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Abstract. Recent research brings the strengths of neural networks to
bear on CBR tasks such as similarity assessment and case adaptation.
This paper further advances this direction by implementing both retrieval
and adaptation as a single neural network. Such an approach has multiple
goals: From the perspective of CBR, it enables harmonizing the interac-
tion between feature extraction, retrieval /similarity assessment, and case
adaptation through end-to-end training. From the perspective of neural
networks, a neural network implementing CBR processes ceases to be a
black box and provides the natural interpretability of CBR. As a first
step towards this goal, this paper presents neural network based k-nearest
neighbor (NN-kNN), a network architecture that can be interpreted as a
k-NN method. Unlike other network architectures, NN-kNN’s decisions
can be fully explained in terms of surface features, feature/case weights
and nearest neighbors. It can be trained or fine-tuned using existing neu-
ral network methods. This study illustrates its feasibility and examines
its strengths and limitations. The approach is evaluated for classification
and regression tasks comparing NN-kNN, a standard neural network, and
k-NN models using state-of-the-art distance metric learning algorithms.
In these tests, NN-kNN achieves equal or less error when compared to
the other models, while being fully interpretable as a k-NN method. The
study also considered the limitations of NN-kNN and future directions
to alleviate them.

1 Introduction

Neural network (NN) techniques are powerful but often uninterpretable black
boxes. Tremendous effort has been devoted to opening the black box with post-
hoc explanation [11]. As observed since the early days of CBR research, case-
based reasoning provides interpretability [17], suggesting benefits of hybrid sys-
tems where a CBR system provides cases as explanations for network decisions
[20]. However, Rudin [27] contends that post-hoc explanations have fundamental
flaws and that intrinsically interpretable methods are needed for critical tasks.



An alternative to abandoning networks or relying on post-hoc explanation is
to develop network architectures that are more interpretable. An interesting ap-
proach to this is to design network architectures so that their processes parallel
CBR [20]. Li et al. [22] propose a neural network model in which predictions are
based on learned prototypes, which that can subsequently be used to explain
network decisions. Their model uses an autoencoder to encode features and re-
construct samples from features, and a special prototype layer which stores the
features of prototypes found through training. The prototype layer calculates
the distance between the input and each prototype, which then feeds to a fully
connected layer for a final classification output. The model is trained with a
loss function that encourages (1) high classification accuracy, (2) faithful recon-
struction from the autoencoder, (3) every prototype being similar to at least one
encoded input and every encoded input being similar to at least one prototype.
In summary, the model learns prototypes in a low dimensional space, which are
then used in distance-based classification.

Their approach enables explaining using learned prototypes and achieves
strong accuracy. However, it has limitations as well. First, the system learns the
prototypes through an autoencoder, which is a black box itself. Second, there
is no guarantee that sufficiently similar prototypes exist to explain all or most
of the possible situations, or that the prototypes will correspond to actual sit-
uations in the world, or that they will be comprehensible to humans (e.g., if a
prototype were to blend several conflicting classes). Our goal is to develop a fully
interpretable network model based on cases rather than prototypes. As a fully
interpretable model, it is at one endpoint of the interpretability spectrum. Re-
searchers can integrate it with black-box approaches to trade off interpretability
for accuracy, ease of use, prepocessing, multi-modal learning, scalability or other
benefits of black-box models.

Our model, called Neural network based k-nearest neighbor, is a neural net-
work that compares a query with stored cases, activates neighboring cases, and
makes a prediction based on the labels and activations of the neighboring cases,
It can function like a classical k-NN system, with full interpretability. It can
be chained with a feature extractor to learn features that best serve k-NN or
that are harmonized with a network case adaptation module, or to be combined
with other neural network modules for decisions based on the nearest neighbors
found. Unlike CBR systems where feature extraction, similarity metrics, or adap-
tation methods are independent neural/symbolic components, our model does
everything in a single neural network. Therefore, the different stages of CBR are
trained from end to end to minimize a single loss function combining factors such
as explainability, adaptation distance, and even case maintenance cost, achiev-
ing better overall system performance. Previous work has show the benefit of
harmonizing similarity and adaptation knowledge [18,29]; we hypothesize that
analogous benefits can accrue to other CBR processes as well.

This paper is organized as follows. Section 2 discusses related research in
learning for k-NN, ANN-CBR hybrid methods, and interpretable Al. Section 3
explains NN-kNN from the perspectives of neural networks and k-NN. Section 4



compares NN-kNN and other models in computational experiments. The paper
concludes with discussion and future directions.

2 Background

2.1 K-Nearest Neighbor and Distance Metric Learning

K-NN can be viewed as a simple form of CBR with minimal adaptation (e.g.,
averaging of case values). In its most basic form, k-NN| for classification tasks,
takes the majority vote of the top k nearest neighbors’ class labels, and for
regression tasks, averages the labels. [6]. K-NN models are appealing because
they are easy to interpret and often provide good accuracy [2].

A simple k-NN approach assumes that all features are equally important in
the calculation of distances between cases, and that all cases carry equal weight in
the voting of the final prediction. Wettschereck et al. [34] relax both assumptions
with a general distance calculation. Following that, research on distance metric
learning has yielded many variants of k-NN [1, 16, 24, 33]. Feature-weighted k-
NN weights each feature differently (e.g. house age and number of rooms are
more important in deciding a house’s price that its longitude and latitude).
Methods such as neighborhood components analysis (NCA) and large margin
nearest neighbor (LMNN) learn a linear transformation of the feature space to
enhance classification accuracy [10, 33]. Distance-weighted k-NN weights cases
based on their distance from the query. Instance-weighted k-NN weights cases
based on their own significance (e.g. a run-down house in a good neighborhood
is an outlier and carries less weight) [3].

This paper proposes a general model wherein the calculations of feature dis-
tances, case distances, and target activations are implemented by layers in a
neural network that can be trained together.

2.2 Hybrid ANN-CBR Models

ANN-CBR integrations have been proposed both to provide explanations for
neural systems and to improve the performance of CBR. In twin systems, cases
retrieved using features extracted from networks are used as post-hoc explana-
tions of network decisions [14]. The goal of such systems is to illustrate the types
of cases the network might consider similar, but the explanation is decoupled
from the network processing. NN-kNN contrasts in providing an interpretable
network: it retrieves cases and then adapts them towards the final prediction.
Hybrid ANN-CBR models have also used neural networks to implement dif-
ferent CBR stages [5, 28], with the goal of increasing the scope of CBR system
applicability (e.g., to image-based data [31] or increasing the performance of
CBR). For example, Mathisen et al. [23] used a siamese network to implement
the similarity measurement in case retrieval, and Ye et al. [35] trained a neu-
ral network to carry CBR adaptation using case difference heuristics. Following
this work, Leake and Ye built a CBR system that uses a siamese network for



retrieval and another neural network for adaptation, and then trained the two
stages using alternating optimization [21]. The goal of their approach was to har-
monize retrieval and adaptation, enabling automated refinement of the coupling
of retrieval and adaptation knowledge that had been shown important in the
research on adaptation-guided retrieval [30] and case-based coupling similarity
and adaptation learning [18]. NN-kNN combines both retrieval and adaptation
in a single neural network model (instead of two) and trains both processes end
to end to harmonize them. This is especially beneficial when the training needs
to coordinate many independent components (e.g. feature extractor, retrieval,
adaptation, and case base maintenance).

2.3 Interpretable Neural Networks

Rudin [27] argues that post-hoc explanation of neural networks is inadequate
for critical applications. In response, Li et al. [22] propose a neural network
model for image classification which can explain each prediction with a set of
learned prototypes. Their model includes an autoencoder to encode features and
reconstruct samples from features. A special prototype layer stores the features
of prototypes found through training, and reconstructed images of prototypes are
used for explanation. Their system is interpretable in that network classifications
are based on prototypes, and explanations reveal the prototypes used by the
system. However, using learned prototypes has potential limitations: the learned
prototypes are not guaranteed to correspond to any real example and may blend
several conflicting classes, making them less understandable or convincing to
a user, and a case may not be covered by any prototype sufficiently similar
to be a convincing explanation. Another approach, taken by Chen et al. [4] in
ProtoPNet, focuses on explanation based on component extraction: the network
“dissects the image by finding prototypical parts, and combines evidence from
the prototypes to make a final classification”.

Logical Neural Networks [26] address interpretability by endowing each node
in a network with the meaning of a logical operator or proposition, and per-
forming logical inference through the network process. They reflect the neuro-
symbolic perspective that neural net and logic statements are two renderings of
the same model. Our model has an analogous duality: the neural network and
k-NN are two renderings of NN-kNN.

3 The NN-KkNN Architecture

Neural network based k-nearest neighbor (NN-kNN) is a neural network with
special structures and parameters to capture properties of k-NN. Similar to
traditional k-NN algorithms, an NN-kNN stores a set of training cases. The
basic process is: NN-KNN calculates the case distance between the query and
each stored case; The closer cases gain higher activation values; Activated cases
contribute to a weighted voting of the final prediction. A sample NN-kNN model
is shown in Figure 1. Its workflow is as follows (this is an intuitive description
of the general process, which we specify in the following section):
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Fig. 1: The Model of NN-kNN.

Given a query g, a copy of ¢ is paired with each stored case = and passed to
the feature extraction layer.

The feature extraction layer uses a feature extractor f to get the features
of the query and cases. This corresponds to the CBR situation assessment
process [15].

The feature distance layer 0 measures distance between corresponding fea-
tures as 6; = 0;(qi, x;)

The case activation layer sums up all feature distances d;s between ¢ and
z and calculates a case activation value representing how much the case =
activates for the query gq.

The steps 1-4 are repeated for the query ¢ and each stored cases. The NN-
kNN produces one case activation value for each stored case.

An optional top k case selection layer then selects the top k activated cases.
The target activation layer activates the target output neuron by considering
the case activation values. Then a final adaptation layer produces the output
based on activated labels.

3.1 Default Implementation of NN-kNN

We consider NN-kNN for classification and regression tasks where each case x
contains multiple features and a label L,. Below we describe a default imple-
mentation of the model layers and explain why it is a k-NN method.

1. Feature extraction layer: As for traditional CBR situation assessment,

when input cases are already represented as desired features, no processing is
needed. In such case, this layer can be omitted. Let f(z) =< z1,z2,73... >
and f(q) =< q¢1,92,¢q3... >, where x; and ¢; are the i-th feature of x and g.
Potentially, the feature extraction layer can be a ResNet model for images, a
doc2vec model for documents, or any neural feature extractor.

2. Feature distance layer: For §;() we use weighted mean square difference
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0i(qi, vi) = wei(qi — x:)?
where w,; is the feature weight for the case x’s feature x;. Here we assume non-
nominal attributes, which requires alternative weightings. The function §;(g;, x;)
outputs a non-negative number and bigger differences are weighted more after
the square operation.

3. Case activation layer: This layer calculates

case_activation(x) = ca, (01, 02,03...) = 0(Wgs, * 01 + Wys, * 02 + ... + by)

where wys, is the weight for feature distance d; and b, is the bias for the case z.
1

The sigmoid function o(ca) = 77— limits case_activation within [0, 1].
NN-kNN calculates the distance between the query and a stored case as
a weighted combination of feature distances. Because higher feature distances
decrease case activation, feature distance weights ws, are less than or equal
to zero. Thus b, can be considered as a baseline activation of the case x while
Wgs, * 0; is an inhibitor reducing the activation. The case activation layer uses
a sigmoid function to limit all case_activations in the range of [0, 1]. The lower
limit prevents negative activations while the upper limit of (< 1) prevents any
case from being overly active and overshadowing the influence of other cases.
In the two layers above, cases may share feature weighting, or each case may

have its own feature weighting. To illustrate, consider two cases = and y:

1. Their feature distance functions may share a feature weight for the same
feature, or wy; = Wy;.

2. Their case activation functions may share the same feature distance weights,
Or Wys; = Wyg, -

If all weight sharing is disabled, each case has its own set of weightings. It is as
if each case has its own NN-kNN model with unique weights and biases. If all
weight sharings are enabled, all cases share a single NN-kNN model. Case biases
b, and target activation weights w(, 1) (described later) are never shared.

Our choices of feature distance function § and case activation function ca
produce overlapping effects between the weight w,; in the feature distance layer
and the weight w,s, in the case activation layer. Consequently, disabling weight
sharing for either is effectively disabling both. We therefore regard the two weight
sharing settings as a single “weight sharing” flag in Tables 1 and 2. This is not
necessarily true for other choices of § and ca functions.

4. Top k case selection layer: This layer keeps the top k activated cases’
activation values and resets other activation values to 0. If this layer is disabled,
all activation values are considered for the next step. It is recommended to
disable this layer during training for classification, or altogether for regression,
as explained later in the Section 5.

The optional top k case selection layer imitates a k-NN model selecting the
top k nearest neighbors. When this layer is disabled, NN-kNN behaves more like a
standard neural network classifier /regressor where all activations are considered.

5. Target Activation Layer and Final Adaptation Layer: In classi-
fication, the target activation layer has multiple neurons, each representing an
unique class L. A neuron’s output is a weighted sum of all case_activations as



class_activationy, = X, (w(g, 1) * case_activation(z)) + by,

where wy, 1 is the weight of the case x for the class L, case_activation(z) is the
case_activation of the case x and by, is the bias of the class L. A rule is set that
Wp,r)y > 0 if the case x is of class L and w, 1) = 0 otherwise, because a case
is supposed to only contribute to its correct class label but not to other labels.
The adaptation layer chooses the label L with the maximum class_activation.

In regression, the target activation layer and adaptation layer is a single
neuron. Its output num_prediction is a numeric value representing the final pre-
diction. Case activations are normalized based on the sum of all case activations
and then they all contribute to the final prediction to the extent of their own
labels.

. __ case_activation(x)
normalzzed,CA(x) — Yjcase_activation(i)

num_prediction = X;(normalized_CA(7) * L;)

where X;case_activation(i) is the total of all case activations and L; is the correct
label (numerical value) for case i.

During training, the loss is calculated as the error of the final output (cross
entropy loss for classification and mean squared error for regression) and back-
propagated to all layers in NN-kNN.

In distance-based k-NN, cases are weighted based on their distance to the
query. Closer cases carry more weight in deciding the final label. In NN-kNN;, a
high case_activation indicates a closer case and contributes more to the down-
stream class_activation or num_prediction. In Regression, all case activations
collectively contribute to one target node. The final prediction is a weighted aver-
age of the cases’ labels, weighted by their case_activations. In instance-weighted
k-NN; regardless of their distances to the query, some cases are more important
(e.g. a prototype) than others (e.g. an outlier). Instance-weighted k-NN assigns
a weight for each case. NN-kNN imitates this behavior with the weight w, 1,
in classification, where a higher weight means the case contributes more to the
final prediction.

3.2 NN-KkNN is a k-NN method

In its simplest form, NN-kNN can be tuned to act as a vanilla k-NN classifier
by choosing the following parameters for each case x: wy; = wys, = 1 for any
feature 7, so all features are weighted equally; b, = 1 so all cases are weighted
equally; The top k case selection layer is enabled; w(, ry = 1,br, = 0 if the case
x is of class L, so each case contributes equally to the final label.

The parameter settings above can also be tuned for NN-kNN to act as a k-NN
regressor. A vanilla k-NN regressor selects the top k cases and then takes their
average values as its final prediction. The required NN-kNN parameter settings
are: Wy = Wgs, = 1 for any feature ¢, b, = 1, the top k case selection layer
is enabled, and the final adaptation layer sets non-zero case activations to 1/k.
Therefore the top k cases will be selected and their numeric labels averaged.



When weights and biases are preset as described above, NN-kNN replicates
a vanilla k-NN. When certain weights are not fixed, NN-kNN can imitate the
behavior of k-NN variants using feature weightings, distance weightings, instance
weightings, or any combination of them.

We note that NN-kNN’s default implementation contains no fully connected
layers or other structures that would be considered black boxes. The whole
model can be fully interpreted as a CBR system using k-NN for retrieval and
a final neural layer for adaptation. However, the model is still a neural network
and compatible with network training techniques and with black-box models.
Therefore, this formulation of NN-kNN can serve as an endpoint in the spectrum
of interpretability, and future variants might combine NN-kNN with black-box
models to trade interpretability for accuracy, ease of use, adaptability, scalability
or other benefits of black-box models.

3.3 The Benefits of A Network Architecture for k-NIN

In addition to its interpretability and high accuracy (which are examined in
Section 4), NN-kNN offers the following benefits:

Simple training: Because NN-kNN is trained by backpropagation regard-
less of its configuration, it is simple to train compared to traditional k-NN vari-
ants. Such variants can use combinations of several categories of weights but
require several training schemes to train different weights separately. For ex-
ample, Jie et al. [12] calculate the weighting of a feature based on accuracy of
the data without a feature and then use class distributions to predict based on
nearest neighbors. To our knowledge, no prior kNN variant trains multiple cat-
egories of weightings simultaneously using a single procedure, because different
weightings interact with and influence each other in the model’s final prediction.
All the weights and biases in NN-kNN can be trained from end to end using
back-propagation, as for any other neural network.

Harmonization across CBR knowledge containers: CBR systems are
often built with retrieval and adaptation steps in independent but interacting
modules. Harmonization between the two steps is not guaranteed. For exam-
ple, the retrieval step might retrieve a case seemingly similar to the query, but
whose solution is hard to adapt to solve the query [30]. NN-kNN encapsulates
both retrieval and adaptation. NN-kNN achieves retrieval by all layers until the
case activation layer, and adaptation by the target activation layer and a final
adaptation layer. The two stages are trained together using backpropagation to
minimize a total loss (e.g. prediction accuracy) for the whole system.

NN-kNN can easily chain with other network methods. Traditional k-NN
methods struggle with high dimensional or complex data sets. Existing works
may use a feature extractor such as a VGG net to extract facial features first
and use those features as case features in k-NN [36]. There is no guarantee that
the features extracted are useful for the k-NN method in predicting the target
label. However, when the feature extractor and the NN-kNN model are trained
together from end to end and if the performance of the combined model is good,



we know that the feature extracted are actually useful features for NN-kNN to
identify nearest neighbors and make a final prediction.

4 Evaluation

We carried out experiments to compare NN-KNN, a neural network of similar
complexity and k-NN using state-of-the-art metric learning algorithms. We ad-
dressed two questions: 1) Does NN-kNN provide accuracy comparable to other
models? 2) Are the cases activated by NN-kNN good explanations for the model’s
final decision? Potentially, NN-kNN as a neural network could make correct pre-
dictions based on combinations of evidence that do not align with the most
similar cases, making their explanations unintuitive (human subjects studies
show that the similarity of a case to a new situation affects user trust [9]). Con-
sequently, here we examine if NN-kNN falls into this trap by checking if the top
activated cases’ labels are close to the real target.

4.1 Implementation Details

Our testbed implementation of NN-kKNN followed Section 3.1. We omitted the
feature extraction layer and used the features provided in the data sets.
Parameter Settings: We tested four different settings of NN-kNN, with
feature weight sharing enabled/disabled and its top k case selection layer en-
abled /disabled. We compared NN-kNN with k-NN models using three distance
metric learning algorithms (from sklearn [25] and metric-learn [32] implementa-
tion): Euclidean distance, Neighborhood Components Analysis (NCA) [10] and
Large Margin Nearest Neighbor (LMNN) [33]. NCA and LMNN only work with
classification data sets. For NN-kNN, NCA and LMNN we set k = 5 because
it works well on all data sets. For LMNN we used a default learning rate of
le — 6. Other parameters for NCA and LMNN are set to their default values. We
also compare with standard neural network models. For classification tasks, the
neural network comprises four hidden layers using the LeakyReLU activation
function. For regression tasks, it includes three hidden layers with the ReLLU ac-
tivation function, and dropout layers with a 0.5 probability incorporated in the
final two hidden layers. The number of parameters of the linear layers is slightly
increased for data sets of higher complexity. Each network model (NN-kNN or
a neural network) is trained until its testing performance does not improve for
40 epochs, and the best-so-far model is chosen. The training procedure uses the
Adam optimizer (we used learning rate = 0.01 for NN-kNN and 0.0001 for a
neural network because the settings produced the best average result) based on
cross entropy loss for classification and mean square error loss for regression. ¥
Data Sets and Procedure: Experiments used 10-fold cross validation for
six classification data sets and four regression data sets. Classification data sets
are Olivetti faces, digits, iris, wine, breast cancer, and balance. Regression data

*Code is available at https://github.com/Heuzi/NN-kNN /tree/main
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Fig.2: Two Zebra-Style Data Sets

sets are diabetes, california housing, abalone, and body fat and their feature
values are normalized befor experiments. They are all available from the UCI ML
repository [7] or integrated in scikit-learn [25]. To investigate the performance
of NN-kNN with instance-based feature weighting, we also created two data
sets, Zebra (a) and Zebra (b) (shown in Fig. 2), which contain cases with (x,y)
coodinates and one of two class labels. In Zebra (a), two classes (100 cases)
alternate along the x axis, analogously to a zebra stripe pattern. In Zebra (b),
two classes (100 cases) appear in a vertical zebra stripe pattern when z < 100
and (100 cases) in a horizontal zebra stripe pattern when x > 100. The data set
Zebra (b) is more difficult than Zebra (a) as it requires the classifier to learn
local patterns instead of a single global pattern.

4.2 Experimental Results

Tables 1 and 2 summarize the experimental results. Numbers for classification
are classification accuracy (the higher the better). Numbers for regression are
mean square error (the lower the better). For regression, the errors of the top &
cases’ average in NN-kNN are also shown. We first consider results on the zebra
data sets, then classification, and finally regression.

Generated Zebra Stripe Data Sets: Many methods struggle in the gener-
ated zebra data sets as data are sparse and one of the two dimensions is irrelevant
(row 1 and 2 in Table 1). Methods with feature weightings and instance weight-
ings, such as NN-kNN, can potentially solve Zebra data sets well. For data set
2a, NN-kNN achieves highest accuracy when all training cases are used to train
a shared set of feature weightings. For data set 2b, NN-kNN achieves highest
accuracy when feature weighting is not shared. This is because the importance
of a give feature varies in different regions of the data landscape. It is interesting
to note that NN-kNN still functions well for data set 2b when feature weight
sharing is on. We hypothesize that this is because it also learns a case weight-



NN-kNN NNet K-NN NCA LMNN
Weight Sharing  On On Off Off
Top K On Off On Off
Zebra (a) 0.909 0.918 0.872 0.872| 0.782 0.363 0.981 0.336
Zebra (b) 0.850 0.850 0.968 0.968| 0.673 0.368 0.395 0.354
OFace 0.862 0.945 0.934 0.987| 0.938 0.850 0.9375 0.975
Digits 0.988 0.987 0.979 0.988| 0.983 0.987 0.989 0.988
Iris 0.926 0.966 0.953 0.960|0.987 0.966 0.966 0.953
Wine 0.961 0.994 0.966 0.983| 0.836 0.680 0.747 0.954
Breast Cancer 0.940 0.943 0.929 0.959| 0.951 0.933 0.927 0.947
Balance 0.894 0.929 0.894 0.944|0.994 0.8463 0.960 0.849

Table 1: Accuracy (the Higher the Better) on Classification Data Sets

NN-kNN NNet K-NN
Wt Sharing On On Off Off
Top K On Off On Off
Wtd[Top k[Wtd [Top k|Wtd [Top k[Wtd [Top k
Diabetes 0.558 0.616 0.563 0.606 0.558 0.571 0.549 0.594]0.513 0.615
California 0.690 0.958 0.537 0.9120.931 1.564 0.358 0.783| 0.705 1.079
Abalone 0.500 0.530 0.442 0.918 0.455 0.944 0.436 1.229|0.414 0.483
Body Fat 0.671 0.531 0.493 0.663 0.741 0.616 0.423 1.013| 0.585 0.609

Table 2: Mean Squared Error (the Lower the Better) for Regression Data Sets.
NN-kNN provides both weighted average of activated cases (“Wtd”), or plain
average of top k activated cases (“Top k”).

ing w(g, ), which can lower the importance of cases that are too close to class
boundaries or are in ambiguous regions. Note that the neural network over-fits
and performs poorly on these data sets.

Classification Data Sets: When top k case selection is enabled, NN-kNN
achieves relatively good accuracy, indicating that the top activated cases gener-
ally share the same class label as the query and are indeed good explanations for
its prediction. Turning off the top k case selection generally improves NN-kNN’s
classification accuracy as the model can utilize all cases’ activations. Turning off
the feature weight sharing also improves its accuracy as the model can generalize
over local patterns.

The best performining models are either NN-kNN or the traditional neural
network. NCA learns a metric well when certain features are obviously important
(e.g., zebra (a)). Both NCA and LMNN perform relatively well on most data
sets but struggle on some, most notably zebra (b). The standard k-NN suffers
for harder data set while NN-kNN maintains performance.

Regression Data Sets: Enabling the top k case selection layer can lead
to bad performance for regression tasks, as we explain in detail in Section 5. In
addition to the NN-kNN model’s error, which is based on a weighted average
of the labels of the activated cases, we show the average error of the top k



cases’ plain average. We note: (1) The weighted average generally has lower
error than the plain average, suggesting that NN-kNN learns to activate cases
for a proper activation-based weighting. (2) Sometimes the error of the NN-
kNN’s plain average is worse than the error of k-NN. This is because NN-kKNN
may activate cases with labels far from the true label. However, NN-kNN can
correct this by weighting them by their activation and also by considering all
cases’ activations, leading to a lower error than that of k-INN.

Discussion of Experimental Results

Accuracy Different methods excel at different data sets: The baseline neural
network performs well when it captures a hidden rule (e.g. in the balance data
set, a balance is achieved if the products of weight and distance are equal on
two sides); NCA learns a metric that captures the underlying structure (certain
features are obviously important such as in zebra (a)); LMNN performs well
when local patterns matter by maximizing the margin between classes. NN-kNN
performs the best or relatively well across all data sets. The best performing NN-
kNN variant feature weight sharing disabled—for maximum degrees of freedom
and has the top k case selection layer disabled, to use all cases.

NN-kNN is inherently a neural network with preset neuron meanings (in the
case layer), connections (e.g. one case only activates a corresponding class) and
preset-but-tunable parameters (weights and biases). It might appear that NN-
kNN would sacrifice a fraction of performance because the preset connections and
parameters constraints limit the degrees of freedom, in comparison to a neural
network where all neurons and weights may vary freely. However, we observe
that NN-KNN can perform equally good or even better than a neural network,
as the preset neurons and connections function as case base knowledge infused
into the network model.

Interpretability NN-kNN offers interpretability through its top activated
cases. In classification, the accuracy of NN-kNN when the top k case selection
layer is enabled is only slightly worse than or the same as when the layer is
disabled, suggesting that the top k cases already provides a good estimation of
the final label. In regression, this is not the case as the error of the plain average
of the top k cases is potentially much worse than the weighted average. This
is due to the nature of regression problems: Neighboring cases in classification
likely share the same label, while neighboring cases in regression can have vastly
different labels. Currently NN-kNN takes a weighted average based on case acti-
vations, correcting the error of the plain average. NN-kNN can offer explanations
for regression by providing the top activated cases and their corresponding acti-
vations. A future direction is to lower the error of the plain average by including
it as an additional term in the loss function, so that the training process may
minimize it.

Moreover, the internal function of NN-kNN can be fully interpreted as a k-NN
model. Given a query and a case in the NN-kNN system case base, (1) The feature
distance layer’s activations indicate which features are similar between the query
and the case. (2) The feature weights indicate which feature is important in
activating cases. (3) The case activation layer’s activations indicate which case



is most relevant for decision making for the particular query. (4) The case bias
b, and class bias by, indicate the default significance of the case and a class
respectively. (5) The weight wy, 1 indicates the weight of contribution from the
case to the prediction of a class.

5 Discussion: Effect of Top K Case Selection

The effect of the top k case selection layer varies according to circumstances.
We disabled it during training, because of potential detrimental effects during
training. If the layer is enabled during training, each training query would only
provide gradient descent information for the top k cases. Only a small set of
cases are activated and a small portion of the network is trained. Moreover, the
weights of one activated case are only trained to work with weights of & — 1
other cases in that small set of top k cases. Given a new query during testing,
NN-kNN is likely to activate a small set of nearest neighboring cases, that might
have never activated together before during training. Therefore their weights
are never trained to work in harmony. This last point is especially an issue for
regression, where case activations are used to produce a weighted average of
the final prediction. As supported by the experimental results in Section 4, we
recommend disabling the top k case selection layer for regression.

Interestingly, we note that top k cases are always selected in k-NN and its
variants, yet no other reports on k-NN to our knowledge have mentioned that
selecting top k cases is an issue. This is due to the hidden assumption in most
k-NN methods that all cases share the same feature weights (the feature z; in
case x is as important as the feature y; in case y) and instance weights. Because
cases are equally important, k-NN classifier can take a majority vote of the top k
cases’ class label in classification; k-NN regressor can take an average of the top
k cases’ numeric label in regression. This assumption does not hold in NN-kNN
and enabling top k cases layer generally lowers the model’s accuracy.

6 Challenges and Future Directions

NN-KNN can be considered as k-NN algorithm or as a neural network. It follows
that NN-kNN unavoidably inherits some limitations from both sides, but we also
see potential to circumvent these limitations with techniques from both sides.

Online Learning: A neural network does not have online learning ability: adding
a training case means, in principle, that the whole model needs retraining. When
weight sharing is disabled, adding a new case creates a separate NN-kNN and
the whole model (other NN-kNNs along with the newly added NN-kNN) needs
to be retrained. However, this drawback can be offset by turning on all weight
sharing, so that the newly added cases reuse weights already trained. This can
be seen as equivalent to simply adding cases to a kNN system with fixed weights.
A next step is to build variants of NN-kNN with online learning ability.



Scaling Up and Case Base Maintenance: For extremely large data sets, the cost
of NN-kNN becomes an issue. This may be partially alleviated by maintain-
ing only the prototypical cases instead of all cases, as it was done by Li et al.
[22]. Other solutions involve case base maintenance techniques [13,19] or neural
network pruning techniques [8].

Hyperparameters and Settings for Training NN-kKNN: Like any neural network,
NN-kNN depends on hyperparameters that may be tuned. Common settings for
regular networks do not directly apply to NN-kNN. For example: 1) A learn-
ing rate of le-5 is common for neural networks, but it leads to underfitting
in NN-kNN. Our NN-kNN used le-2 for learning rate in all experiments; 2)
L2 regularization normally prevents overfitting, but it impedes the learning of
NN-kNN, because for NN-kNN some cases/features should be learned to be
(non-)important and L2 regularization defeats this learning purpose. An im-
portant future direction is finding a hyperparameter optimization strategy for
NN-kNN'’s structure.

Case Adaptation: The model presented here uses simple case adaptation. The
reasoning of CBR depends on rich adaptation capabilities. NN-kNN may be
chained with an adaptation network [35], but if that network is uninterpretable it
undermines the interpretability of the overall architecture. Thus making network
adaptation architectures more interpretable is an interesting future task.

7 Conclusion

NN-kNN combines perspectives of connectionist and symbolic machine learning
approaches. This method serves as an endpoint on a spectrum of interpretability,
and new models can be built upon it by integrating additional interpretable,
explainable, or black-box modules. NN-kNN has the potential to coordinate
learning for multiple CBR processes, from feature extraction to retrieval and
adaptation to case base maintenance, in a single coherent model.
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