energy consumption and memory usage of devices as well as the reduction
of the CNN inference latency.

Reflecting on the fact that modern CNNs can consist of tens or even hundreds of layers, it
may be challenging to execute a CNN on memory-limited devices. Partitioning the CNN on
multiple devices reduces the memory consumption on each device, thereby allowing memory-
limited devices to cooperate in the inference process.

Another crucial aspect to consider is the energy consumption. Many scenarios exist where the
device executing the inference is battery-powered, meaning that the energy budget is limited.
Therefore minimizing the energy consumption is essential. When partitioning the CNN model
onto multiple devices, we distribute the workload. This means that each device will require
less power to execute the inference.

Finally, situations exist where executing the inference on a single device results in prohibitively
high inference time. By efficiently partitioning the CNN model, a significant speedup can be
achieved through pipelining and parallelization.

The following subsections provide an overview of the four primary approaches to CNN parti-
tioning. Every approach handles the partitioning in a different way, thereby providing different
advantages.
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Figure 3: The diagram shows how the data partitioning strategy works with two partitions,
using a network with 6 layers. It splits the input into two partitions, each processing it
independently.

2.4.1 Data Partitioning

The majority of the computation in a CNN is typically found within the Convolutional or
Fully Connected Layers. These layers involve multiplying the input data with the corresponding
weights to generate the output. This partitioning strategy takes this into account and splits the
input data into chunks rather than the model. Each partition contains all the layers of the CNN
with their respective weights, allowing for parallelization of the intensive computation parts.
However, this approach introduces dependencies between the layers, requiring synchronized
communication to transfer input data across the layers. These dependencies mean that the
input of one layer depends on the output of a preceding layer. In addition, it is not suitable
for use when the devices are memory limited and cannot fit the whole CNN. The approach is
presented in Figure 3] with a network of 6 layers and two partitions. Each partition takes part
of the input which is processed independently and produces 1 output.

2.4.2 Sequential Partitioning

When partitioning CNNs, two very important aspects that need to be taken into account are
the required communication between partitions and memory utilisation. Taking this into con-
sideration leads us to the sequential partitioning strategy, which aims to maintain consecutive
layers within the same partition rather than dividing layer weights or the input. This technique
ensures that communication is only required between layers residing on separate partitions,
thereby minimizing the overall communication overhead. Additionally, this strategy guarantees
that all the required data for a partition, except the initial input of that partition, reside in
memory. While this policy does not achieve significant parallelization, it proves useful in sce-
narios where the devices of a distributed system are memory bound because the network is
divided into multiple chunks, thereby lowering the overall required memory on a single parti-
tion. Figure [4] presents an example of this strategy using a 6 layer CNN model split into two
partitions. Partition P1 takes the first three consecutive layers and P2 takes the last three
layers.

2.4.3 Horizontal Partitioning

Horizontal Partitioning offers an alternative approach to CNN partitioning, which goes in
contrast to the Data Partitioning strategy introduced in Section [2.4.1] While Data Partitioning
divides the input data, the Horizontal Partitioning strategy focuses on dividing the layers
themselves, specifically the Convolutional and Fully Connected layers, while keeping the input
to the layers as a whole. The objective is to create multiple partitions, each containing all the
layers but with a reduced size of the two types of splittable layers (Convolutional and Fully
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Figure 4: The diagram shows the sequential partitioning strategy with two partitions,
using a network with 6 layers. In this example, the first three consecutive layers are
given to the first partition while the next three consecutive layers are given to the second
partition.

Input | === oo Cutput

Figure 5: The above diagram presents a CNN with 6 layers and two partitions. Each layer
is divided and a piece is given to the corresponding partition.

Connected layers). As a result, the memory requirements for each partition are reduced as the
partitions store only a portion of the weights of the splittable layers. Moreover, the bulk of
the computation is parallelized, as multiple devices collaborate to generate the output. On the
other hand, this strategy introduces overhead in the form of synchronized data communication
where partitioned layers exist. This is because their outputs need to be concatenated to form
the correct result before passing it on as input to the next layer. The strategy is presented with
an example in Figure [5 where a CNN with 6 layers is divided into two partitions by splitting
its layers.

2.4.4 Vertical Partitioning

Vertical Partitioning, similar to the Sequential Partitioning introduced in Section 2.4.2] does
not involve splitting of the input or layers into chunks. Instead, it focuses on partitioning the
network itself as a whole. However, unlike Sequential Partitioning, it does not aim to keep
consecutive layers together within each partition. Each partition contains a subset of layers
that are not necessarily consecutive and the input and layer weights are kept untouched. By
distributing the CNN model across partitions, each device only needs to store a subset of the
layers, resulting in reduced memory usage. In addition, this technique can benefit from reduced
data exchange between devices, further optimizing the memory utilization. Furthermore, de-
pending on the specific scenario and CNN network, a small speedup can be achieved through
task parallelization and pipelining. An example of the strategy is presented in Figure [6] which
shows a 6-layer CNN partitioned into two devices. Notice that layers on the partitions are not
necessarily consecutive, for example, P2 executes L1, L4 and L5 and P1 executes L2, L3 and
Lé.
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Figure 6: A 6-layer CNN network which is partitioned using Vertical Partitioning between
two devices.

2.5 Genetic Algorithms

Genetic Algorithms draw inspiration from the principles of biological evolution. In this theory,
individuals placed in a resource-limited environment compete, adapt, and reproduce, resulting
in the selection of the fittest individuals to define the next generation’s population. Similarly,
genetic algorithms are employed to address a wide variety of problems within a similar context.
Based on [10], the basics of Genetic Algorithms (GA) can be defined. First, a population
is initialised randomly, consisting of individuals that compete for limited resources. Through
natural selection, only the fittest individuals survive and progress. These individuals represent
solutions to the problem at hand, defined in a format that can be manipulated by computers.
They are often referred to as genotypes or chromosomes, encoding the actual characteristics or
phenotypes. It is important to note that the population in most cases is kept constant, which
emulates the limited resources. An evaluation function is used in order to define the quality
of the individuals. To advance the population, two selection operators are employed. The first
operator is called Parent Selection Operator and it is responsible for the parent selection which
creates children for the next generation. The higher the quality of the individuals, the higher
the chance of selection as a parent. The second operator is the Survivor Selection Mechanism,
applied after the parent selection and creation of offspring, based on the quality of the individual
decides the survival to the next generation. To introduce variation and promote adaptation,
two variation operators are utilized. The mutation operator is applied to a single individual
and creates a new child called a mutant which depends on random choices made on that
individual's genotype. The second operator, called recombination or crossover, involves two
individuals whose information is randomly selected and merged to create one or two children.

2.5.1 NSGA-II

The Non-dominated Sorting Genetic Algorithm 2 (NSGA-II) [1], is an extension of NSGA [11]
designed for solving multi-objective optimization problems, that involve multiple objectives to
be optimized simultaneously. Each solution in the problem is assigned fitness values for each
objective. Dominance is a key concept in NSGA-II, and is defined as follows: a solution is
considered dominant if it has at least the same or higher scores for all objectives, and for at
least one objective higher score compared to another solution. A solution is non-dominated if
no other solution exists which satisfies the above definition, therefore the solution cannot be
improved in any aspect without compromising another. The set of all non-dominated solutions
is referred to as the Pareto front.

In NSGA-II offspring is created from the current population, followed by the non-dominant
sorting process which organizes individuals into different fronts based on their level of non-
domination. Equation [2.1] presents the decision process that chooses which individuals proceed
to the next generation. The algorithm first advances individuals in ascending order of non-
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The equation describing the partial rank <,, for the advancements of individuals to the
next generation in NSGA-II as presented in [I]. Denoted as rank is the non-dominant
rank and distance is the crowding distance of the individual.

domination rank. However, since the size of the population is N, if a front cannot advance
all individuals, a crowding distance measure is used to select the individuals that will advance,
ensuring diversity in the population. This measure is an approximation of how closely solutions
are located to each other and is determined by calculating the average distance between pairs
of points on both sides across each objective. For each objective, individuals are sorted based
on their fitness values, and the minimum and maximum individuals are assigned an infinite
distance, while the others are assigned the absolute normalized difference of the objective
values of the left and right individuals. The final distance of a solution is calculated as the sum
of the distances of each objective. Individuals are selected to advance in descending order of
their distance until the total population size reaches N at which point the algorithm proceeds
to the next generation. NSGA-Il combines non-dominated sorting, crowding distance, and
selection based on dominance to efficiently identify a diverse set of non-dominated solutions
for multi-objective optimization problems. Furthermore, it is versatile allowing it to be applied
to a wide range of problems and it has been extensively studied and tested throughout the
years proving its effectiveness.

2.6 AutoDice

This thesis is based on the AutoDice framework [2] which facilitates automated CNN parti-
tioning into multiple sub-models along with the code generation, packaged for collaborative
inference execution on edge devices. Furthermore, the framework goes beyond basic code gen-
eration for the devices and leverages OpenMP [12] and MPI [13] directives in order to take
advantage of parallelism opportunities while supporting GPU acceleration by implementing
VULKAN [14] and CUDA [15] APIs.

To utilize the framework, four input specifications are needed. First of all, a trained CNN
model to be partitioned needs to be provided in the ONNX [I6] format. Secondly, a Platform
Specification file in .txt format should be provided, which includes a list of all available devices.
Finally, a Mapping Specification composed of two .json files has to be provided. The first
mapping file consists of key-value pairs with the device as the key and a list of layers as
the value, indicating which layers each device will execute. If a layer is present on more than
one device, the layer is horizontally partitioned and the second file, horizontal.json, needs
to be provided. In the horizontal.json file, the keys represent the names of the layers to be
horizontally partitioned and the values are lists containing the type of horizontal partition,
split points, and the devices to be used. Based on the aforementioned input specifications, the
framework will partition the provided CNN model into multiple CNN models, one for every
device that is present in the mapping files. Next, the system generates a MPI-rankfile, which is
used to map the previously generated models onto devices and processing units. Additionally,
it creates the sender.json and receiver.json files, which define the communication interactions
between processes. The sender.json file contains key-value pairs indicating that for instance,
process X needs to send the data of buffer B to process Y. The receiver.json contains the
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corresponding key-value pairs indicating which process waits for what input and from where.
In the end, the framework generates the necessary code for CNN inference on edge devices. It
produces a single .cpp file containing separate blocks of code belonging to each process. The
code is subsequently compiled and packaged with the MPI-rankfile and sub-models, ready to
be distributed to each device.

As one can see, the framework hides the total complexity of the process for generating all
the required code for distributed CNN execution. Furthermore, it manages all dependencies,
compilation, and it supports a wide range of CNN partitioning techniques. These qualities make
it an excellent choice for this project, as it simplifies the actual implementation process and
allows for fast testing of mappings on the real distributed systems. Last but not least, the code
generated by AutoDice offers state-of-the-art inference performance by not only leveraging the
capabilities of various APIs, including OpenMP [12], MPI [13], CUDA [15], and VULKAN [14]
but also by incorporating platform-specific implementations of layer operations that further
enhance the efficiency and effectiveness of the generated code.
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3 Related Work

This section reviews some of the prior research related to CNN partitioning. CNN partitioning
has received significant attention, with researchers developing new methods and techniques.
However, this project stands out by addressing all three crucial design objectives: energy con-
sumption per device, main memory usage per device, and inference latency. Additionally, while
most existing projects rely on a single partitioning technique, our developed method combines
two techniques in a new hybrid to take advantage of the benefits of both.

The work in [9] is an in-depth investigation of the four basic partitioning strategies we men-
tioned before in Section [2.4] The study focuses on the energy consumption effects of the
strategies and provides useful analytical models for each technique to model the consumed en-
ergy along with computation and communication. In contrast, our project explores the effects
of a hybrid partitioning strategy. Furthermore, it not only investigates the energy consumption
but also the performance and memory consumption, while providing two different chromosomes
for Design Space Exploration(DSE) and testing them on a wide range of cases.

In [17], the authors introduce the vertical partitioning strategy and primarily explore its poten-
tial for reducing the memory consumption per device and improving inference performance.
Their goal is to evenly distribute the memory usage on the devices while we are focused on im-
proving the aformentioned three different objectives. While our work uses the well-established
NSGA-II along with a naive and an advanced chromosome, [17] uses a naive chromosome with
a simple custom GA. Lastly, the main difference of our work is that it advances the proposed
approach in [17] by combining it with Horizontal Partitioning.

The related work in [18] introduces a 2-stage DSE method with NSGA-II, first utilizing an
analytical model as the fitness function, followed by evaluations on real devices at the second
stage. Similarly to this thesis, [18] introduces a novel chromosome to explore mappings, al-
though it can handle only the Vertical Partitioning strategy. In addition, [18] uses the AutoDice
framework which is also used in our work, but the experiments are mainly focused on the DSE
strategy using only ResNet. In our case, we use a single-stage DSE for our experiments but
evaluate our approach on three different CNN models, utilizing both a novel advanced and a
naive chromosome in the genetic algorithm.

The Data Partitioning strategy is explored in [19] which proposes a new technique for data
partitioning called fused tile partitioning. This technique splits the input of convolutional layers
on edge devices in such a way which minimizes the communication between them. In the
strategy, a stack of convolutional and pool layers is parallelized which not only optimizes the
latency but also the communication time and memory requirements. On the other hand, [19] is
only focused on splitting the first few layers while we split the whole CNN model. Furthermore,
the approach in [19] also requires a powerful gateway device which executes the merging of
the intermediate data after the partitioned layers as well as the rest of the layers.

The papers [20] and [21] propose techniques that use the horizontal partitioning strategy.
[20] uses mobile devices connected via WiFi Direct. The authors propose a framework using
map-reduce for parallelization, where multiple workers handle specific parts of the layer input
channels while a master device handles the merging. The paper focuses mainly on partitioning
Convolutional Layers and Sparse Fully Connected layers. In contrast, our hybrid partitioning
approach is not focused on specific layers and most importantly, it does not rely on a master
node. Furthermore, while [20] only experiments with VGG, we also experiment on AlexNet and
DenseNet. Last but not least, [20] is not concerned with the energy efficiency of the solutions.
[21] is a framework for CPU-GPU co-execution which uses horizontal partitioning. The authors

12



conduct an in-depth analysis of other available solutions and identify their bottlenecks. Two
very important and relevant bottlenecks to our work are the overhead for data sharing along
with uneven partitioning of the workload caused by inaccurate models. Furthermore, [21]
explains that splitting a layer horizontally using the height dimension gives the benefit of the
partitions requiring fewer data because they do not use the whole feature map, while splitting
the Output Channel dimension gives better resource utilization. The framework in [21] uses
horizontal partitioning along with chains meaning that a partition does not contain a single
layer but a series of partitioned layers whose result is merged later. In contrast, our work
does not employ such chains but uses horizontal partitioning on the output channel along
with vertical partitioning. [21] is focused on CPU-GPU co-execution in order to lower the
overall inference latency while our thesis is focused on partitioning CNN models and executing
inference on multiple edge devices to not only lower inference latency but also the per-device
energy consumption and main memory usage.

Finally, the papers [22] and [23] propose hybrid techniques for partitioning as in our thesis. [22]
is an extension of [19] which takes advantage of both layer input partitioning (LIP) and layer
output partitioning (LOP) that both belong to the Horizontal Partitioning strategy. This hybrid
approach can split two consecutive layers without the need to merge because the first layer can
be split using LOP and the second using LIP. Unlike [19], it also supports the partitioning of
Fully Connected layers. [22] lacks in-depth experimental evaluation though. It only experiments
with YOLOV2 using emulated devices. As opposed to our approach, it also requires a device
that will collect the results from the first layers in order to re-distribute them later. On the
other hand, [23] proposes and implements a new inference framework which uses dynamic
scheduling. It combines Data Partitioning with Sequential Partitioning in order to minimize
the data dependencies from one layer to the next. Unlike our method, it uses a master-worker
approach, requires user input to decide the number of partitions, and is not concerned with
energy efficiency.
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4 Methodology

In this section, the methodology used in this research project is introduced. First, it dives
into the Hybrid Partitioning strategy, providing an overview of its design and function, and
discussing the considerations that guided its development. Next, it explains how NSGA-II is
utilized for Design Space Exploration (DSE) along with the two types of developed chromo-
somes, examining their respective strengths and limitations. Finally, we delve into our analytical
model which is a crucial part of the DSE process.

4.1 Hybrid Partitioning

In this research project, a novel hybrid partitioning approach has been developed that combines
two prominent strategies mentioned in Section [2.4] The motivation behind this combination is
to leverage the strengths of both strategies while mitigating the inherent limitations present in
each strategy when employed in isolation. By combining two main partitioning strategies, this
work aims to create a more comprehensive and robust partitioning scheme which can effectively
address the challenges of energy consumption, memory utilization, and latency associated with
CNN inference at the edge.

Based on the four different main strategies introduced in Section [2.4] there exists a multitude
of potential combinations that could have been used to formulate a hybrid partitioning strategy.
For this research, the Horizontal Partitioning using Layer Output Partitioning and the Vertical
Partitioning strategies have been chosen. Although at first, this choice may seem arbitrary, it
is made after careful consideration of the different strategies and an elimination process which
involves assessing their characteristics and limitations.

When considering the Data Partitioning Strategy, it becomes evident that one of its notable
advantages lies in its potential for parallelization. By dividing the data among multiple devices,
this strategy processes the input in parallel which can also contribute to potential energy savings
because the total time spent computing on each device is reduced. However, it is important
to note that it does not provide any benefits in terms of reducing memory usage as it requires
the undivided weights to be present on each device. Another drawback of the strategy is
the introduction of high communication overhead. Due to the need for synchronization and
merging of results from each device, significant communication and computational overhead
is introduced. The process of splitting the data and distributing it to each device adds further
complexity and communication requirements.

The Sequential Partitioning Strategy offers a different approach compared to the Data Par-
titioning Strategy, particularly in terms of communication and memory requirements. This
strategy reduces the overall communication overhead by only necessitating data sharing when
transitioning between devices, and reduces memory requirements per device depending on the
number of partitions that are created. This presents an important trade-off because creating a
high number of partitions lowers the memory usage per device but increases the communication
overhead and vice versa. Additionally, it is important to state that the amount of parallelization
exploited when using this technique is very limited, except for potential pipelining benefits.
The Vertical Partitioning Strategy offers distinct advantages over the Sequential Partitioning
strategy. While both strategies aim to divide the network into sub-graphs, vertical partitioning
provides greater flexibility and a wider range of benefits. One key advantage of the Vertical
Partitioning strategy is its flexibility in dividing the network into non-consecutive parts. This
provides greater granularity in terms of possible mappings since it does not have the strict re-
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quirement of consecutive layers within a partition. By identifying layers that can be executed in
parallel or through pipelining, vertical partitioning can effectively exploit parallelization oppor-
tunities and optimize overall performance. Furthermore, due to its flexibility, it can distribute
the workload and memory requirements evenly among the partitions.

When examining the Horizontal Partitioning Strategy, we face four possible options for splitting
a layer's weight tensor. As the weights of a convolutional layer [; € L are represented by
@EN?’H’Q’W’Q’C?}, we have the flexibility to choose the dimension along which we want to
perform the split, each one with its own opportunities and drawbacks. This can be better
visualized when looking at Figure [7a] which illustrates all the dimensions of the weight tensor
of a convolutional layer along with the output. On the left side of the figure, we see the weight
tensor, which is comprised of the kernels grouped into input channels. Every group in the
weight tensor will create an output channel, which is shown on the right side of the figure
visualizing the output tensor Y;. First, considering partitioning by height (H?) involves dividing
the tensor into multiple parts while keeping the input channels, width, and output channels
intact. Each device would receive a portion of the tensor and compute the corresponding
segment of the feature map. However, this technique introduces complexity due to the nature
of the convolution operation. In order for every device to compute its share of the feature map,
intermediate data are required to be sent between the different partitions, thereby introducing
synchronization and communication overhead. After finishing each part of the feature map,
each device again needs to send the results back in order to merge and create the complete
result. The same characteristics apply to partitioning on the width dimension (W) as well.
Next, consider the Layer Input Partitioning (LIP) technique, which involves splitting the weight
tensor based on its input channels (C®). By partitioning the input channels, each device re-
ceives a portion of the weight tensor, while maintaining the total height, width, and output
channels for all partitions. This partitioning does not require any intermediate data to be trans-
ferred because the segments that each device will be computing are independent. However,
it introduces communication and complexity because the input needs to be divided appropri-
ately for each device to compute its section. Once the result is available, it again needs to be
transferred back for merging.

The last Horizontal partitioning option is the Layer Output Partitioning (LOP) which involves
splitting the output channels (N?) among different devices while preserving the input channels,
height, and width. Figure[7b|shows a convolutional layer's weight tensor split Horizontally with
LOP into two partitions. Similar to LIP, this technique does not introduce any intermediate
results that require synchronized communication and only requires the result of each device to
be communicated back but this time for concatenation. Furthermore, this approach does not
require partitioning of the input, as each device operates on the complete input. Consequently,
LOP simplifies the partitioning process and reduces the communication overhead compared to
the other horizontal partitioning techniques mentioned above.

Now, after the aforementioned analysis of all basic partitioning strategies, the process of elim-
inating strategies can begin. The first strategy to be eliminated is Data Partitioning because it
only offers parallelization but introduces high communication overhead and no improvements
in memory consumption. Next, the Sequential Partitioning strategy is disqualified in favour of
the Vertical Partitioning which offers higher flexibility and a wider range of advantages. There-
fore, two basic strategies are left, namely Vertical Partitioning and Horizontal Partitioning.
Using the same process of elimination, the choice of the type of Horizontal partitioning can
be made. Weight tensor partitioning on the height/width dimension can be easily eliminated
because it requires high communication overheads. A closer look needs to be taken into the
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aspects of LIP and LOP in order to make a choice between them. It is clear that both types of
horizontal partitioning require an equal amount of computation on each device to generate the
result. This is because they do not modify any of the required operations in the convolution
operation because the height and width will be the same. Splitting the channels in both cases
only lowers the amount of convolutions that need to be computed on each device. The same
goes for the memory consumption. Since both techniques split channels, we can create map-
pings with both that require the same memory for every device. Their crucial difference lies in
the communication overhead. Equations describe the required data communication in
both LOP and LIP techniques, assuming that the device which sends the input and receives
the output back for merging or concatenation is different from the ones which execute the
convolution. Equations and give the input and output data size respectively, assuming
a 4-byte float for every number in the input/output tensors. Looking at Equation for the
communication required in LOP, we see that we need to send the total bytes for the input N
times, where N is the number of partitions created for the layer. The second part of the equa-
tion gives us the output size communication overhead. Since each device computes (O.S/N)*4
bytes, the total communication will be equal to the total output size. Equation shows the
communication for LIP. Since each device needs to receive (1.S/N) x4 bytes for input the total
data transferred will be equal to the total input size. The output data size communication
overhead is equal to the output data size multiplied by the number of devices that execute
the convolution because each device will take part of the input channels but will produce the
normal output tensor that needs to be merged. Equations and are very similar, each
one having an opposite part multiplied by N. If we examine closely some of the convolution
operations that usually take place, the number of output channels is much greater than the
number of input channels, especially in the early stages of the CNN models. Therefore, the
total communication for LOP will be lower than for LIP.

InputSize : IS = (H* + WX  C*) x 4 (4.1)
OutputSize : OS = (H * W} «C)) x4 (4.2)
Comm™" = 1S x N+ 08 (4.3)
Comm™P = 1S+ 0S8 * N (4.4)

Based on the analysis provided above, our choice of combining the Vertical Partitioning with the
Horizontal Partitioning using the LOP technique is motivated and justified. Both the Vertical
Partitioning and Horizontal Partitioning strategies outperform the Data Partitioning and the
Sequential Partitioning, making them the more favourable options. Among the Horizontal
Partitioning techniques, LOP and LIP are better when compared to Height/Width weight
partitioning. The decision to choose LOP over LIP is motivated by the slightly lower data
communication overhead. Combining these two strategies provides several advantages. Firstly,
the memory requirement per device can be evenly distributed thanks to both strategies. Vertical
Partitioning gives us the ability to exploit pipelining and low communication overhead while
distributing the computation load required for layers that cannot be partitioned with Horizontal
Partitioning (layers which do not use weights, e.g Pooling or LRN). Secondly, our choice of
Horizontal Partitioning further lowers the memory requirements, latency, and communication
overhead while exploiting parallelization of the most computationally demanding layers. Figure
illustrates the result of our Hybrid Partitioning of the first four layers of AlexNet into two
partitions. It shows that the first convolution layer is split into two parts, the results of which
are concatenated on Node 2 which also executes the Relu layer. Then, Node 1 continues the
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(c) Hybrid Partitioning: Horizontal & Vertical

Figure 7: Figure shows the anatomy of a convolutional layer’s weight tensor with
notation. Figure [7b] shows how horizontal partitioning LOP splits the weights of a con-
volutional layer. Figure [7c| gives a small example of the first four layers of AlexNet when
partitioned with our Hybrid Partitioning approach.

inference by executing the LRN and Max Pool layers. The horizontally partitioned convolutional
layer is similar to the example in Figure [7h]

Lower overall main memory usage is expected to be achieved when compared to other tech-
niques by employing this hybrid approach. Additionally, we foresee that the inference latency
will be reduced due to the lower communication overhead and increased parallelization. Finally,
due to the anticipated lower latency and the even distribution of memory and computation on
the devices, lower energy consumption is expected to be observed on each device.
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4.2 NSGA-II based DSE

The DSE methodology used in the project, which exploits NSGA-II to find optimal CNN map-
pings based on the Hybrid Partitioning, is introduced. Our methodology takes a CNN in Direct
Acyclic Graph (DAG) format with (L, E) and partitions it into a maximum of n sub-graphs,
where n is equal to the number of devices, n = | Devices|, Devices = {devicey, - - - , device, }.
A specific Convolutional or Fully Connected layer can exist in multiple sub-graphs. The amount
of sub-graphs that the layer is present determines the amount of LOP splits that will be made
on the layer's weights. A partitioning is denoted as ¥ = {¥L,,--- ,*L,} where k <= n, each
*[L;€* L contains a subset of the layers in L. Multiple subsets can contain the same layer at the
same time such that *L = L, U*Ly U ---U*Ly, o = *L, N *L, iff zeL and op, =’
Convolution’ or op, =' FullyConnected', where *L,e*L *L.*L. The following exam-
ple should make the notation clear: We have a CNN with 5 layers, of which the first is
a Convolution and the last is Fully Connected, L = {li,ls,13,14,l5}. If we have four de-
vices then Devices = {devicey, devices, devices, device,}. A valid CNN mapping could be:
3L = {3L1,3L2,3L3} and 3L1 = {ll, lQ, lg}, 3L2 = {ll,l4,l5}, 3L3 = {l5} which is presented
in Table[I] Therefore, this particular mapping gives Device; the first three layers as shown in
the second column, Deuvices the first layer, fourth and fifth, shown in the third column, and
Devices only gets the last layer in column 4. This means that the first layer will be horizontally
partitioned between Device; and Devices while the last layer is horizontally partitioned be-
tween Devices and Devices. In addition, Devicey does not run any layers which is the reason
that column 5 in Table [I/is empty, meaning that it is not used in this particular mapping.

Table 1: Example hybrid mapping of a CNN with five layers on four devices.

Devices | Dewvice; | Devicey | Devices | Devicey
Mapping | l1,l2,l3 l1,l4,l5 s

In our project, two distinct methods to perform the Design Space Exploration (DSE) are
developed. The first method utilizes a naive chromosome which is not highly efficient as it
does not exclude any possible inefficient mappings from the Design Space. For this reason, we
have developed a more advanced chromosome which limits the search space in an attempt to
find optimal solutions faster. Both of these chromosomes are used in combination with NSGA-
Il which uses our custom analytical model as a fitness function and will be presented in Section
[4.3] Using NSGA-II, our goal is to minimize three conflicting objectives: energy consumption
per device, peak main memory usage per device, and the latency of CNN inference. It is
important to note here, that the chromosomes that will be presented do not select where
the Concat operation will be placed for the concatenation of the results after a horizontal
split. AutoDice handles the placement of the Concat operation and attaches it to the device
which will execute the next layer. If the layer being partitioned is the last, then the device
executing the previous layer will perform the Concat operation. This is done in order to further
minimize the communication between devices. Each design point (mapping) is evaluated using
the analytical model and the result is returned back to the GA in order to determine the
mutations, parents to generate offspring, and the next generation until the search converges.

4.2.1 Naive Chromosome

Our initial approach to devise a chromosome involved developing a naive encoding method
that could potentially capture and explore the entire Design Space. Such a naive encoding is
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also used in [17], where a simple chromosome is introduced that is able to encode a vertically
partitioned CNN without excluding any possible partitioning solution during the exploration.
In our case, the development of a way in which the chromosome could also encode Hori-
zontal Partitioning of a Convolutional Layer or Fully Connected layer, in addition to Vertical
Partitioning of layers onto devices, is needed.

Our simplest solution is to statically decide how many horizontal splits are allowed at each
splittable layer, say z splits. When considering the Vertical Partitioning in its simplest form,
the most naive chromosome has one position for every layer of the CNN model and the value
of each position in the chromosome is the device which is assigned to execute the layer. The
positions of the chromosome follow the same order as the layers of the CNN model, meaning
that the indices of the chromosome correspond to the indices of the CNN layers. Thus, adapting
this approach to support the combination of Vertical Partitioning along with = Horizontal splits
on Convolutional and Fully Connected layers, yields a chromosome which has x positions for
every splittable layer and one position for every non-splittable layer. Consequently, if + = 4
and a CNN has 3 splittable layers and 4 non-splittable layers, the chromosome's length would
be 16. Rather than the user deciding the number of allowed splits, the solution was abandoned
in favour of giving every splittable layer n positions, where n = |Devices|. This way, the GA
is allowed to decide the number of splits at each splittable layer. If the GA assigns a different
device for all n positions of a particular splittable layer, then that layer is split Horizontally
n times. The GA can decide to split a specific splittable layer less than n times by assigning
a device multiple times in the n positions of the layer. Using this approach, the chromosome
still follows the same order as the layers of the CNN. Based on the design described above,
the chromosome’s length is given by the following equation:

Length = (sp*n) + ol — sp (4.5)

where sp is the number of splittable layers and ol is the original number of layers in the CNN.
Thus, the GA will give a sequence of numbers, each number indicating the device;q, and the
sequence is the same sequence as the CNN's layers, only now it is expanded to accommodate
the possible splits on each splittable layer. Figure shows an example CNN model that
contains 6 layers. One of those layers is a Convolutional layer and one is a Fully Connected
layer. Figure [8b| shows an example of the naive chromosome used to encode a mapping of the
CNN model in Figure [8a] If we look at the first five positions in the chromosome shown in
Figure , we understand that those are the splits of the first layer, which is the Convolutional
layer, and that the GA decided to only split it 3 times, because device; and devices are used
twice and devices is used once in the 5 available positions. In addition, layer 2 which is the
RelLU, is assigned to devices, layer 3 which is the MaxPool is assigned to devices and layer 4
is assigned to dewvices. This means that these three layers are vertically partitioned. The Fully
Connected layer is next which is mapped to devicey, devices, devices and devicey, and thus
means that it is Horizontally partitioned into 4 splits. Finally, layer 6, the Softmax layer, is
mapped to device;.

This chromosome is described as naive because it quickly results in an exponential increase in
the search space when devices or splittable layers are added. If we take AlexNet for example,
and only split Fully Connected layers horizontally using five devices and the rest of the layers
vertically, the length of the chromosome, according to Equation 4.5, will be 36 because the
CNN model has 24 layers and 3 of them are Fully Connected splittable layers. If we also add
the Convolutional Layers as splittable, the total chromosome length becomes 56. Therefore,
the total Search Space size will be 5%. This might not be a problem for AlexNet which is a
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(b) A mapping of the CNN network shown in Figure

Figure 8: Figure |[8a) presents a 6 layer CNN network containing one Convolutional layer
and one Fully Connected layer. Figure presents an example mapping of the CNN
network in Figure using the Hybrid Partitioning strategy that is encoded using the
naive chromosome.

relatively small model, especially if we only use five devices, but when considering larger models
and more devices, e.g. DenseNet, the search for Pareto-optimal solutions will not converge in
a reasonable time when using the naive chromosome.

4.2.2 Advanced Chromosome

The need for a more efficient encoding in a chromosome arises when exploring mappings of
larger CNN networks onto a higher number of devices, as the size of the Design Space becomes
enormous. Several ways have been researched over time for similar optimization problems, such
as the conversion of the search space from discrete to continuous [24] or Monte-Carlo Tree
Search to divide the search space [25].

The naive chromosome, by its nature, does not exclude any possible mappings from the search
which also includes inefficient mappings. However, since the requirements of the search are
known, it is possible to define what constitutes a good and potentially efficient mapping and
immediately identify and discard the inefficient mappings without exploring them. By focusing
only on favourable and potentially efficient mappings, the search space is significantly reduced.
In the context of this project, a potentially efficient mapping should aim to reduce data
communication time and evenly distribute main memory usage and workload among devices,
which will consequently reduce energy consumption per device, main memory usage per device,
and inference latency.

The main point of CNN hybrid partitioning strategy lies in distributing horizontally splittable
layers across multiple devices while also evenly distributing the remaining non-splittable layers.
Vertical partitioning of layers among devices to minimize communication and evenly distribute
memory is achieved in [18] with the introduction of the Split Point encoding chromosome. A
similar encoding approach is adopted in this research by extending the chromosome Split Point
encoding in [18] to include both Horizontal and Vertical Partitioning strategies. A split point
is defined in [I8] as a number indicating a layer in the CNN which predecessor layers after
the previous split point or from the start of the CNN, up to that point are mapped onto the
same device. This means that with only a few split points a CNN can be vertically partitioned
on multiple devices. In [18], the length of the chromosome is equal to the number of devices,
thus the positions in the chromosome correspond to the devices and the split point number
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written in each position means that the corresponding device is responsible for the layers up
to and including that point.

The extension of this Split Point encoding technique was made possible by recognizing that
it could be used to encode the Horizontal Partitioning, and by tweaking the definition of
the split point, and introducing more restrictions it can be further adapted to work with the
Hybrid Partitioning. Our advanced chromosome is based on the fact that the CNN network is
expressed as a DAG, therefore the layers have a specific order. The restrictions applied are the
following:

1. Every splittable layer can have a maximum of p horizontal splits, p <= n, where n is
the number of devices.

2. Non-splittable layers after a splittable layer are assigned to the same device as the first
split of the splittable layer.

The first restriction applied means that every splittable layer can have a maximum of p horizon-
tal splits and p is decided beforehand by the user. This restriction lowers the size of the Design
Space by not allowing the GA to explore mappings which have more horizontal partitions than
p, which can be lower than n. It also lowers the number of symmetric mappings that will be
explored. This is because, in the naive chromosome, every splittable layer gets n positions in
the chromosome, and the GA may decide that a layer will be partitioned horizontally 3 times
for example. If n is 5, then there are many symmetric mappings that can be created. Using
this restriction, if p is lower than n, the amount of possible symmetric mappings is lowered.
The second restriction applied is that the GA does not directly decide where the layers are
vertically partitioned. The naive chromosome allows for every individual non-splittable layer to
be assigned to a different device. This is restricted using the second restriction. To lower the
size of the Design Space, we decided that the non-splittable layers that exist between splittable
layers are grouped together, therefore those non-splittable layers will be assigned to the same
device. This is done to also lower the amount of data communication required. We decided
that these groups of non-splittable layers will be assigned to the device which is responsible
to execute the first split of the previous splittable layer. Because of this, the concatenation
operation after the horizontal split is also on the same device, thereby further lowering the
communication required. Based on this restriction, it becomes clear that the advanced chro-
mosome cannot encode the mapping presented in Figure [8bwhich uses the naive chromosome.
This is because first of all, the first split of the Convolutional layer, [ 1, is assigned to devices.
Based on the restriction described above, this means that the next non-splittable layers must
be assigned to that same device. This is not the case with the example of Figure [8bl The same
goes for the non-splittable layer g after the Fully Connected layer [5. Because the first part of
the Fully Connected layer, [5;, is mapped to devicey, using our advanced chromosome layer
lg must be assigned to devicey.

An adopted mapping is presented in Figure [9 which tweaks the example of Figure to
work with the advanced chromosome. Figure [9] shows that along with the first split of the
Convolutional layer, [; 1, the next non-splittable layers, I, I3, l4 are also assigned to devices.
In addition to this, along with the first split of the Fully Connected layer, I5,, the next non-
splittable layer, [g, is also assigned to dewvicey. The presented mapping does not violate any of
the aforementioned restrictions of the advanced chromosome and still partitions the network
using the Hybrid Partitioning strategy.

Based on the above discussion, we can define which mappings are possible and which are
not when using this type of advanced chromosome. It is clear that this chromosome is very
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Figure 9: A valid Hybrid Partitioning of the CNN network of Figure [8a using the advanced
chromosome.

restrictive in terms of the Vertical Partitioning, while the Horizontal Partitioning is restricted
only by p, the number of maximum horizontal splits in a layer. Using this chromosome, it
is not possible to encode mappings where non-splittable layers between two splittable layers
are assigned to multiple devices. This chromosome groups such layers and therefore they are
assigned to a single device. It is also not possible to assign such layers to a device which is
not used by the splits of the previous splittable layer. An edge case can be defined where the
first splittable layer comes after non-splittable ones. Such cases are still handled correctly by
our implementation, which will assign those non-splittable layers to the first split of the first
splittable layer.

The encoding of the advanced chromosome can now be defined. Since the partitioning of
non-splittable layers is decided by the Horizontal Partitioning of the splittable layers, the
chromosome does not use the original index of layers in the CNN network. In the example
CNN of Figure [8a] the layer index numbers are between 1-6, because there are 6 layers.
The advanced chromosome only needs to use the splittable layers, therefore the splittable
layers are re-indexed in the correct order. This means that the index of [; in the example, the
Convolutional layer, remains number 1, but the index of I5, the Fully Connected layer, becomes
number 2. This can be thought of as having a new layer list that only contains the horizontally
splittable layers in their correct order. If more splittable layers existed in the network, those
would also be in the index. To explain how the split points work, the horizontal splits are
discarded for now. The chromosome has n positions, where n is the number of devices. Each
position belongs to a device. Each position gets a number from the indices of splittable layers
after the aforementioned re-indexing. An extra number is added to the possible indices, number
0, which is used when a device does not get a layer assigned. Figure [L0] shows an example of
the split point encoding that uses the index described above which contains only the splittable
layers of the CNN network of Figure [8al As shown, devices 1, 3,5 have the number 0 on their
position, thus they do not participate in the mapping. Because devices has number 1 on its
position, the first splittable layer, [, is assigned to it along with the non-splittable layers that
follow, Is, I3, l4. Because devicey has 2 on its position, I5, which is the second splittable layer
is assigned to it, along with the next group of non-splittable layers, [g. If this example was
modified and devices; also had 0 on its position, then that would mean that device, which
has 2 on its position is assigned all splittable layers up-to and including the second splittable
layer, and therefore it would also take the non-splittable layers 5, I3, I, which are between the
two splittable and the non-splittable layer lg which is after the second splittable. Thus, a split
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Figure 10: An example of a split point encoding which uses only the re-indexed splittable
layers of the CNN network of Figure [8a]

point is defined as a number in the index of the list of the splittable layers of the CNN, and
shows that the device is responsible for the splittable layers between the last split point and
the current split point, along with the non-splittable layers that exist after the current split
point until the next split point is found.

Now that the concept of a split point is explained, we can modify the chromosome described
to form the advanced chromosome which supports p horizontal splits. This chromosome has
n positions for each split, and its length is given by Equation |4.6|

Length =p=xn (4.6)

Based on the above, the encoding scheme uses an array of length p % n, where p represents
the number of splits and n represents the number of devices. Each split requires n positions to
indicate the assignment of layers to the n available devices. This encoding can be thought of
as a two-dimensional array with p rows and n columns, where each row represents a split and
each column represents a device. The encoding uses the re-indexed splittable layers along with
the number O to indicate that the device does not participate in a certain split. Furthermore,
the definition of the split point is slightly adjusted. A split point denotes that a device is
responsible for handling the current split of the horizontally splittable layers between the layer
indicated by the previous split point up to and including the layer indicated by the current split
point. If the current split is the first, then the device is also responsible for the non-splittable
layers that exist after the layer indicated by the split point until the next split point in the
current split.

Figure [1I] shows the advanced chromosome encoding for the example mapping in Figure [9]
Figure [9] shows that the first partition of the first splittable layer goes to devices and the first
partition of the second splittable layer goes to devicey. Thus, in the first row of Figure [I1]
devices 1,2, 5 have 0 because they do not participate in the first split of any splittable layers.
devices is assigned 1 which is the new index number of the first splittable layer and device,
gets 2, the new index number for the second splittable layer. Because of this, layers 2, 3,4
are assigned to devices and layer 6 is assigned to devicey. The next rows in Figure [11] show
the rest of the horizontal splits on the splittable layers. The second row, which concerns the
second split, assigns 1 to device;, thus [; 2 is mapped to device; as shown in Figure @ The
same goes for devices which is assigned 2, meaning Iy o is assigned to devices. The third row
in Figure [11] concerns the 3rd split and is straightforward. Rows 4 and 5 of the figure are more
interesting. In row 4, we see that devicey is assigned number 1, and device; is assigned 2.
Therefore, [ 4 is assigned to devices and Iy 4 is assigned to device;. Finally, row 5, only has a
single device with an assigned number other than 0. device; is assigned 2, meaning that the
fifth split of the splittable layers 1 and 2 are mapped to that device.

To demonstrate the efficiency of this advanced chromosome, AlexNet is considered as an
example which has 24 layers, of which 5 are Convolutional and 3 are Fully Connected. Using
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Figure 11: The equivalent advanced chromosome encoding for the example in Figure @

the Hybrid Partitioning method, Convolutional and Fully Connected layers are allowed to be
horizontally partitioned. Five devices are used to partition the CNN. Recall that the size of
the naive chromosome'’s search space is 5°°. This is because each position in the chromosome
can have 5 different values, equal to the number of devices. The total number of positions
is 56: there are 8 splittable layers, meaning 8 x 5 positions for these layers, the network has
24 layers, thus 24 + (8 *5) — 8 = 56. Considering the advanced chromosome, the size of the
search space becomes 9%°. This is because there are 8 splittable layers and we also need the
number 0, thus 9 possible values for every position. The number of positions is equal to 5 * 5,
which is the number of horizontal splits allowed multiplied by the number of devices. Thus,
the search space size is 92°, which is lower than 5°¢ by 15 orders of magnitude.

The development of this chromosome is one of the crucial parts of the work done in this
research project because it lowers the Design Space complexity and allows the utilization of
the developed Hybrid Partitioning strategy to be used with large state-of-the-art CNNs. Based
on the characteristics and restrictions of the chromosome, the resulting mappings found by
the GA should not only lower the data communication between devices but also potentially
distribute evenly the workload among them.

4.3 Analytical Model

The fitness function of a GA plays a crucial role in a DSE method, particularly in this project, as
it aims to optimize three distinct objectives. These objectives depend not only on the execution
platforms but also on the specific implementation that is used. Since the AutoDice framework
is utilized, the implementation for the CNN inference is done by the ncnn [26] package, which
is an inference package optimized for inference on mobile platforms offering high performance.
The resulting implementations generated by AutoDice are tailored to the specific platforms
provided and encompass platform-specific optimizations. For instance, a convolution operation
might leverage platform-specific memory alignment and intrinsic operations. Thus, capturing
the performance characteristics of a mapping is a complex problem.

An analytical model is developed in this project in order to be used as the fitness function
during the DSE with NSGA-II. Mappings are evaluated using the model which returns back
the maximum expected energy consumption, maximum expected main memory usage and
expected inference latency. In order to evaluate a mapping, the original graph of the CNN
needs to be provided along with the available devices, the mapping and a coefficients’ file.
Based on this information, our analytical model can analyze the mapping and provide the
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expected performance indicators.

Our approach taken in this research project to develop the analytical model begins with an
elaborate tuning process. The developed model uses the distributed system on which the
mappings will be deployed to perform a model tuning process resulting in a .json file with
coefficients. The file includes parameters for all of the analytical model’s parts which will be
explained in the following subsections.

4.3.1 Inference Latency

The model's estimation of the CNN inference latency relies on the number of Multiply-
Accumulate (MAC) operations. A MAC operation involves calculating the product between
two numbers and adding the product to the accumulating variable. This choice is motivated
by the fact that MAC operations are not only prevalent in CNN executions but also serve as a
reliable performance indicator. The input CNN graph contains information about all the layers
in the CNN including their characteristics and attributes. By extracting the information about
a specific layer in the graph, the expected MAC operations can be calculated. For most layers
in a CNN, the MAC operations are largely dependent on the input and output tensor shapes,
meaning the model is able to get an approximate count for calculating the inference latency.
For example, an implementation of a Fully Connected layer which executes a matrix multipli-
cation, would require (H;* % 1) + (H) * 1) MAC operations. Using the graph, the model is
able to calculate the total amount of MAC operations that will take place on a specific device
and therefore can approximate the inference latency.

In order to compute the inference latency, the MAC operations need to be converted to
approximate execution time. One approach would be to divide the calculated MAC operations
by the frequency of the executing device. However, this approach has two inherent issues. First
of all, the model cannot precisely determine the amount of MAC operations that will take
place because it is highly dependent on the implementation. The AutoDice framework includes
optimized implementations based on a layer's characteristics, making the calculation of the
actual number of MAC operations that would occur challenging. The second issue originates
from the nature of modern processing units, either CPUs or GPUs. A unit's frequency does
not only fluctuate depending on the instruction being executed, but also modern architectures
include optimizations which allow for multiple instructions to be executed at once or for
operations to be executed faster. Therefore, basing the inference latency solely on the frequency
of the execution unit would yield sub-optimal results.

For this reason, our model uses calibrating coefficients that are generated through the tuning
process. For the inference latency parameters, the CNN is run on a single device of the dis-
tributed system without any partitioning. If a heterogeneous system is provided, this process
can be easily adapted to allow for different parameters per platform, which for this project is
done to obtain different model parameters for CPU and GPU execution. Using the AutoDice
framework, the code for the CNN is generated in benchmarking mode which executes the infer-
ence 24 times, 4 times warmup and 20 times for benchmarking. Using the per-layer execution
time the tuning process creates a coefficient for every layer which will be used in the inference
latency calculation. Equation presents our approach to time calculation. The frequency of
the execution unit is calibrated using a coefficient which is different for every layer and every
execution unit that is used. In theory, this should eliminate the deviation in the amount of ac-
tual MAC operations and dynamic frequency adjustments. Furthermore, since the Convolution
operation is the most important, for that layer there are two different coefficients. This is be-
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cause the AutoDice system provides two different implementations for the Convolution based
on the layer’'s characteristics, im2col and Winograd convolution. These differ significantly in
the amount of MAC operations and therefore the model uses different coefficients and MAC
calculations for each type of convolution.

MAC

time = 4.7
rme frequency x layer_coef ficient (47)

4.3.2 Communication Latency

To ensure accurate performance evaluation of the mapping, our analytical model takes into
account the impact of data communication on overall performance. Based on the amount of
data that is communicated, a delay is calculated using the data size and the communication
medium'’s speed, as shown in Equation [4.8] The delay calculation is based on parameters
depending on the distributed system's characteristics. Specifically, our model uses a different
communication medium'’s speed to calculate the delay depending on whether the communi-
cating processes are on the same device, on networked devices, or when a CPU process needs
to communicate with a GPU process.

data_size

(4.8)

Comm_latency = .
comm_medium

Although this might seem like a good approximation for the communication delay occurring
when devices exchange data, there is a key piece missing. Because our partitioning strategy
uses Horizontal partitioning with LOP, there might be cases where the devices incur a small
synchronization delay. When the concatenation operation is assigned to a device which is also
executing part of the partitioned layer, a possibility exists that the device has not finished its
processing in time and therefore the other devices must wait before sending their part of the
layer. The situation can also happen in reverse, where the concatenating node needs to wait
for a device which has not finished in time. This is taken into account in the analytical model
which uses the communication and inference delays in order to calculate the time which each
device will finish processing their part. Based on the result of the calculation, a small penalty
is added to the nodes if their result is not ready in time.

The resulting communication delay for each device and the inference latency are summed up
to form the total inference latency for each device.

4.3.3 Memory Utilization

To determine the memory usage, our model utilizes the provided CNN model graph and associ-
ated information to calculate the precise amount of memory required by each device for storing
weights and data associated with their mapped layers. In addition, during communication be-
tween devices, either for result concatenation or because the next layer is executed on the
receiving device, the sender needs to store the information in a buffer until the receiving device
is ready to accept it. Similarly, the receiver needs to allocate space for buffers to store the
incoming data. Thus, whenever communication occurs, the model includes the memory usage
of the sender and receiver, which is equal to the amount of data sent or received. Taking such
estimated memory by the model and comparing it to the actual memory usage when the map-
ping is executed on the real system would show a very large accuracy error. This is because, in
a real system, other factors also influence the memory usage. Firstly, the real implementation
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requires the loading of libraries and other data which use a substantial amount of memory.
Moreover, the real implementation might need to store temporary data during the calculations
and therefore the real memory usage further deviates from the described estimation. Lastly,
techniques are being used in the real implementation that allow devices to free up space by
discarding data that are not further needed, for example weights of previous layers that have
been used and not needed in the future. All of these factors make calculating the expected
memory usage of a mapping challenging.

For this reason, during the tuning process, our model creates coefficients and biases for the
memory usage calculation depending on the platform of execution. During tuning, the CNN is
mapped on a single device except for a single layer. For each different platform, a Convolutional
layer, a Fully Connected layer or a ReLU layer are run independently on a different device. This
allows the model to capture a more accurate representation of the memory usage in the
coefficients because these three layers differ significantly from each other. The Convolutional
layer's weights are substantially different from the FC layer's weights and the ReLU layer is used
as a representation of the other types of layers which do not use any weights. Furthermore,
to create the coefficients, the model also makes use of the memory usage of the device that
executes the rest of the layers. Equation presents our memory calculation. During tuning,
for each platform, the three different mappings are created and executed. The execution is once
again done using the benchmarking mode for 24 inference sessions. The first four sessions are
discarded and the memory used for the rest of the sessions is averaged. Thus, the model can
solve a system of equations using Equation where one equation is for the device running
the single layer and the second equation is for the device executing the rest of the layers. This
calculation results in the coefficient and bias which are averaged for the three mappings.

memory = expected_memory x plat form_coef ficient + plat form_bias (4.9)

Using the coefficient and bias along with Equation [4.9) our model should in theory approximate
the real memory for each device as closely as possible.

4.3.4 Energy Usage

Approximating energy usage accurately is a challenging task due to its dependence on various
factors, including the frequency of the executing device and the specific instructions being
executed. Furthermore, in this case, it is also influenced by the different implementations which
can be generated through the AutoDice framework, as well as the specific hybrid partitioning
approach we utilize. Our developed model uses the total inference latency expected for every
device, which is the amount of time a device spends executing its part of the mapping, in order
to approximate its energy usage. The approximated energy usage is the result of the product
of the inference latency of a device and a platform energy coefficient as shown in Equation
[4.10] The energy coefficient is created for every platform available in the distributed system
during the tuning process. To create the coefficient, the CNN network is executed as a whole
on a single device for every platform in benchmarking mode and the energy consumption is
measured. Then, we use our model along with the previously calibrated coefficients for inference
latency, communication latency and memory usage, to predict the total execution time for each
device. Using the results, a platform energy coefficient is created for every platform by solving
Equation [4.10] This coefficient is used to approximate the real energy consumption based on
the execution time of each device.

enerqgy = expected_in ference_latency * plat form_coef ficient (4.10)
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5 Experimental Evaluation

This section describes the experimental setup and presents the results obtained from the ex-
periments conducted to evaluate the effectiveness of the proposed hybrid partitioning strategy,
the two developed chromosomes used in DSE, and the analytical model.

Table 2: CNNs used for experiments with their characteristics and performance when
not partitioned. Column 4 shows the storage size of the network (weights, biases) while
column 6 shows the peak main memory usage during inference.

Network Num. Num. Size ]S}Zg
Layers Params (MB) :
En. Mem. Perf.

() (MB) (ms)

AlexNet 24 60.8 million 238 0.352 152.746 28.3
VGG-16 47 138 million 528 1.959 446.852 122.46
DenseNet-121 910 8 million 32 1.026  95.969 138.68

5.1 Experimental Setup

The experiments are designed to validate the objectives of this thesis, i.e. to answer the
research questions posed in Section [1] First of all, they evaluate the effectiveness of the
Hybrid Partitioning and whether it shows potential improvements over the Vertical Partitioning
strategy. In addition, they asses the efficiency and the DSE performance improvements of
the proposed advanced chromosome in terms of convergence when compared to the naive
chromosome. Furthermore, the experiments set out to show whether using GPUs in addition
to CPUs offers potential improvements in the performance of the Hybrid Partitioning in terms
of energy consumption per device, main memory usage per device and CNN inference latency.
Lastly, they aim to show the accuracy of the analytical model and whether it can be used for
DSE to evaluate and compare the performance of mappings in real-world scenarios.

All the conducted experiments have been implemented in Python version 3.9.0 in combination
with the package pymoo [27] version 0.5.0 for the NSGA-II implementation and onnx [16]
version 1.13.0 for managing the CNNs.

The experiments also include real-world tests where mappings have been implemented using
AutoDice on a real distributed system to determine their real-world performance characteris-
tics, energy consumption per device, main memory usage per device and inference latency, and
compare them to the predicted characteristics given by the analytical model. When a map-
ping is run on the real system, it uses the benchmarking mode provided by AutoDice which
executes the inference 4 times as a warmup and an extra 20 times for measuring the different
performance indicators. The utilized real distributed system is comprised of 8 NVIDIA Jetson
Xavier NX devices [28]. Each device is equipped with a 6-core NVIDIA Carmel ARMv8 CPU,
an NVIDIA Volta GPU with 384 cores, and 8GB of RAM. For the experiments in this project,
the CPU and GPU of each device are considered as 2 distinct devices, therefore we have 16
devices available in total.
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Also, all of the experiments have been conducted using three different CNNs, namely AlexNet
[8], VGG-16 [29] and DenseNet [30]. The selection of these CNNs is motivated by the impor-
tance of experimenting with CNN models of varying characteristics, not only for the hybrid
partitioning strategy but also for the chromosomes in a wide range of situations. The char-
acteristics of these CNNs are presented in Table [2] Rows 3, 4 and 5 correspond to the three
networks used. Column 1 shows the network name, column 2 the number of layers present
in the network, column 3 the number of parameters used in the network and column 4 the
storage size of the network (storage needed for weights, biases, etc.) in Megabytes. The last 3
columns show the performance characteristics of the CNNs when executed on a single device,
un-partitioned, with the implementation created by the AutoDice framework exploiting 6 CPU
cores. Column 5 shows the energy consumed by the device during inference in Joules. Column
6 shows the peak main memory usage in Megabytes consumed by the device during inference.
Lastly, column 7 shows the total inference latency measured in milliseconds. From the table,
it is clear that the storage size of a CNN network is different than the peak main memory
consumption. This is because the implementation used optimizes the main memory usage by
discarding data that are not further needed and by loading data in stages. The storage size of
AlexNet is 238 Megabytes, while the peak main memory usage is lower, i.e. 152.746 Megabytes.
The same is true about VGG. When examining DenseNet, it is apparent that the peak main
memory usage is higher than the storage size. This is because the implementation must also
load other libraries and may take space for temporary data during calculation. Therefore, since
the storage size of the network is so small in the case of DenseNet, the peak main memory
usage becomes higher than the storage size.

As we can see, AlexNet, despite having the smallest number of layers is the second largest
network in terms of storage size, while DenseNet has the smallest number of parameters but
the largest number of layers. Not only do the three networks have a difference in storage size
and amount of layers, but they also have different topologies. In DenseNet for instance, the
layers are densely connected together, where each layer is connected to other layers that come
after it in a feed-forward manner, unlike AlexNet and VGG where a layer is connected only to
its subsequent layer. Furthermore, the CNN networks also employ different types of layers. In
DenseNet, Batch Normalization layers are used whereas the other two CNN networks do not
make use of such layers. The networks also differ in the amount of Fully Connected layers in
their topologies, with AlexNet and VGG having three Fully Connected layers at the end, while
on the other hand, DenseNet has none.

The DSE has been conducted using the developed analytical model as the fitness function
for NSGA-II for 100 generations and a population of 1000 individuals, thereby allowing the
search algorithm to explore a wide range of solutions. The naive chromosome does not require
any inputs or parameters to be set. On the other hand, the advanced chromosome requires
the number of possible horizontal splits for splittable layers as input. Therefore, the advanced
chromosome has been used with a range of possible splits between 2 and 6. When the DSE
finishes 100 generations, from the set of Pareto-Optimal points found, the points with the
lowest energy per device, the lowest memory usage per device and the one with the lowest
inference latency are selected and implemented using AutoDice on the real distributed system.

5.2 Experimental Results

The experimental results for each CNN model used in the experiments are presented in the
following subsections.
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5.2.1 AlexNet Results

First of all, the results for AlexNet are presented. Figure [12| contains three plots showing the
DSE convergence when using the analytical model as the fitness function, and comparing the
two chromosomes when using the Hybrid Partitioning with horizontally partitioned Convolu-
tional and Fully Connected layers. In this experiment, only the CPUs of the devices are used.
The plots compare the naive chromosome against the advanced chromosome with 2, 4 and 6
horizontal splits. The x-axis of all three plots shows the number of generations the DSE run.
The first plot compares the convergence of the energy consumption per device during DSE
and the y-axis shows the energy measured in Joules. The plot shows that all three advanced
chromosomes lead to faster DSE convergence than the naive chromosome. The advanced
chromosome with 2 splits exhibits faster DSE convergence than all others and finds the map-
ping with the lowest energy consumption per device in 100 generations. The DSE with the
advanced chromosome with 6 splits manages to find a mapping that achieves a lower energy
consumption per device in the total number of generations compared to the mapping found by
the DSE using the advanced chromosome with 4 splits. The naive chromosome on the other
hand achieves the highest energy consumption per device as it converges much slower than the
other three. The second plot compares the peak main memory usage per device convergence
during DSE and its y-axis shows the peak main memory usage in Megabytes. As can be seen,
again the naive chromosome exhibits the slowest convergence. The advanced chromosome us-
ing 2 splits shows a flat line, meaning that its best achieved value has been found early in the
generations and has not been improved after 100 generations. The DSE using the advanced
chromosome with 4 splits finds the mapping with the lowest peak main memory usage while
the DSE utilizing the 6 splits chromosome finds a mapping that achieves the second lowest
main memory usage. This is expected as these two chromosomes offer much more freedom
when compared to the chromosome with 2 splits, and therefore can divide the memory usage
more evenly amongst the devices. Lastly, the third plot compares the inference latency conver-
gence during DSE and its y-axis shows the inference latency in seconds. As shown in the plot,
the DSE using the advanced chromosome with 2 horizontal splits finds the mapping with the
lowest inference latency after 100 generations and also converges faster than the DSE runs
with the other chromosomes. As expected, the DSE runs using the advanced chromosomes
with 4 splits and 6 splits find mappings that achieve the second and third faster inference
latency in 100 generations respectively. The naive chromosome, again exhibits much slower
convergence than the other chromosomes. Based on the above results, it is clear that the
advanced chromosome with 2 splits can find better mappings in terms of energy consumption
per device and inference latency when compared to the other three chromosomes, while the
advanced chromosome with 4 splits is better for finding mappings in terms of memory usage
per device in such restricted DSE run time in the case of the AlexNet CNN when using only
CPUs.

The second experiment is presented in Figure [13, which contains the same three plots de-
scribed above, only this time the mappings explored during the DSE process use both CPUs
and GPUs. This is done for two reasons. First to compare the chromosomes when there is
higher complexity in the design space because now the devices are essentially doubled. The
second reason is to check whether using both CPUs and GPUs gives benefits to the Hybrid
Partitioning for AlexNet. The first plot presents the energy consumption per device, with the
y-axis showing the energy consumption in Joules. As with the previous experiment, the DSE
with the advanced chromosome converges faster than the DSE using the naive one. Again the
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Figure 12: AlexNet DSE convergence for hybrid partitioning when splitting Convolutional
and Fully Connected layers and using only CPUs.
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Figure 13: AlexNet DSE convergence for hybrid partitioning when splitting Convolutional
and Fully Connected layers and utilizing CPUs and GPUs.
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DSE using the advanced chromosome with 2 horizontal splits finds the mapping with the low-
est energy consumption per device after 100 generations. In this experiment, the DSE utilizing
the advanced chromosome with 6 splits does not find a mapping that achieves a better result
when compared to the mappings found with the DSE using 4 splits advanced chromosome. In
terms of energy consumption per device, it is evident that none of the chromosomes tested can
achieve better energy consumption per device when using both CPUs and GPUs when com-
pared to using only CPUs for AlexNet. The second plot shows the peak main memory usage
per device in Megabytes. This time, the DSE using the advanced chromosome with 4 splits
converges faster than the DSE using the other chromosomes. The advanced chromosome with
2 splits shows a flat line. On the other hand, the naive chromosome manages to outperform
the advanced chromosome with 6 splits in terms of memory usage during the DSE process in
100 generations. The plot shows that in 100 generations the memory usage per device when
using both CPUs and GPUs cannot be lowered to the same point when compared to using
only CPUs. The inference latency is presented in the third plot and measured in seconds on
the y-axis. As expected, the DSE runs using the advanced chromosomes converge faster than
the DSE using the naive chromosome. After 100 generations the advanced chromosome with
2 splits finds the mapping with the lowest inference latency, followed by the mappings found
from the DSE of the 4 and 6 splits chromosomes. In this case, the advanced chromosome with
2 splits manages to find a mapping after 100 generations which achieves a lower inference
latency when compared to only using CPUs. Thus, using both CPUs and GPUs for AlexNet
when performing the DSE in 100 generations provides a benefit in inference latency.

The third experiment is shown in Figure[14] This experiment compares the Vertical Partitioning
strategy using the Split Point encoding [18] against the Hybrid Partitioning using only CPUs.
For the Hybrid Partitioning, the advanced chromosome with 2 splits has been selected and both
Convolutional and Fully Connected layers are horizontally split. The plots again show the DSE
convergence for 100 generations, comparing the energy consumption per device in Joules, peak
main memory usage in Megabytes and inference latency in seconds, shown on the y-axis of the
plots. As can be seen from the first plot, which shows the energy consumption convergence, the
Hybrid Partitioning does not manage to outperform the Vertical Partitioning when executing
DSE for 100 generations, but it comes close to it. The DSE using the Vertical Partitioning on
the other hand converges much faster than the DSE using the Hybrid Partitioning, thereby
finding the best mapping it can in 100 generations very early in the DSE process. On the
other hand, comparing the peak main memory shown in the second graph, the DSE using the
Hybrid Partitioning outperforms the DSE utilizing the Vertical Partitioning by a big margin.
Lastly, for the inference latency, again the DSE with the Vertical Partitioning outperforms the
DSE using the Hybrid Partitioning by a small margin in the 100 generations. Therefore, for
AlexNet, the Hybrid Partitioning can achieve lower peak main memory usage per device in
100 generations of DSE when compared to the Vertical Partitioning which in turn is better for
energy consumption per device and inference latency.

The fourth experiment conducted for AlexNet is a comparison between the real values measured
on the real distributed system and the corresponding predicted values provided by the analytical
model. For every chromosome tested and using CPUs only in the first experiment, the best
design points found in terms of energy consumption per device, memory usage and inference
latency are selected from the set of Pareto-Optimal points. These design points have been
implemented using AutoDice and tested on the real distributed system. The results are shown
in Table[3] The table’s rows show the results for the best points in terms of energy consumption,
memory usage and inference latency for every chromosome utilized during the DSE. The parts
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Figure 14: AlexNet DSE convergence comparing the Vertical and Hybrid Partitioning. The
Vertical Partitioning uses the Split Point encoding [18]. The Hybrid Partitioning uses the
advanced chromosome with 2 horizontal splits for Convolutional and Fully Connected
layers. Only CPUs are used.

Table 3: AlexNet results for the Hybrid Partitioning using CPU only. Best points found for
each objective from the set of Pareto-Optimal points with their real and model evaluations.

Energy (J) Memory (MB) Latency (ms)
Chromosome Real | Predicted Real Predicted Real | Predicted
Best Naive 1.337 1.971 46.027 55.424 83.7 138.758

Energy Advanced - 2 | 1.102 0.360 97.086 45.616 30.24 25.382
Point Advanced - 4 1.126 1.020 74.945 45.559 26.63 71.812
Found Advanced - 6 1.178 0.863 41.836 58.263 30.15 60.804
Best Naive 1.571 3.316 44.211 51.969 103.82 | 233.537
Memory | Advanced - 2 1.113 0.668 72.402 42.842 34.78 47.021
Point Advanced - 4 1.405 3.146 67.078 42.243 71.69 221.560
Found Advanced - 6 1.394 3.544 70.723 42.430 83.08 249.575
Best Naive 1.355 1.971 43.801 55.424 85.54 138.758
Latency | Advanced - 2 1.127 0.360 94.656 45.616 30.68 25.382
Point Advanced - 4 1.111 1.020 74.996 45.559 26.41 71.812
Found Advanced - 6 1.201 0.863 41.789 58.263 29.66 60.804

of the table with a stronger border indicate the real and predicted values of the objective for
which the solution achieved the best score among all the Pareto-Optimal points and thus was
selected. This means that three parts of the table have a stronger border, one for each objective.
One point out of the set of all Pareto-Optimal points achieves the lowest energy consumption
per device, one point achieves the lowest peak main memory usage per device and one point
achieves the lowest inference latency. Thus, after the DSE process with a chromosome, the
points are selected from the set of Pareto-Optimal points found and their real values measured
on the distributed system and corresponding predicted values from the analytical model in terms
of their respective best objective are indicated in the parts of the table with the thicker border.
The three highlighted values in the table are the best value for every objective. To better
visualize the results, three more graphs have been plotted, that use the results found in the
table. Figure [15] compares the best points found for energy consumption per device, showing
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Figure 15: AlexNet comparison of predicted and real results for maximum energy usage per

device when splitting Convolutional and Fully Connected layers with Hybrid Partitioning,
using CPUs.
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Figure 16: AlexNet comparison of predicted and real results for peak memory usage per
device when splitting Convolutional and Fully Connected layers with Hybrid Partitioning,
using CPUs.

their real and predicted energy values in Joules. Figure[16]shows the real and predicted memory
usage per device in Megabytes of the best points found for main memory usage. Finally, Figure
shows the real and predicted inference latency in milliseconds of the best points found in
terms of latency. The x-axis of all three figures denotes the used chromosome used to find each
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Figure 17: AlexNet comparison of predicted and real results for inference latency when
splitting Convolutional and Fully Connected layers with Hybrid Partitioning, using CPUs.

point. As shown in Figure[I5] the best point for the energy consumption per device found using
the advanced chromosome with 2 splits outperforms all other points found using the other
chromosomes in terms of energy per device in the real scenario, which was expected as it was
also shown in Figure[12] The figure also shows that the model miss-predicted the performance
of some solutions, namely for the points found by the advanced chromosomes with 3 and 5
splits, because their real energy consumption per device is higher in the real scenario than
the value of the design point found with the 2 splits chromosome while the analytical model
indicated that their value should be equal to that. In addition, the solution found by the
advanced chromosome with 6 splits was expected to perform better than the solution found
by the advanced chromosome with 4 splits, which is not the case in the real scenario. Figure
[16] shows that the model miss-predicts the memory usage per device in every case. As shown
in the figure, all points found by the advanced chromosomes were expected to deliver lower
memory usage than the naive chromosome, but this is not the case in reality. Lastly, Figure
[17] which presents the inference latency comparison, shows that the model closely predicts the
performance of the solutions found by the advanced chromosomes with 2, 3 and 5 splits, but
miss-predicted in all other cases. The issue is that while the advanced chromosome with 6
splits is expected by the model to perform better than the solution found by the chromosome
with 4 splits, this is not the case. However, all of the solutions found by using the advanced
chromosomes achieve a lower real inference latency than the naive chromosome. Comparing
the real results of this experiment with the numbers shown in the last 3 columns of Table
shows that in 100 generations of DSE, the advanced chromosome is able to lower the inference
latency when compared to the un-partitioned solution. Therefore, in terms of inference latency,
the model works well to guide the DSE process towards lower latency because the DSE found a
mapping with lower real inference latency than the un-partitioned real inference latency of the
CNN. In terms of memory usage, it is clear that the analytical model does not work because
it miss-predicted all cases. Finally, for the energy consumption per device, the model helps for
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finding mappings with lower energy consumption per device, but in 100 generations, the DSE
process was not able to find a partitioning that is better than the un-partitioned performance.
Based on the results of this experiment, we can conclude that for AlexNet the analytical model
works well to guide the DSE process towards design points with lower energy consumption per
device and inference latency but does not work for finding design points with reduced memory
usage per device.

Finally, Figure [L8| presents the topology of AlexNet next to Table [4 which shows the mapping
of the best found solution for AlexNet after the DSE process in terms of inference latency,
which is achieved by the advanced chromosome using 4 horizontal splits. The table shows
the layers in order and adds the concatenation operations wherever needed. The result of the
Hybrid Partitioning is shown along with the original output sizes and modified output sizes of
the layers. As can be seen from the table, the found solution splits the first, third and fifth
Convolutional layers and all Fully Connected layers. All partitioned layers are divided into two
splits rather than four. This may mean that the chromosome could not find a solution in 100
generations where four splits performed better than two.
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Dropout

Figure 18: AlexNet non-
partitioned topology.

Table 4: AlexNet best mapping found using the Ad-
vanced chromosome with 4 horizontal splits in 100
generations in terms of inference latency. Table |3| in
row 13 shows the performance numbers of this map-

ping.

Layer num Layer Original Output Size Split Output Size Devices

[5A251218]
I Conwv, 3/1[5“54196] 2[%4z54z48] gzz:
ly Concat - YQ[MIMI%] devg
I3 ReLu 3/5[54-'7054196] B devg
I, LRN y P B devs
I5 MaxPool Y},[E’“Mz%] - devg
lg Convy Yf;[%w?ﬁw%ﬁ] - devq
I7 ReLu }/7[26226“56] - dev,
Is LRN y o B devr
o MaxPool Y 20-26=250] - devs
[[22122192]
Lo Convs Y, [32171%384] 2[;{:2}121192] ZZZ;
It Concat - Y1[11 rl2w3sd devy
12 ReLu  y =™ - dev,
ly3 Conv, Yl[; 22122381] - devs,
14 ReLu 3/1%2171%384] - devs
[22122128]
li5 Convs Yl[r} 2rt2e200] 2[212}121128] gzzz
lis Concat - Y&uuw%] devs
lir ReLu Y#Zmzzzw] - devs
L MaxPool  Y[12=122%0] - devs
lig Reshape }/1[;21121256] - devs
[204821] 1
lao FCg YQ[SO%M] 2[2220;4811] ZZ;}
lo1 Concat - YQ[l4 09621] devg
I ReLu y}30961] - deve
I3 Dropout YJ;O%M] - devg
[204821] -
log FC; YQ[;H]%IH )Y/z[%h}szl] gizz
las Concat - YQ[;‘O%IH devg
lag ReLu Y3096 1] - devg
lo7 Dropout Y2001 - devg
[500z1]
lag FCy Yz[éoooxl] 2{2});07,1] ZZZZ
lag Concat - YQ[;OOOI” devg
l30 Softmax  Yro00=! - devg
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5.2.2 VGG Results

The next CNN model which has been included in the experiments is the VGG-16 CNN model.
The same experiments executed with AlexNet have also been executed with VGG-16. The
results of the first experiment are presented in Figure [19 which shows the comparison of the
DSE convergence of the chromosomes, comparing the energy consumption per device, the peak
main memory usage per device and inference latency. In this experiment, both Convolutional
and Fully Connected layers are horizontally partitioned and only CPUs are used. The first plot
shows the comparison between the DSE convergence of the chromosomes in terms of energy
usage per device. On the x-axis, the number of generations that the DSE run is shown while on
the y-axis the energy is shown, measured in Joules. From the plot, it is evident that the DSE
with the advanced chromosome converges faster than the DSE using the naive chromosome
in terms of energy usage per device. The design point found after 100 generations by the
DSE with the advanced chromosome using 2 horizontal splits outperforms all other design
points found by the DSE runs using the other chromosomes and is followed by the design
point found by the DSE using the chromosome with 4 horizontal splits. The second plot
compares the maximum main memory usage per device, shown on the y-axis and measured
in Megabytes. As expected, the DSE using the advanced chromosome converges faster than
the DSE using the naive chromosome. The advanced chromosomes follow a similar trend,
and after 100 generations the DSE using the chromosome with 2 horizontal splits finds the
mapping with the lowest memory usage per device. The mappings of the DSE runs utilizing the
other two advanced chromosomes follow closely in this particular objective. Finally, the third
plot compares the inference latency convergence during the DSE. The chromosomes follow a
similar trend to the energy comparison. In this case, the DSE using the advanced chromosome
with 2 horizontal converges faster, finding the mapping with the lowest inference latency after
100 generations. The results of this experiment are as expected, meaning that the advanced
chromosome exhibits faster convergence than the naive chromosome in all cases. In addition,
due to the larger size of the VGG model, the chromosomes converge in order, meaning that
the DSE using the advanced chromosome with 2 horizontal splits converges faster, then the
DSE using the chromosome with 4 splits and the third is the DSE with the chromosome with
6 splits. Due to the large size of the design space, the DSE using the naive chromosome
converges slower than even the DSE using the advanced chromosome with 6 splits, which
allows more freedom when compared to the other two advanced chromosomes.
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Figure 19: VGG DSE convergence for Hybrid Partitioning when splitting Convolutional
and Fully Connected layers and using only CPUs.
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VGG - Convolutional & Fully Connected layers split - All CPUs & GPUs
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Figure 20: VGG DSE convergence for Hybrid Partitioning when splitting Convolutional
and Fully Connected layers and utilizing CPUs and GPUs.
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Figure 21: VGG DSE convergence comparing the Vertical and Hybrid Partitioning. The
Vertical Partitioning uses the Split Point encoding [I8]. The Hybrid Partitioning uses the
Advanced Chromosome with 2 horizontal splits for Convolutional and Fully Connected
layers. Only CPUs are used.

The results of the second experiment are presented in Figure[20] This experiment compares the
DSE convergence in each objective. The difference from the first experiment is that now both
CPUs and GPUs are used, meaning that the size of the design space becomes larger because
the amount of available devices is doubled. The first plot compares the energy consumption per
device and it is clear that once again the DSE runs using the advanced chromosomes converge
faster than the DSE using the naive chromosome. The same is true about the peak main
memory usage convergence shown in the second plot and the inference latency convergence
in the third plot. In this experiment again, the chromosomes converge in order, with the first
being the DSE using the advanced chromosome with 2 splits, then the DSE with 4 horizontal
splits and then the DSE with 6 splits and last the DSE using the naive chromosome. In all cases,
after 100 generations, the DSE using the advanced chromosome with 2 horizontal splits finds
the mapping with the lowest value in each objective. This is because now the size of the design
space is even larger than before and this chromosome is able to handle the large complexity
well, thus the DSE converges faster than the other chromosomes. Comparing the results shown
in Figure 20] with Figure [19] we can see whether using CPUs and GPUs offers benefits when
compared to only CPUs. In terms of energy consumption per device and peak main memory
usage per device, using only CPUs offers much better results after 100 generations. On the
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other hand, in terms of inference latency, the mappings using both CPUs and GPUs are able
to produce a close result after 100 generations when compared to using only CPUs, but still
fall behind.

The experiment comparing the Vertical Partitioning and the Hybrid Partitioning when using
the VGG network is next. In this experiment, the convergence of the two partitioning strategies
is compared in 100 generations using the Split Point [18] encoding for the Vertical Partition-
ing and the advanced chromosome with 2 horizontal splits for the Hybrid Partitioning. The
chromosome for the Hybrid Partitioning allows for horizontal partitioning of Convolutional and
Fully Connected layers. The chromosome with 2 horizontal splits is selected because it found
the best mappings after 100 generations in the first experiment. As with the first experiment,
only CPUs are used in this experiment. Figure[21] presents the plots showing the convergence of
the two strategies in the three objectives, energy consumption per device, peak main memory
usage per device and inference latency. The first plot shows the energy consumption per device,
with the energy shown on the y-axis and measured in Joules. From the plot, we can see that
the DSE utilizing the Vertical Partitioning converges faster than the DSE utilizing the Hybrid
Partitioning but after 100 generations the DSE with the Hybrid Partitioning manages to find a
mapping with energy consumption close to the lowest energy consumption value found with a
mapping of the Vertical Partitioning Strategy. The memory comparison is shown in the second
plot, measured on the y-axis in Megabytes. The DSE using the Hybrid Partitioning in this
case converges faster and finds a mapping with a lower peak main memory usage per device
than the mappings found by the DSE with the Vertical Partitioning after 100 generations by a
large margin. Lastly, the results for the inference latency are shown in the third plot, with the
y-axis showing the inference latency measured in seconds. Here the trend is similar to the one
in the energy comparison, with the DSE using the Vertical Partitioning converging faster and
the DSE with the Hybrid Partitioning finding a mapping with an inference latency close to the
lowest achieved inference latency value found by a mapping of the Vertical Partitioning DSE.
Based on these results, the Hybrid Partitioning is shown to have good potential when used
with the VGG network. After 100 generations it manages to get a lower peak main memory
usage per device and it also manages to come close in terms of energy consumption per device
and inference latency when compared to the Vertical Partitioning.

In the last experiment, the best found design points during the first experiment, in terms of
energy consumption per device, peak main memory usage per device and inference latency,
are selected from the set of Pareto-Optimal points, implemented using AutoDice and tested
on the real distributed system. Recall that the first experiment uses only CPUs and allows
horizontal splits to Convolutional and Fully Connected layers. These points were tested on
the real distributed system and Table |5 shows the comparison between the real results and
the corresponding predicted values by the analytical model. The rows of the table show the
performance characteristics of the best found design points for each objective from the set
of Pareto-Optimal points of each chromosome used. The energy is measured in Joules in the
third and fourth columns, for the real and predicted values respectively. The fifth and sixth
columns show the real and predicted values for the peak main memory usage in Megabytes. The
last two columns show the real and predicted values for the inference latency in milliseconds.
Figure [22| compares the real and predicted energy of the best found points in terms of energy
consumption per device with each chromosome, with the y-axis showing the energy measured
in Joules. On the x-axis, the chromosome used to find each point is shown. As shown in the
figure, the mappings found using the advanced chromosomes with 3 and 4 horizontal splits
achieve the first and second lowest real energy consumption per device. The analytical model
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failed correctly predict the energy consumption per device because the design point found
with the advanced chromosome using 2 horizontal splits is shown to have a lower predicted
energy consumption per device compared to the design points of the chromosomes with 3 and
4 splits but in reality, this is not true. On the other hand, all of the mappings found with the
advanced chromosomes manage to outperform the lowest achieved real energy consumption
of the mapping found using the naive chromosome. Figure [23| compares the real and predicted
peak main memory usage per device of the best found points using each chromosome, with
the y-axis showing the memory usage measured in Megabytes, while the x-axis denotes the
chromosomes used to find the mapping. In this case, the mapping found with the advanced
chromosome with 2 horizontal splits achieves the lowest real memory usage as predicted by the
model. However, it is clear that the model again fails to predict correctly the memory usage,
shown by the real result of the mapping found with the advanced chromosome with 4 splits,
which has a higher real memory usage compared to the design points found with the other
chromosomes, even though its predicted memory usage is the third out of six lowest. Lastly,
the inference latency comparison between the real and predicted values of the best found
points is shown in Figure 24, measured in milliseconds on the y-axis and on the x-axis the
chromosome used to find each solution is indicated. This time, the model predicts correctly the
inference latency, even though the accuracy is not good. The mapping found with the advanced
chromosome with 2 splits achieves the lowest real inference latency and also has the lowest
predicted latency. Furthermore, all of the design points found with the advanced chromosomes
manage to outperform the design point found with the naive chromosome, both in predicted
and real inference latency, as was expected by the results of the first experiment shown in
Figure . Checking the real best results in each objective indicated in Table |5 (highlighted
values), we can see that they are achieved by design points which were selected because
they also achieved the lowest predicted inference latency. Thus, this means that the analytical
model miss-predicts when evaluating the energy consumption and memory usage of mappings
because the lowest real values should be achieved by design points that were selected because
they achieve the lowest predicted value in the corresponding objective. On the other hand,
comparing these best real values of Table[5| with the real evaluation of the un-partitioned model
found in Table [2, shows that for all three objectives, the Hybrid Partitioning manages to find
a mapping after 100 generations using the analytical model in the DSE process that achieves
lower real results compared to the un-partitioned CNN. Therefore, even though the analytical
model miss-predicts in terms of the peak main memory usage and energy consumption per
device, it is useful to guide the DSE process towards the right direction.
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Table 5: VGG results for Hybrid Partitioning using CPU only. Best points found for each
goal from the set of Pareto-Optimal points with their real and model evaluations.

Energy (J) Memory (MB) Latency (ms)
Chromosome Real | Predicted Real Predicted Real Predicted
Best Naive 5.937 31.886 264.070 172.587 | 1299.100 | 3492.830
Energy Advanced - 2 3.323 1.410 211.129 188.839 112.860 154.467
Point Advanced - 4 2.615 6.054 153.090 181.769 355.750 663.188
Found Advanced - 6 | 4.921 25.912 256.523 232.938 | 1027.370 | 2838.439
Best Naive 6.547 58.561 256.730 166.088 | 1464.290 | 6414.910
Memory | Advanced - 2 3.298 8.456 201.711 127.324 284.170 926.329
Point Advanced - 4 | 4.651 35.622 260.438 130.335 750.900 | 3902.117
Found Advanced - 6 | 4.970 31.777 254.980 133.210 943.330 | 3480.954
Best Naive 6.081 31.886 263.543 172.587 | 1317.220 | 3492.830
Latency | Advanced - 2 | 1.736 1.410 212.496 188.839 | 112.000 | 154.467
Point Advanced - 4 | 2.556 6.054 148.973 | 181.769 351.460 663.188
Found Advanced - 6 | 5.969 25.912 254.715 232.938 1034.950 | 2838.439
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Figure 22: VGG comparison of predicted and real results for maximum energy usage per
device when splitting Convolutional and Fully Connected layers with Hybrid Partitioning,
using CPUs.
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Figure 23: VGG comparison of predicted and real results for peak memory usage per device
when splitting Convolutional and Fully Connected layers with Hybrid Partitioning, using
CPUs.
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Figure 24: VGG comparison of predicted and real results for inference latency when
splitting Convolutional and Fully Connected layers with Hybrid Partitioning, using CPUs.

43



5.2.3 DenseNet Results

The last CNN model included in the experiments is the DenseNet model. Since this CNN
model has the most amount of layers, the size of the Design Space is larger than the other two
CNN models included in the experiments. The first experiment is presented in Figure [25] The
figure compares the convergence of the three objectives, energy consumption per device, peak
main memory usage and inference latency, in 100 DSE generations. The first plot shows the
comparison of the energy consumption convergence, measured in Joules on the y-axis. It is clear
that the advanced chromosome exhibits faster convergence in terms of energy consumption
than the naive chromosome. The chromosomes again converge in order of highest restriction,
with the DSE using the advanced chromosome with 2 horizontal splits converging the fastest,
while the DSE using the chromosome with 4 splits is second by a close margin. Due to the
high complexity of the DenseNet CNN, it is evident from the plot that the DSE using the naive
chromosome converges slower than the DSE runs using the advanced chromosomes, with the
lowest energy value achieved by a mapping of the naive chromosome remaining very high
after 100 generations. The second plot presents the peak main memory usage convergence
during the 100 generations of DSE, with the y-axis showing the memory usage in Megabytes.
The observations made about the energy consumption convergence remain true here. This
time, the DSE runs utilizing the three advanced chromosomes shown find mappings with
peak main memory values closer together after 100 generations. On the other hand, the DSE
using the naive chromosome converges slowly, with the lowest main memory usage of the
best mapping found being 179.430 Megabytes, while on the other hand, the DSE using the
advanced chromosome with 2 horizontal splits converges the fastest, finding a mapping that
achieves a peak main memory usage of 43.369 Megabytes, which is almost 4 times less than the
naive chromosome’s mapping. Lastly, the third plot presents the inference latency convergence
in the 100 generations of DSE. The y-axis of the plot shows the inference latency in seconds.
The plot follows the same trend as the energy comparison graph. The DSE using the advanced
chromosome converges faster than the DSE using the naive chromosome, with the 2 horizontal
splits chromosome exhibiting the fastest convergence out of all others. The DSE using the
advanced chromosome with 2 horizontal splits finds the best mapping that achieves almost
10 times lower inference latency than the best mapping found by the DSE using the naive
chromosome after 100 generations. It is clear from the experiment results that the advanced
chromosome can handle the large complexity of the DenseNet CNN, allowing it to converge
faster in all three objectives during the DSE compared to the naive chromosome.

Figure|26] presents the results of the second experiment. The difference between this experiment
compared to the first is that now the DSE process uses CPUs and GPUs instead of only CPUs.
This means that the size of the design space becomes even larger, with the number of available
devices being doubled. The first plot compares the convergence of the energy consumption
per device, measured in Joules on the y-axis. The plot shows a similar trend to the energy
comparison of the first experiment. The difference is that this time, the DSE using the advanced
chromosome with 2 horizontal splits converges faster with a larger margin than in the first
experiment. Furthermore, this time, the best mapping found by the DSE using the naive
chromosome achieved an energy consumption per device after 100 generations that is at least
7 times higher than the energy consumption per device achieved by the best mapping found by
the DSE using the advanced chromosome with 2 splits. In this case, the mappings using both
GPUs and CPUs, are not able to outperform the mappings found that use only CPUs after
100 generations. Moving to the second plot, which compares the convergence of peak main
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memory usage per device, measured in Megabytes on the y-axis, we see a similar result. The
DSE using the advanced chromosome outperforms the DSE using the naive chromosome. In
this case, the three DSE runs using the advanced chromosomes converge at a similar pace and
their memory usage per device values found by their best mapping after 100 generations are
very close. Moreover, the memory usage per device of the best mapping found with the DSE
using the naive chromosome is much higher when compared to that of the best mapping found
by the DSE with the advanced chromosome with 2 splits. Furthermore, after 100 generations,
the mappings found using CPUs and GPUs in combination do not give better results in terms
of peak main memory usage when compared to the mappings that use only CPUs. Lastly, the
third plot presents the inference latency, measured in seconds on the y-axis. This plot shows a
similar trend to the energy consumption convergence graph. The three advanced chromosomes
exhibit faster convergence than the naive. The best mapping found with the DSE using the
advanced chromosome with 2 horizontal splits achieves the lowest inference latency value
after 100 generations followed closely by the mapping found with the DSE using the 4 splits
chromosome, while the mapping of the DSE using the 6 splits chromosome falls behind. The
DSE with the naive chromosome again converges at the slowest pace, with its best mapping
achieving an inference latency that is much larger when compared to any of the values achieved
with the best mappings found by the DSE runs using the advanced chromosomes. In this case,
using CPUs and GPUs, the advanced chromosomes are able to find mappings that come close
to the achieved results of mappings that only use CPUs. Based on these results, it is clear that
the advanced chromosome is able to handle the increased complexity of the design space better
than the naive chromosome because it exhibits faster convergence in all cases. In addition, in
terms of inference latency, after 100 generations the usage of both CPUs and GPUs shows
promising results, although, in terms of energy consumption and memory usage, the results of
the best found mappings are worse.
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Figure 25: DenseNet DSE convergence for hybrid partitioning when splitting Convolu-
tional and Fully Connected layers and using only CPUs.

The results of the third experiment using the DenseNet network are presented in Figure [27]
In this experiment, the convergence of the Vertical Partitioning and the Hybrid Partitioning is
compared based on energy consumption per device, peak main memory usage and inference
latency. The Vertical Partitioning uses the Split Point encoding [18] while the Hybrid Partition-
ing uses the advanced chromosome with 2 horizontal splits because it found the best mappings
in the first experiment. In this case, only CPUs are used to create the mappings. The first plot
compares the energy consumption per device, measured in Joules on the y-axis. It is clear that
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Figure 26: DenseNet DSE convergence for hybrid partitioning when splitting Convolu-
tional and Fully Connected layers and utilizing CPUs and GPUs.

in 100 generations the DSE using the Vertical Partitioning converges much faster in terms of
energy consumption, with its best found mapping achieving an energy consumption per device
that is lower by 7 times when compared to the value of the best found mapping of the DSE
using the Hybrid Partitioning. Moving to the second plot, it compares the peak main memory
usage measured in Megabytes on the y-axis. Again, the best mapping of the DSE using the
Vertical Partitioning outperforms the best mapping of the DSE using the Hybrid Partitioning
by a margin of 2.2 times. The last plot compares the inference latency convergence, measured
in seconds on the y-axis. The same observation is made here as well, which is that the DSE
using the Vertical Partitioning converges faster than the DSE using the Hybrid Partitioning
and this time the performance difference of the best found mappings is 7.2 times. Based on
the above results, when using the DenseNet network, the DSE using the Vertical partitioning
after 100 generations is able to find mappings that achieve better results than the DSE using
the Hybrid Partitioning, outperforming it in all three objectives.

DenseNet - All CPUs - Vertical vs Hybrid Partitioning (Convolutional & Fully Connected layers split)
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Figure 27: DenseNet DSE convergence comparing the Vertical and Hybrid Partitioning.
Vertical Partitioning uses the Split Point encoding [I8]. Hybrid Partitioning uses the
Advanced Chromosome with 2 horizontal splits for Convolutional and Fully Connected
layers. Only CPUs are used.

The results of the fourth experiment are shown in Table[6] In this experiment, the best design
points found in terms of energy consumption per device, peak main memory usage per device
and inference latency have been selected from the set of Pareto-Optimal points found with
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Table 6: DenseNet Pybrid Partitioning results using CPU only. Best points found for each
goal from the set of Pareto-Optimal points with their real and model evaluations.

Energy (J) Memory (MB) Latency (ms)
Chromosome Real | Predicted Real Predicted Real Predicted
Best Naive 18.699 74.729 240.289 | 185.586 | 4592.09 | 9661.204

Energy Advanced - 2 3.944 7.664 93.609 65.434 740.1 990.801

Point Advanced - 4 5.982 11.342 78.406 65.452 1257.01 | 1466.380

Found Advanced - 6 6.548 17.406 104.316 64.251 1417.06 | 2250.321

Best Naive 18.558 89.388 243.676 | 179.430 | 4603.02 | 11556.289

Memory | Advanced - 2 | 3.107 18.184 70.152 43.369 479.95 | 2350.934

Point Advanced - 4 3.926 22.495 77T 51.167 734.89 | 2908.266

Found Advanced - 6 5.129 43.050 107.508 56.660 1038.13 | 5565.628
Best Naive 18.371 74.729 242.832 | 185.586 | 4557.05 | 9661.204

Latency | Advanced - 2 3.788 7.664 91.785 65.434 714.59 990.801

Point Advanced - 4 5.971 11.342 78.648 65.452 1277.46 | 1466.380

Found Advanced - 6 6.642 17.406 104.402 64.251 1426.0 | 2250.321

the DSE of each chromosome after the first experiment. Recall that the first experiment used
only CPUs and partitioned Convolutional and Fully Connected layers horizontally. These design
points have been implemented using AutoDice and were run on the real distributed system to
collect their performance measures. The rows of the table show the real values measured on
the distributed system and the corresponding predicted values by the analytical model, for each
design point. The third and fourth columns show the real and predicted energy consumption per
device in Joules of each design point. The fifth and sixth columns show the real and predicted
peak main memory usage in Megabytes. The last two columns present the real and predicted
inference latency measured in milliseconds. Figure [28] visualizes the results for the best design
points found in terms of energy consumption per device and their results are also shown with
the first square with highlighted border on Table [f] The second square with highlighted border
on Table [6] shows the memory results for the best found design points in terms of peak main
memory usage and they are also visualized in Figure 29 Lastly, the third highlighted square
in the table shows the inference latency results of the best found design points in terms of
inference latency from the set of Pareto-Optimal points of each chromosomes’ DSE and the
results are visualized in Figure 30l The x-axis of all three figures denotes the chromosome
used to find each mapping. Examining Figure 28] we can see that the mapping found with the
advanced chromosome with 2 splits is predicted to have the lowest energy consumption per
device and this is true in reality. All of the results of the mappings found with the advanced
chromosomes outperform the result of the mapping found with the naive chromosome, both
in terms of real and predicted energy. It is also evident that the model miss-predicts in one
case, where the mapping found with the advanced chromosome with 3 splits is shown to have
a higher predicted energy consumption than the mapping found with the 4 splits chromosome
but in reality, this is not true. Examining the memory usage results in Figure 29, we find
that again all the results of the mappings found with the advanced chromosomes outperform
the result of the mapping found using the naive chromosome both in predicted and real
memory usage. Based on the chart, the analytical model this time does not produce any
wrong results because the real values measured are in the same order as the predicted values
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Figure 28: DenseNet comparison of predicted and real results for maximum energy con-
sumption per device when splitting Convolutional and Fully Connected layers with Hybrid
Partitioning, using CPUs.

of the analytical model. Lastly, the same observations made for the memory usage results are
true about the inference latency results of Figure [30] The analytical model does not show any
miss-predictions and all of the mappings found using the advanced chromosomes outperform
the mapping found using the naive chromosome in the real results as well as the predicted
results. Comparing the above results with the results of the un-partitioned CNN model shown
in Table [2, shows that the analytical model works well for guiding the DSE process towards
points with lower memory usage per device because the process found mappings with lower
real memory usage per device than the un-partitioned network. In terms of energy consumption
per device and inference latency, after 100 generations the DSE process cannot find a mapping
that outperforms the performance of the un-partitioned CNN model in these two objectives.
Furthermore, the predictions of the analytical model are usually not close to the real values
obtained using the distributed system in most cases by a large margin.
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Figure 29: DenseNet comparison of predicted and real results for peak memory usage per
device when splitting Convolutional and Fully Connected layers with Hybrid Partitioning,
using CPUs.
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Figure 30: Densenet comparison of predicted and real results for inference latency when
splitting Convolutional and Fully Connected layers with Hybrid Partitioning, using CPUs.
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6 Discussion and Future work

In this section, the results presented in Section and obtained from the experiments con-
ducted on the different CNN models are analyzed. The performance of the advanced chromo-
some is compared to the naive chromosome, and the benefits and limitations of the proposed
hybrid partitioning strategy are highlighted. Furthermore, the accuracy of the analytical model
is discussed.

The potential of the presented hybrid partitioning strategy (described in Section |4.1]) is demon-
strated through the experimental results presented in this research. First of all, the Hybrid
Partitioning is compared to the un-partitioned results for each CNN network. The real mea-
sured performance results of the un-partitioned CNNs are shown in Table [2 Table [7] shows
the percentage improvement achieved when using the Hybrid Partitioning in each objective for
every CNN network, compared to the un-partitioned values. The columns of the table show
the CNN networks while the rows show the objectives. The dashes in the table are placed
where there was no improvement for the CNN on a given objective. The table shows that for
AlexNet, there is no improvement in terms of energy consumption per device. From Table
we see that for the un-partitioned AlexNet CNN the energy consumption is 0.352 Joules while
checking the real results in Figure [I5] we cannot find a case where 100 generations of DSE
with the Hybrid Partitioning could find a mapping with lower real energy consumption per
device. On the other hand, in terms of peak main memory usage per device, Table [7| shows a
72.64% improvement and for the inference latency a 6.68% improvement. The numbers can
be found when comparing the real results of Table [3] with the results in Table [2] For the VGG
network, Table [7| shows an 11.38% improvement in terms of energy consumption per device,
66.66% improvement for peak main memory usage and an 8.54% improvement in inference
latency when using Hybrid Partitioning compared to the un-partitioned performance. These
numbers can be derived when comparing the real results in Table [5] with the results in Table[2]
Lastly, for the DenseNet CNN network, Tableshows a 26.9% improvement in the peak main
memory usage per device when comparing the real results in Table [ with the results in Table
and no improvement in terms of energy consumption per device and inference latency in
100 DSE generations. Therefore, based on the above results, we can conclude that the Hybrid
Partitioning can deliver lower peak main memory usage per device in all three CNNs in just 100
DSE generations, while for AlexNet and VGG it can also improve in terms of inference latency
when compared to the un-partitioned networks. To answer the research question of whether
the Hybrid Partitioning offers benefits over the Vertical Partitioning, we need to examine Fig-
ures [14] 21 and [27] For AlexNet, Figure [14] shows that in terms of peak main memory usage,
the Hybrid Partitioning can outperform the Vertical Partitioning. Furthermore, it also shows
promising results in terms of energy consumption per device and inference latency because
even though the DSE does not find a mapping with better results in these two objectives after
100 generations, it manages to come close to the results of the mapping found with the DSE
using the Vertical Partitioning. For the VGG network, Figure [21f shows similar trends. In terms
of peak main memory usage, the Hybrid Partitioning outperforms the Vertical Partitioning,
while coming close in terms of energy consumption per device and inference latency. On the
other hand, when examining Figure [27 for DenseNet, it is evident that the Hybrid Partitioning
cannot outperform the Vertical Partitioning in any objective after 100 generations of DSE.
This is because the DenseNet CNN has a high number of layers, thus the size of the design
space becomes very large. The size of the design space is smaller when using the Vertical Par-
titioning strategy than the size of the space when using the Hybrid Partitioning, and therefore

20



the DSE with the Vertical Partitioning can outperform the DSE with the Hybrid Partitioning
in 100 DSE generations. Based on the above discussion, we can conclude that the Hybrid
Partitioning offers lower peak main memory usage per device than the Vertical Partitioning
in both AlexNet and VGG CNNs. Furthermore, the results show the potential of the Hybrid
Partitioning to outperform the Vertical Partitioning in terms of energy consumption per device
and inference latency if we continue the DSE process for more than 100 generations. For the
DesneNet CNN, the DSE using the Hybrid Partitioning needs more generations in order to
find a mapping that comes close to the results of the mapping found with DSE using the
Vertical Partitioning, but we cannot say for sure whether this will happen because the Vertical
Partitioning might still improve on the objectives if more DSE generations are performed.

Table 7: The % improvement in each objective when comparing the Hybrid Partitioning
strategy results (CPUs, Horiz. splitting Conv. and FC layers) with the un-partitioned
results. Dashed line on the objectives which where not improved.

AlexNet VGG DenseNet

Energy
% Improvement ) 11.38 )
Mermory 7264  66.66  26.9
% Improvement
Latency

% Improvement 0.68 8.54 )

Based on the results presented in Section [5.2] it is evident that the DSE process utilizing our
advanced chromosome consistently converges faster than the DSE with the naive chromosome
and therefore finds better mappings in each objective in most cases. Starting with AlexNet,
Figure [12 shows that DSE using the advanced chromosome converged faster in all objectives
and found a mapping producing better results with the analytical model after 100 generations
when compared to the mapping found by the DSE utilizing the naive chromosome. Comparing
the real results shown in Figures [15] [16] [I7] indicates that only in terms of the real measured
peak main memory usage the mapping found by the DSE using the naive chromosome achieved
a lower real value after 100 generations, while in the other objectives, the mappings found
with the DSE runs of the advanced chromosomes produce lower values.

This can be explained in two ways. First, the mapping produced by the DSE using the naive
chromosome achieves lower memory usage because the naive chromosome is not as restrictive
as the advanced chromosomes and allows for greater flexibility and more granularity in terms
of the vertical partitioning of layers, thus enabling a distribution of layers among the devices
that equally divides the main memory usage in a way that the advanced chromosome cannot
achieve. The second explanation involves the analytical model. As shown in Figure[16|the model
inaccurately estimates the overall memory usage per device because it assigns a lower predicted
main memory usage per device on each of the mappings found with the DSE runs using the
advanced chromosomes than the mapping of the DSE found using the naive chromosome.
Therefore, due to the miss-predictions of the analytical model, in the case of AlexNet, the
DSE process using the advanced chromosomes might not be able to explore mappings offering
lower memory usage per device. In the second experiment, where both CPUs and GPUs are
used to handle the inference, the DSE utilizing the advanced chromosome finds mappings with
better predicted scores after 100 generations than the DSE using the naive chromosome as

o1



shown in Figure [13] This was expected because adding GPUs to the pool of devices increases
the size of the design space, therefore the advanced chromosome is able to better handle the
complexity.

As for VGG, the advanced chromosome demonstrates even better results. With the higher
complexity introduced because of the CNN, both in terms of layers and amount of parameters,
the DSE using the advanced chromosome shows great potential. In all three objectives, the DSE
with the naive chromosome converges slower than the DSE utilizing the advanced chromosome.
This can be seen in Figure which compares the convergence in each objective for 100
generations. Furthermore, comparing the real results presented in Figures , and ,
shows that in all three objectives, the mappings found with the DSE runs using the advanced
chromosomes in almost all cases give lower values in each objective than the mappings found
with the DSE utilizing the naive chromosome. The only case where the mapping found with
the DSE using the naive chromosome gives a lower value is in terms of memory usage per
device when compared to the mapping produced by the DSE using the advanced chromosome
with 4 splits. In all other cases, the results of the mappings found with the DSE using the
advanced chromosomes are better. Figure [20] presents the convergence after 100 generations of
the DSE when using both CPUs and GPUs and again in this case, the advanced chromosome
is able to handle the complexity and converge faster than the naive chromosome.

Finally, the DenseNet results align with those of VGG, with the difference being that DenseNet
has more layers but fewer parameters. In both experiments depicted in Figure [25 and [26] the
DSE with the advanced chromosome is able to converge faster and is able to find mappings
that produce better results than the mappings found with the DSE using the naive chromosome
after 100 generations in all three objectives. Comparing the real results of the experiment using
only CPUs in Figures[28] [29 and [30] also verifies that the DSE using the advanced chromosome
finds mappings that outperform the mappings found with the DSE using the naive chromosome
after 100 generations in all three objectives.

Based on these results, it becomes clear that the DSE utilizing the advanced chromosome is
superior to the DSE using the naive chromosome, finding mappings after 100 generations that
produce better results. In addition, the best scores achieved in each objective are presented in
bold in Tables[3] [5] [l An important observation is that all of the best scores are achieved by
mappings found with the advanced chromosome.

To answer the third research question, which investigates whether there are improvements
when using both CPUs and GPUs when performing CNN inference with Hybrid Partitioning,
we need to compare the first and second experiments of each CNN. First, for AlexNet, we
need to compare the results in Figure [12] against the results in Figure [13] In terms of energy
consumption per device, using both CPUs and GPUs cannot offer lower energy consumption
after 100 generations although it comes close to the result of only using CPUs. In terms of peak
main memory usage, after DSE of 100 generations using both CPUs and GPUs cannot offer
lower memory usage compared to only using CPUs. Lastly, the inference latency of using both
CPUs and GPUs is slightly lower than when using only CPUs after 100 generations. As for VGG,
comparing the plots in Figure [19] against the plots in Figure |20 shows that in terms of energy
consumption per device and peak main memory usage, the mappings using both CPUs and
GPUs cannot outperform the mappings using only CPUs after 100 DSE generations. In terms
of inference latency, both solutions end up close to each other after 100 generations but still
using only CPUs outperforms the solution with both CPUs and GPUs. Lastly, for DenseNet, we
need to compare Figure 25 and Figure [26] The comparison yields similar conclusions, where in
terms of energy and memory, using both CPUs and GPUs cannot outperform the best achieved
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values of using only CPUs after 100 DSE generations and in terms of inference latency using
both CPUs and GPUs comes close to the result of using only CPUs. Therefore, based on
the above analysis, using both CPUs and GPUs is possible to offer potential improvements
in terms of inference latency, but more DSE generations are required in order to be able to
confirm this. In terms of energy consumption per device and peak main memory usage after
100 DSE generations using only CPUs yields far superior results.

Regarding the analytical model developed in this research, the presented evidence indicates
that it lacks the required accuracy to provide close prediction numbers to the real measured
values. However, it only miss-predicts trends in limited cases, where it cannot predict correctly
the performance of a solution and shows that a different solution can achieve better results
when this is not true. This can be seen in the figures and tables comparing the real and
predicted values of each CNN, Figures[15] 16}, [17] and Table [3] for AlexNet, Figures 22} 23]
and Table [5| for VGG, Figures 28] [29] [30] and Table [6] for DenseNet. Several factors contribute
to the deviation of the results given by the model. First of all, it relies heavily on the MAC
operations calculated for each layer along with the calibration coefficients found during model
tuning for the inference latency. However, there exists a very high variance when calculating
the coefficients for the same type of layers. This variance, when averaged to retrieve the
coefficient for a layer type, introduces errors in the model. The same is true for the memory
and energy calibration coefficients. The different implementations available for every layer type
contribute to the substantial variance, making accurate prediction of execution time for each
layer a difficult task. Furthermore, accurately predicting memory usage is challenging due to
the variety of implementations for each layer which affects memory usage and the difficulty
of estimating the memory used by loaded libraries. The simple prediction method employed
for energy consumption fails to accurately capture the complexity of the energy consumption,
neglecting factors such as varying energy usage during startup, communication, and different
operations.

However, the aforementioned limitations do not suggest that our analytical model is useless.
The conducted experiments show that the model is still useful in guiding the DSE process
towards the right direction. Since the model is based on MAC operations for the inference
latency and the network speeds for the communication time, it can effectively steer the DSE
process toward lowering the MAC operations and communication, therefore lowering the overall
inference latency. This is because, for every mapping given, the model will give a different
evaluation for inference latency based on the MAC operations and communication time spent
on each device. The actual DSE process minimizes the inference latency, even though the
predicted absolute values are not close to the real ones. The same is true for the main memory
usage model. Since the model is based on the tensor sizes for main memory usage and the
memory usage during communication, which are the two prominent memory usage reasons
for a mapping, each different mapping will get a different evaluation in terms of memory. For
the energy consumption model, the simple assumption that the more time spent operating on
each device, the higher the energy consumption, is also moving the DSE process towards the
right direction, although it cannot really capture the complexity of the energy consumption. All
the calibrating coefficients help our analytical model adjusting to the case of the distributed
system and adjusting the values between CPUs and GPUs, which are important because they
affect execution time, communication time and energy consumption. Therefore, the model can
be used for the DSE process up to a point, after which the DSE can be continued by numbers
obtained from the real devices to get the optimal mapping.

As future work of this project, there are several potential avenues to explore. Firstly, the DSE
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process itself can be enhanced. It is hypothesised that by allowing more generations to the DSE
utilizing the advanced chromosome, it will be able to further improve the design points and still
converge faster than the DSE using the naive chromosome. Furthermore, such experiments
may show more improvements using the Hybrid Partitioning over the Vertical Partitioning.
Additionally, exploring the use of the advanced chromosome with a higher number of horizontal
splits, coupled with an extended number of DSE generations, could help determine the optimal
number of splits for each CNN.

Further improvements can be made to the DSE process. One approach involves utilizing the
current analytical model up to a certain point, after which the DSE can continue for a specified
number of generations using the real distributed system as a fitness function. This hybrid
approach would provide a better process for determining the optimal solution because the first
phase of the DSE would guide the GA towards the correct direction and in the subsequent
phase, the GA would be able to use the real evaluations of each found mapping and therefore
find more optimal solutions. A similar approach can also be taken when using CPUs and GPUs
together. In this case, the first phase of the DSE could be done using only CPUs and after the
specified amount of generations passes, it can continue by using both CPUs and GPUs. This
phased approach would aid the DSE convergence of the more complex scenario, as it would
initiate the search for an optimal solution using both CPUs and GPUs from a favourable
starting point, which thus may prove that there are more possible improvements when using
both CPUs and GPUs.

Another improvement to the project involves the analytical model. It is clear that the current
model struggles to capture the complexity of the mappings and provide absolute prediction
numbers closer to the real measured numbers. This is due to the existence of non-linearities,
for example in the energy consumption. To address this limitation, alternative modelling tech-
niques could be explored such as training a machine learning predictive model to predict each
performance aspect.
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