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Understanding The Effects of Incorporating Scientific Knowledge on
Neural Network Outputs and Loss Landscapes

Mohannad Elhamod

(ABSTRACT)

While machine learning (ML) methods have achieved considerable success on several main-

stream problems in vision and language modeling, they are still challenged by their lack

of interpretable decision-making that is consistent with scientific knowledge, limiting their

applicability for scientific discovery applications. Recently, a new field of machine learning

that infuses domain knowledge into data-driven ML approaches, termed Knowledge-Guided

Machine Learning ( ), has gained traction to address the challenges of traditional ML.

Nonetheless, the inner workings of models and algorithms are still not fully under-

stood, and a better comprehension of its advantages and pitfalls over a suite of scientific

applications is yet to be realized. In this thesis, I first tackle the task of understanding the

role plays at shaping the outputs of a neural network, including its latent space, and

how such influence could be harnessed to achieve desirable properties, including robustness,

generalizability beyond training data, and capturing knowledge priors that are of importance

to experts. Second, I use and further develop loss landscape visualization tools to better un-

derstand ML model optimization at the network parameter level. Such an understanding

has proven to be effective at evaluating and diagnosing different model architectures and loss

functions in the field of , with potential applications to a broad class of ML problems.
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Neural Network Outputs and Loss Landscapes

Mohannad Elhamod

(GENERAL AUDIENCE ABSTRACT)

My research aims to address some of the major shortcomings of machine learning, namely

its opaque decision-making process and the inadequate understanding of its inner workings

when applied in scientific problems. In this thesis, I address some of these shortcomings

by investigating the effect of supplementing the traditionally data-centric method with hu-

man knowledge. This includes developing visualization tools that make understanding such

practice and further advancing it easier. Conducting this research is critical to achieving

wider adoption of machine learning in scientific fields as it builds up the community’s con-

fidence not only in the accuracy of the framework’s results, but also in its ability to provide

satisfactory rationale.
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In recent years, Machine Learning (ML) has pervaded all aspects of life, and helped auto-

mate many laborious tasks in domains that traditionally required specialized human exper-

tise. One prominent application is the use of deep learning algorithms to enhance medical

diagnosis. Estava at al. [40] demonstrated that a convolutional neural network was able

to identify skin cancer with a level of competence comparable to that of dermatologists,

effectively revolutionizing the early detection of the disease. In the financial sector, machine

learning has been employed to detect fraudulent transactions, thereby enhancing security

measures. For instance, Carcillo et al. [16] proposed a hybrid model combining deep learn-

ing and traditional machine learning algorithms to detect credit card fraud with a high

degree of accuracy. Additionally, machine learning has also found its way into the realm of

environmental conservation. Collins et al. [25] showcased how machine learning algorithms

can be utilized to monitor endangered species, such as the North Atlantic right whale, by

analyzing acoustic data to identify their presence and protect their habitats. These real-

world applications attest to the transformative potential of machine learning across various

domains.

This success in deep learning methods has been primarily fueled by the availability of massive

volumes (in the order of millions) of labeled training data (e.g., in Imagenet [30]). However,

existing deep learning models do not generally learn features that map to human knowledge.

Since most off-the-shelf deep learning models are (i.e., it is hard to understand

1
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their inner workings), they lack the ability to provide useful explanations to end-users in a

manner consistent with existing scientific knowledge. In many applications, including those

in scientific domains, understanding the decision-making process can be as important as the

decision itself so that the method is trustworthy and reliable. Moreover, black-box models

don’t necessarily comply with existing domain understanding, and hence are susceptible

to showing poor performance when presented with out-of-distribution data (i.e., lack of

generalizability) [49] even when they produce accurate predictions on in-distribution data.

Also, since current standards of black-box ML solely rely on data-driven supervision, they

are not fully equipped to discover novel knowledge in the form of interpretable features or

attributes, despite being successful on benchmark problems. This is exacerbated by the fact

that, unlike industrial and commercial applications, scientific domains still struggle with

achieving good generalization performance of deep learning models due to the paucity of

labeled data [31, 157]. For example, in the biological problems of species classification and

trait detection, generating training labels (in the form of annotations) is labor-intensive and

requires subjective human expertise. However, unlabeled data is easier to obtain (e.g., gen-

erating partial differential equations without solving them). This paucity of representative

training data is one of the biggest impediments in the standardization of deep learning in

science.

To remedy the shortcomings of black-box ML mentioned above, namely its lack of ex-

plainability and generalizability, the emerging field of

( ) [71] attempts to bridge the gap between data-only and conventional science-only

approaches, by informing the ML frameworks with scientific knowledge available in different
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forms in various disciplines (e.g., principles of energy and mass conservation in physics, or

tree-based structured knowledge in biology). For example, a model that predicts the location

of two particles after collision could also benefit from optimizing its parameters to uphold the

law of conservation of energy. Such constraints could be enforced by imposing additional,

usually label-free, regularization that is informed by domain knowledge.

seeks a radical departure from data-only and science-only methods by using scientific

knowledge and data at an equal footing for learning generalizable models even in the paucity

of representative training labels. For example, in addition to labeled data, Daw et. al.

[28] enforce the depth-density relationship on unlabeled data to improve the performance of

lake temperature modeling. Alternatively, instead of using unlabeled data, other researchers

modify black-box architecture of neural networks such that the model is informed by specific

domain knowledge. For example, Carranza-Rojas et. al. [17] improve image classification

performance by adding an unsharp masking layer to vanilla ConvNets to inject prior image-

enhancement knowledge. These are just examples of the growing interest in , which

is reflected in a series of planning reports and thought articles on this topic [44, 143]

While initial explorations in the nascent field of have shown that “infusing” ma-

chine learning models with domain knowledge leads to improved performance, a complete

understanding of this framework is still missing. More specifically, there has been little re-

search concerning the effects of integrating domain knowledge into model architecture and

optimization beyond simply measuring the improvement in predictive accuracy.

While a more detailed and mathematical understanding of machine learning modeling in

general is still desired, the research community has applied several practical and emperical
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techniques to study black-box machine learning models in more depth. For example, in

terms of understanding model prediction and information extraction, researchers have used

tools such as saliency maps [138] and Class Activation Maps (CAMs) [180] for model inter-

pretability, as well as other tools such as t-SNE [65]. The use of these tools is wide-spread

in the community, especially in computer vision. On the other hand, there has been little

work in that attempts to understand the advantages of knowledge guidance in the

model output space. For example, an important question to answer is:

KGML

. This and other questions are important to understand the full impact of using

the framework.

In addition to studying the output space, very little work has been conducted to understand

the influence of knowledge guidance on model optimization. For black-box models, in ad-

dition to theoretical machine learning research, visualization tools, such as loss landscape

visualizations [91] and disconnectivity graphs [161] have gained attention in recent years,

and have been used to investigate the effects of different hyper-parameters, such as batch

size and model architecture, on model optimization. This line of research is mostly absent

in the framework research. As such, questions such as

have not been

fully answered. Bridging this research gap is of great importance as it helps researchers and

practitioners better understand the best practices for designing solutions.

In this thesis, I aim to understand the impact of knowledge-guidance in machine learning

through the following two lenses:
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1. Achieving KGML

More specifically, I aim to investigate and understand the

advantages of using over black-box models through several perspectives. One

such perspective is robustness to noise and adversarial occlusion, and generalizability

under paucity of samples. Another perspective is achieving meaningfulness and con-

sistency with scientific knowledge at the model outputs. This research goal is explored

through an application in biology.

2. KGML such that

the advantages and pitfalls of its models are better understood. The aim here is to

demonstrate the usefulness of novel visualization tools and their feasibility for inves-

tigating model optimization when incorporating scientific knowledge as different loss

functions. Ultimately, this research would promote a wider adoption of loss landscape

visualization for investigating, diagnosing, and developing machine learning models.

This research goal is explored through applications in physics.

A visual breakdown of the goals of this thesis can also be found in Fig. 1.1.

The following list outlines the organization of this thesis:

• Chapter 2 gives a comprehensive overview of the concepts discussed across this docu-

ment.

• Chapter 3 gives an overall description of the major applications within which the

experiments are conducted.

• Chapter 4 focuses on demonstrating and understanding the benefits of using at

improving the characteristics of model output, constraining it with desired properties

such that it is grounded to established knowledge.
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Figure 1.1: A visual breakdown of the goals of this thesis.

• Chapter 5 focuses on applying and developing novel loss landscape visualization tools

to better understand models and their different properties, including challenges

in the optimization process.

• Chapter 6 gives a brief summary of the work in this thesis.



In this literature review, I survey some of the previous work done in areas relevant to my

thesis. These areas are Knowledge-Guided Machine Learning ( ), loss landscape visu-

alizations, and some background on trait visualization in ML and biology

In spite of the impressive progress achieved by ML in diverse scientific disciplines [4, 51],

most research has only focused on purely labeled-data-driven approaches (i.e., black-box

models). However, as was explained in Chapter 1, the ML community has recognized the

advantage of imposing additional, often label-free, regularization techniques inspired from

domain knowledge and its rich supervision to achieve better generalization and scientific

consistency. This has been applied to and shown to be true in a range of application domains

including chemistry, physics, biology, climate science, security, healthcare, transportation,

and many other areas [71, 119, 169]. This emerging field comes by many names, including

physics-guided machine learning (PGML), science-guided machine learning (SGML), and

knowledge-guided machine learning [28, 29, 71, 72, 115, 122, 163].

For example, one of the promising lines of research in this direction is to modify the objective

function of neural networks by adding loss functions that measure the violations of ANN

outputs with physical equations, termed as [71, 144]. An

7
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