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The standard k-nearest neighbor collaborative filtering algorithm is well known to exhibit systematic popular-
ity bias, by which products with higher market shares are disproportionately more likely to be recommended.
We propose a novel method for improving the diversity of collaborative filtering algorithms and mitigating
this bias. Our proposal works by stochastically recommending items with probabilities proportional to each
item’s sales or views among similar users. One advantage of our method is that it can be combined with other
collaborative filtering techniques. In this work, we specifically evaluate how our method interacts with the
classical k-nearest neighbor collaborative filter, a popularity discounted collaborative filter, and a recently
proposed algorithm based on probabilistic neighborhood selection. After presenting theoretical evidence
for the unbiasedness of our approach, we examine the performance of our algorithm using both simulation
and empirical analyses. Whereas previous diversity-improving methods come with a commensurate loss in
system performance, our analyses provide evidence that probabilistic item selection is an effective method
for increasing recommendation diversity, with essentially no degradation in accuracy. Furthermore, we find
that—in contrast to the other methods analyzed in this project—probabilistic item selection exhibits com-
plementarities, suggesting that it can be combined with existing methods for improving recommendation
diversity with no loss in performance.

1 Introduction

In online retail and digital media, the goal of recommender systems is to make relevant and use-
ful matches between users and products. Anyone can make relevant recommendations by simply
selecting the most popular items in a retailer’s catalog; by definition, these items will have large
appeal to large numbers of consumers. However, these items are also those that most users are
already aware of and would have likely purchased without a recommendation. An important part
of the utility of recommendations is their role in aiding product discovery. Thus, successful recom-
mendation systems are often thought of as those strike an optimal balance between discovery and
relevance. In the literature on recommender systems, these two objectives are operationalized as
recommender diversity and accuracy.

As researchers have become more aware of the importance of recommender diversity, they
have uncovered a systematic bias in the collaborative filtering algorithm, which is among the most
widely used methods in commercial recommendation systems. Specifically, the classical k-nearest
neighbor collaborative filter is disproportionately more likely to recommend popular items than
less popular items. This problem is only exacerbated over time because recommended items are
themselves more likely to be purchased—making them even more popular. This leads to an ad-
verse “rich-get-richer” feedback loop that concentrates recommendations among a shrinking set
of items—ultimately limiting the diversity of product recommendations and reducing their use-
fulness as engines of discovery. Furthermore, as recommenders skew product purchases towards
popular items, the distribution of sales reflects an inaccurate picture of true consumer preferences.
As a result, popularity bias in recommender systems can lead to lower recommendation accuracy
and, potentially, harm both sales and consumer welfare [Fleder and Hosanagar, 2009].



In this work, we present a novel technique for mitigating popularity bias in collaborative fil-
ters. The standard k-nearest neighbor collaborative filter works by finding a neighborhood of con-
sumers similar to the focal recommendation target, and then recommending the most frequently
purchased items in this neighborhood. Rather than deterministically selecting the most popular
items purchased by similar users, the algorithm we propose in this study stochastically samples
items from this list, with probabilities proportional to the observed frequency of each item.

By introducing a stochastic step into the collaborative filtering algorithm, we predictably in-
crease the diversity of recommendations. However, it is important to ensure that our proposed
method does not reduce the overall accuracy of the recommender, i.e., how well recommendations
match consumer preferences. To evaluate the performance of our algorithm on both accuracy and
diversity measures, we conduct two complementary numerical analyses. First, given the inherent
dynamic nature of the problem of popularity bias described above, we conduct a simulation analy-
sis that captures the path-dependent evolution of recommendations through time. Since a primary
concern with popularity bias is that initial disparities in sales distributions will grow over time, it
is important that our evaluation technique captures the dynamic interactions between consumer
choices and recommendation algorithms. However, one may reasonably be concerned about the
external validity of pure simulation analysis. For this reason, we conduct a separate empirical
analysis of our algorithm on a real-world dataset using standard techniques in the literature on
recommender systems and information retrieval.

An appealing characteristic of our proposed method is that it can be layered on top of existing
approaches to improve recommender diversity. This allows us to identify whether our algorithm
performs essentially the same function as other methods, or if it operates through complementary
mechanisms. We compare our method of probabilistic item selection to two existing algorithms
that are designed to increase recommendation diversity: popularity discounting and probabilistic
neighbor selection. Furthermore, we will combine our method with these alternatives to study
whether complementarities exist among the various methods and, if so, determine which approach
has the largest effect on performance outcomes.

Our main findings are two-fold: first, probabilistic item selection appears to provide meaning-
ful gains in recommendation diversity with practically no loss in accuracy. Furthermore, we show
that combining probabilistic item selection with the other approaches results in meaningful com-
plementarities. Whereas combining other methods can result in lower performance on some out-
comes, when our method is interacted with other approaches, we observe essentially a Pareto
improvement in performance. This indicates that probabilistic item selection operates through
unique mechanisms that can significantly enhance the performance of existing approaches for
improving recommender diversity.

2 Background on Product Diversity in Recommender Systems

2.1 Related Literature. Early work on recommender systems predominately focused on im-
proving the accuracy of recommender systems, i.e., ensuring that the ranking of recommended
products matches consumers’ underlying preferences [Breese et al., 1998, Desrosiers and Karypis,
2011, Herlocker et al., 1999]. However, recent developments have started to change the focus of
some recent work in the field. First, several studies have shown that diversity in recommendations
can improve the user-perceived quality of a recommender system [Ekstrand et al., 2014, McNee
et al., 2003]. Second, it was demonstrated in [Fleder and Hosanagar, 2009] that the most popular
recommendation algorithms—k-nearest neighbor collaborative filters—reduce aggregate sales di-
versity by disproportionately recommending popular items. This not only limits the diversity of
recommendations provided to any individual user, but it also prevents accurate matches between
users and items.



The combination of these insights—that users prefer recommendation diversity and that com-
monly used algorithms exhibit a systematic popularity bias—has motivated several researchers to
propose new recommendation methods with a focus on increasing the diversity of recommenda-
tions. One proven method for improving recommendation diversity is to complement collabora-
tive filtering techniques with content based methods. Content based recommenders, that take into
account the inherent features of items in a product catalog, are known to increase sales diversity
[Brynjolfsson et al., 2011]. Indeed, methods for improving the diversity of collaborative filtering-
based systems with item attributes dates back many years [Ziegler et al., 2005]. Such techniques
are popular among industry practitioners, however it should be noted that gathering data about
item attributes may be expensive or simply infeasible in many environments. As such, improv-
ing the diversity of purely collaborative filtering-based techniques remains an important topic of
research.

Existing work on this particular topic includes Adomavicius and Kwon [2012], who proposed
an item re-ranking method in which the algorithm re-orders all entries above a certain accuracy
threshold by inverse popularity. The chosen threshold essentially creates a trade-off between di-
versity and accuracy, with the goal of increasing the former without significantly reducing the
latter. The same authors [Adomavicius and Kwon, 2011] have also proposed an algorithm that
optimizes recommender diversity by exploiting the implicit network structure between products
and users and interpreting diversity within a graph theoretic max-flow framework. Kaminskas
and Bridge [2016] conducted a comprehensive analysis of many re-ranking techniques and stud-
ied the correlation and dependence between various diversity-related outcome measures (which
they refer to as serendipity, novelty, diversity, and coverage).

By rethinking the standard collaborative filter paradigm, in which recommendations are made
based on the most popular products among similar users, Said et al. [2012] propose recommending
the least popular products among the most dissimilar users. Another creative approach is put
forward by Vargas and Castells [2014], who suggest interpreting the recommendation problem as
one of recommending customers to products, rather than the common paradigm of recommending
products to customers.

We briefly highlight the work of Adamopoulos and Tuzhilin [2014], who propose a recommen-
dation algorithm which is similar in spirit to the method we develop in this project. In their
paper, Adamopoulos and Tuzhilin suggest using a probabilistic nearest neighbor technique. This is
achieved by stochastically sampling a set of neighbors based on each candidate neighbor’s similar-
ity to the focal user. Our approach, in contrast, probabilistically samples items, after the focal user’s
neighborhood has been determined. We will revisit the probabilistic neighborhood algorithm in
subsequent sections and discuss more about how our algorithm relates to and complements their
approach.

2.2 Measuring Diversity. Each of the aforementioned papers that propose remedies for pop-
ularity bias in collaborative filters uses a similar methodological framework: the researchers use
historical data from product ratings or purchase databases and evaluate their algorithms by mea-
suring the diversity of recommended products using their new algorithms. This is ultimately a
supply-side analysis. While recommendation diversity is certainly correlated with sales diversity
[Brynjolfsson et al., 2011], it is important to distinguish between them. This is because consumers
may selectively accept or reject recommendations, leading to a discrepancy between recommenda-
tion and consumption. Furthermore, these studies are offline analyses, which allow no interaction
between recommendation platform and consumers. One of the primary criticisms of recommen-
dation systems is how they can lead to adverse feedback loops, in which popular products get



recommended, making them even more popular. While the increase in supply-side diversity doc-
umented in previous studies may help mitigate this problem, it is not immediately clear how the
proposed solutions would behave in dynamic environments. However, it should be noted that such
offline analyses do benefit from strong external validity, by virtue of using data taken directly from
real-world environments.

Because this work is focused primarily on analyzing sales diversity and because this phenome-
non is fundamentally dynamic in nature, we find it necessary to ensure our methodology accounts
for this fact. This motivates our use of both a dynamic stylized model and path-dependent sim-
ulation analysis. These allow us to endogenize the dynamics of recommendations and consumer
choice in our analysis. At the same time, we recognize that these methods may not directly gen-
eralize to real-world environments. For this reason, we will also analyze our proposed algorithm
using the prevailing paradigm of offline, empirical evaluation on archival data. In this way, we take
advantage of each method’s complementary strengths: the dynamism of modeling and simulation,
along with the external validity of empirical evaluation. This not only allows us to demonstrate
the robustness of our algorithm in dynamic environments, but it also allows us to make an apples-
to-apples comparison of our algorithm with the performance of existing approaches designed to
improve recommendation diversity.

3 Model

3.1 Collaborative Filter Framework. To aid in describing and contextualizing the algorithm
we propose in this paper, we will first introduce a 4-step framework that decomposes the funda-
mental steps in the traditional collaborative filtering process.

Suppose a firm has I potential customers and makes recommendations from a catalog of J prod-
ucts.! Let P represent the I J matrix of recorded purchases among these consumers. An individual
entry in this matrix, P;;, indicates that consumer c; has purchased product p; exactly P;; times in
the firm’s recorded sales history. Let the index of the focal consumer — i.e., the target of a given
recommendation — be represented by index i*. We identify four steps in the standard collaborative
filtering paradigm, describing how the purchase matrix is used to select a specific recommendation
for the focal consumer:

(1) Neighbor weighting: Assign weights wllf* = F(P,i% i) (for all i # i*) according to some
function of the purchase history matrix to quantify how “similar” each user ¢; is to the
focal consumer c;.

(2) Neighbor selection: Use these weights to select a focal neighborhood, i.e., a set of k users
N* who are similar to ¢;«.

(3) Item weighting: Assign recommendation weights, r;f =G(P,N*, j),toall j=1...] prod-
ucts using some function of the purchase frequencies among users in the focal neighbor-
hood.

(4) Item selection: Use these recommendation weights to select a product, p*, to be recom-
mended.

As a concrete case, we describe the classical k-NN collaborative filter in this framework. In the
neighborhood weighting step, k-NN applies a similarity function on the purchase vectors to com-
pute a vector of weights between customers. Commonly used similarity functions at this step
include cosine similarity and Pearson’s correlation coefficient. Neighborhood selection is then

ITo fix a specific context, we consider a firm that makes individual product recommendations (one at at time), which con-
sumers can either accept or ignore. Note, however, that the following framework could just as well be adapted for “views”
rather than purchases (say in the context of a video recommendation service) or situations in which many recommenda-
tions are provided simultaneously.



performed by choosing the consumers with the largest k similarity values relative to the focal con-
sumer. Then items are assigned weights by simply counting the frequency with which they have
been purchased by consumers in the selected neighborhood. Finally, the item with the largest
frequency is selected for recommendation.

This general framework allows us to clearly identify the manipulations of various extensions

of the classical collaborative filter. As examples, item re-ranking techniques [Adomavicius and
Kwon, 2011] modify the assignment of weights in step 3; the inverse user frequency similarity
metric (based on the well-known TF-IDF algorithm) [Breese et al., 1998] would be an alternative
neighbor weighting function in step 1.
3.2 Probabilistic Item Selection. In this work, we propose a novel extension of the classical
collaborative filter. Specifically, our algorithm introduces a method of probabilistic item selection
(PI for reference) which has several attractive properties. As described above, in the classical col-
laborative filter, once the the focal user’s k nearest neighbors are identified, recommendations are
determined by taking the best-selling item among these neighbors. In contrast, our algorithm will
recommend an item with probabilities proportional to the sales of each product in the focal neigh-
borhood. As a result, while the best-selling item in the focal user’s neighborhood is most likely to
be recommended, other products also have a chance of being recommended. The more popular an
item is among the k nearest neighbors, greater the probability of the item being recommended.?

Using the notation from the previous section, our probabilistic item selection algorithm ran-
domly chooses an item p* by sampling items with weights proportional to their sales among users

in the focal neighborhood N*:
Pr(p” =pj) « Z Pij
ie N*

3.3 Theory. Diversity and Popularity Bias. By introducing a stochastic item selection step in
place of a deterministic one, we will invariably increase recommender diversity. This is because
in the classical collaborative filtering method, a focal neighborhood fully determines which item
is to be recommended, whereas our method randomly selects a recommended item among many
possibilities. However, rather than simply increasing the stochasticity of the recommendation
process and mitigate popularity bias, our method of probabilistic item selection is in some sense
optimally designed to eliminate this bias.

In Appendix A, we outline an analytical model of a dynamic recommendation process. We
prove that, with our probabilistic item selection algorithm, the limiting behavior of the item mar-
ket shares converges to the market shares that would be observed in absence of a recommendation
algorithm. In other words, our algorithm enhances discovery but does not distort the sales distri-
bution towards more popular items; over time, our algorithm learns the underlying distribution
and recommends items with frequencies proportional to the true preference distribution among a
focal user’s nearest neighbors. This is in contrast to earlier work on pure k-NN collaborative filter-
ing methods that have been proven to exhibit systematic popularity bias [Fleder and Hosanagar,
2009]. Thus, while the classical collaborative filter is known to have distorting effects on aggregate
sales diversity, we have theoretical evidence that probabilistic item selection will not share these
biases.

Accuracy. While our proposed algorithm will increase recommendation diversity, it is not clear
that it can do so without harming recommendation accuracy. Indeed, in some of the literature
on recommender diversity, accuracy and diversity are treated as mutually exclusive objectives, in
which we must trade off one for the other [Adomavicius and Kwon, 2012]. However, we have some

2Note that our method can easily accommodate contexts in which a list of recommendations is required. One would simply
construct an ordered list by iteratively taking samples without replacement until the desired list length is achieved.



reason to suspect that our method may be able to increase diversity without a drop in accuracy.
First, consider that the biases caused in dynamic recommendation systems will result in biased
input data for any recommendation algorithms. That is, the consumption patterns observed in the
presence of recommender bias do not reflect the true, underlying preferences of consumers. By
mitigating these biases, our algorithm allows the system to (over time) observe a higher-fidelity
pattern of consumption.

Further, we note that our algorithm is similar to the Thompson sampling algorithm from the
literature on reinforcement learning and multi-armed bandits [Agrawal and Goyal, 2012]. In par-
ticular, both our algorithm and Thompson sampling are designed to stochastically select an action
with probabilities proportional to that action’s likelihood of being optimal. In that context, stochas-
tic action selection provides a near-optimal balance between exploring new actions and exploiting
information about already-observed actions. To be sure, there are important differences between
typical bandit settings and the context of recommender systems that should give us caution in
generalizing too much between our algorithms: recommender systems often have to choose from
action spaces that are orders of magnitude larger than most bandit settings, the data observed
by the system is heavily influenced by the choices of users themselves (rather than being fully
determined by an algorithm, as is the case in bandit settings), and the existing paradigms for eval-
uating recommender performance is different than the paradigm of regret in the bandit literature.
Nonetheless, we emphasize that there is an existing precedent in related literature for how stochas-
tic action selection—by finding the trade-off between exploration and exploitation—can improve
overall system performance.

4 Evaluation

Having provided mathematical and theoretical arguments for why probabilistic item selection can
be expected to perform well on both recommendation diversity and accuracy, we now turn to the
empirical evidence for this hypothesis.

4.1 Comparison Algorithms. Rather than evaluating the performance of our algorithm in
isolation, we will be comparing it to the performance of existing algorithms with similar goals. As
a baseline, we will use the the classical k-NN collaborative filter. To motivate the other comparison
algorithms in this analysis, we return to the 4-step framework outlined in §3.1. Note that our
method operates by increasing diversity at the last step in the collaborative filtering process (this
is captured in the name: probabilistic item selection). A natural question that arises from our
framework is how our technique might compare to diversity-enhancing approaches that operate
at other steps in the recommendation process. We outline two such methods that are found in the
existing literature on recommendation diversity below.

Probabilistic Neighbor Selection. For our first comparison algorithm, we return to the work
of Adamopoulos and Tuzhilin [2014]. In their paper, the authors suggest using a probabilistic near-
est neighbor algorithm when selecting a focal user’s neighborhood in a collaborative filter (k-PN
for reference). The comparison of our method with k-PN is useful for several reasons. First, given
the ostensible similarity of our approaches, it is not obvious that our method contributes anything
novel beyond the k-PN method. Further, the two methods operate by performing similar functions
at separate phases in the recommendation process: probabilistic sampling at either the neighbor
selection phase or the item selection phase. By directly comparing each technique separately, we
will able to provide insight into which step in the collaborative filtering process has the most
influence on recommender performance.

We can operationalize k-PN for our context using the same notation introduced in §3. We first
assign weights using the cosine similarity metric between the focal user and all other users:

wl’ = cosine(P;. + 1,i%)



Table 1. Existing Algorithms in Collaborative Filter Framework

Algorithm | k-NN k-PN p! PI (this paper)
Neighbor Weighting cosine(P;., i*) cosine(P;. + 1,i%) cosine(P;., i) cosine(P;., i*)
Neighbor Selection Top k Weighted sample Top k Top k

Item Weighting Frequency in N*  Frequency in N*  Frequency in N* times P~!  Frequency in N*
Item Selection Top 1 Top 1 Top 1 Weighted sample

Note: Gray cells represent each algorithm’s point(s) of divergence from classical k-NN

where P;. represents the vector of purchases across the J products by user i. 3 Lastly, we perform
an iterative sample of users without replacement to construct a neighborhood of size k. This is
done by iteratively sampling k neighbors from the set of all users {c; | i = 1...I} into the focal
neighborhood N*. The probability of each user c¢; being selected at each step is defined by the
“empirical distribution” of similarity weights, which is just each user’s share of similarity divided
by the aggregate of all user similarities:

0 ifie N*
p(ci) o«

it :
w; / D=1 W,  otherwise

Popularity Discounting. While k-PN represents an algorithm that affects neighbor selection,
other algorithms operate at different steps in the collaborative filtering process. Again, to offer
some insight into which step has the most influence on recommendation outcomes, we wanted
to identify an algorithm that affects the item weighting process. One such algorithm is popular-
ity discounting (P~! for reference). This method is closely related to the inverse user frequency
weighting scheme of Breese et al. [1998], who recognized that universally liked items provide less
meaningful signals of similarity between users than less popular items. Popularity discounting is
motivated by the same concern, but is slightly different in that it operates at the item weighting
step rather than the neighbor weighting step in the collaborative filtering process. We choose
to study popularity discounting over inverse user frequency in this analysis because it has been
shown in prior research to be more effective at mitigating popularity bias [Fleder and Hosanagar,
2009].

The popularity discounting algorithm works as follows: it first assigns item weights by calculat-
ing the frequency of items in a focal neighborhood, but it then divides this value by the frequency
of items in the total population. The motivation behind this method is to ensure that extremely
popular items that are too obvious to be useful as recommendations are down-weighted in propor-
tion to their overall popularity. This algorithm recommends items that are popular among a focal
user’s nearest neighbors but are not overly popular in the total population. In our model notation,
popularity discounting calculates item weights, r7, in the following manner:

I -1
r;: (ZPU) Z Pij
i=1 ie N*
Each of the algorithms described so far is succinctly summarized using the 4-step collaborative
filtering framework in Table 1. The step at which a given algorithm differs from the classical k-NN
collaborative filter is colored in gray, highlighting how each algorithm affects a different phase in

the recommendation process.

3The addition of 1 ensures that all users have a non-zero probability of being selected into the focal neighborhood.



Table 2. Hybrid Algorithms in Collaborative Filter Framework

Algorithm \ [P~1] + [k-PN] [P~1]+ [P1] [k-PN] + [P]] [P~1] + [k-PN] + [PI]
Neighbor Weighting cosine(P;. + 1,i%) cosine(P;., i*) cosine(P;. + 1,i%) cosine(P;. + 1,i%)
Neighbor Selection Weighted sample Top k Weighted sample Weighted sample
Item Weighting Frequency in N* times P~!  Frequency in N* times P~!  Frequency in N*  Frequency in N* times P~?
Item Selection Top 1 Weighted sample Weighted sample Weighted sample

Note: Gray cells represent each algorithm’s point(s) of divergence from classical k-NN

4.2 Hybrid Algorithms. Inthe previous sections, we described three extensions of the classical
k-NN collaborative filter: probabilistic item selection, probabilistic neighbor selection, and popu-
larity discounting. A natural question is to ask how the various approaches would interact if they
were combined. We can view each of the three methods as an independent binary manipulation
of the classical k-NN algorithm, resulting in a total of 23 = 8 possible ways to combine the three
methods. The independent versions of the methods are already described in Table 1 and we have
organized the four interacted “hybrid” algorithms in Table 2. Again, we have highlighted the cells
in gray that represent each algorithm’s points of divergence from the classical k-NN collaborative
filter.

We can reasonably hypothesize that the interacted algorithms will increase recommendation
diversity over the classical k-NN algorithm. However, note that there are several factors that
are not easy to predict ex ante. First, it’s not obvious that the mechanisms have truly indepen-
dent effects on the ultimate diversity of recommendations. Perhaps layering k-PN on probabilistic
item selection will result in recommendations that are no more diverse than the independent algo-
rithms. This would indicate that our technique essentially mimics the effects of the k-PN algorithm
through alternative mechanisms. However, if we find that the hybrid algorithms outperform the
independent algorithms, this indicates the presence of complementarities between the various ap-
proaches. Furthermore, by evaluating the full factorial interaction between the methods, we will
be able to quantify which method has the most significant impact on the outcomes of interest.
Finally, it is critical that in our attempt to increase recommendation diversity we do not compro-
mise on the original goal of recommender systems, which is to help users find products that they
actually like. Even if the independent algorithms increase recommendation accuracy, there is no
clear way to predict how the interacted methods will perform on accuracy measures.

We now turn to a simulation analysis to study the performance of the various algorithms we
have identified in this section. This methodology will allow us to study each of the algorithms on
a host of outcomes related to both diversity and accuracy.

5 Simulation Analysis

As mentioned earlier, popularity biases in recommendation systems are fundamentally dynamic
in nature and depend on the path-dependent actions of both recommendation platform and con-
sumers. In this section, we set out to evaluate our proposed probabilistic items algorithm using
a simulation framework that explicitly allows for dynamic interactions between consumers and
the recommendation system. Furthermore, because our simulation includes a model of consumer
demand, we will be able to measure several outcome variables that are of interest to both firms
and researchers, but very difficult to study effectively using archival data. These include both ag-
gregate and individual-level measures of recommendation diversity and sales diversity; consumer
welfare and recommendation accuracy; and overall volume of retailer sales.
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Fig. 1. Sample of Consumers and Products in Attribute Space

While our framework cannot capture all essential features of recommendation environments, it

does allow for the most important dynamics of how recommendation algorithms and consumers
interact through time. We discuss the most important elements of the analysis below.*
5.1 Simulation Design. (i) Ideal Point Model of Consumers and Products. The simulation is
built around a two-dimensional ideal point model. The dimensions represent two abstract product
attributes in this market. The preference of an individual consumer is represented by their posi-
tion in this space (their “ideal point”); the products available for purchase in this market are also
characterized by their coordinates in attribute space. As will be described in more detail below,
consumers get higher utility from purchasing products that are close to them, as measured by
some metric over this space. This model is based on classical economic models of heterogeneous
consumer preference [Hotelling, 1929, Tirole, 1988] and is commonly used in marketing [Elrod
and Keane, 1995]. At the beginning of each simulation, we initialize the model by drawing both
consumer and product points from i.i.d. standard bivariate normals. In this study we have I = 50
consumers and J = 50 products. For illustrative purposes, a sample draw of this space for one of
our simulations is shown in Figure 1.

(ii) Awareness. One of the primary motivations for the use of recommendation systems is that
it is not possible for consumers to perform an exhaustive search of the product space. This means
that—at least initially—consumers should only be aware of a subset of products in the market. We
capture this by only allowing consumers to purchase products in their “awareness set.” Initially,
this set includes only products that are either close to the consumer in attribute space or close to
the origin. Because the generating distribution of the ideal points are zero-centered, the origin
represents the area with popular mass appeal. Thus, we assume that consumers are primarily
aware of mass appeal products and products close to their preferences. As we will describe below,
when a consumer is recommended a product, it is added to their awareness set. At time t = 0,
awareness sets are initialized by sampling every consumer-product pair according to the following

4This model is inspired the work of [Fleder and Hosanagar, 2009]. Readers may refer to that paper for a complementary
description of the simulation process.



probability:

P(c; is aware of p;) = Aa(0, j) + (1 = A)a(i, j)* (1)
where o(i, j) is a similarity metric between consumer i and product j in the attribute space; i =
0 refers to the origin. A varies the extent to which consumers are more likely to be aware of
central, mainstream products (1) versus products in their own neighborhood of the attribute space
(1 — A). k reduces the radius of the local neighborhood. By limiting this radius, we ensure that
customers are not fully aware of all the products that are close by, which allows recommendations
to serve a useful role by adding products consumers like (but are not already aware of) into their
consideration set.

The awareness region corresponding to items that have a greater than 10% chance of entering
into the consideration set of a sample consumer is illustrated by the gray regions in Figure 1. Based
on the formula in equation (1), k controls the relative size of the radii between central and local
neighborhoods and A controls the relative weighting of awareness within each neighborhood.

(iii) Choice Model. We model consumer purchase decisions at each time period using the classical
discrete choice (or multinomial logit) model [McFadden, 1973]. We define consumer c¢;’s utility
from product p; at time ¢ as the sum of a deterministic component and a stochastic component:
Ujj; = v;jj+¢€ij;. We assume the deterministic component is fully captured by the similarity between
consumer i and product j, which we define as follows:

v;j = similarity;; = —k log distance;;
where distance;; is the Euclidean distance in product space between c; and p;. As is consistent
with the discrete choice model, we assume the random component of utility is independently and
identically distributed as an extreme value random variable. Define consumer i’s consideration

set at time t as A;; = {p; | c¢; aware of p; at time ¢, for j = 1...J}. Each consumer’s purchase
probability distribution, conditional on product awareness, is then given by:

Uijt

JEAir

P(c;buys pjatt |c; aware of p; att) =

In addition to the products in a consumer’s consideration set, an “outside good” (indexed by
j = 0) is also always included in the choice model. This good is placed at the same distance
(distance;y = 0.75) for each individual consumer. This value was chosen because it ensures the
outside option is a relatively attractive choice for most consumers (on average, the outside good
is in the top the 87th percentile of all values in a consumer’s choice set).

If consumer c; selects good p; on a given choice occasion, this is recorded by incrementing the
(i, j) entry in the purchase history matrix, P;;, by one unit; if the consumer chooses the outside
good, no changes are made to the matrix.

(iv) Recommender System. At the beginning of every time period, a recommendation is deter-
mined for the focal consumer based on the purchase history matrix P up to that point in time.
When consumer c; is recommended product p;, this product is permanently added to their con-
sideration set A;; (if it is not already there). We will vary the precise mechanism by which rec-
ommendations are made based on the algorithms described in §4. Each algorithm operates on the
purchase history matrix P in a given simulation, according to the methods outlined in Tables 1
and 2.

(v) Recommender Salience. We assume that if product j has been recommended to consumer i at
time ¢, then the deterministic component of that consumer’s utility for that product temporarily



Table 3. Simulation Notation and Configuration

Design Choice Notation . Va'l ue use'd
in simulation
Attribute space dimensions — 2
Generating distribution — )
Number of consumers I 50
Number of products J 50
Measure of similarity o(i,j) elci=pi)?/x
Central vs. local awareness A 0.75
Local awareness scaling K 3
Effect of distance on utility k 10
Distance of outside good distance;q 0.75
Salience boost o 5
Nearest neighbor similarity — cosine
Number of nearest neighbors — 10
Purchases before recommendations — 500
Purchases with recommendations — 500
Total simulations per algorithm — 1000

increases by an additive factor § for that time period only: u;;; = v;; + § + &;;;. Thus recommen-
dations have dual effects: making consumers aware of a product and temporarily increasing the
salience of that product.

5.2 Simulation Procedure. Many other alternative specifications relating to the number and
distribution of consumers and products, the dimensionality of the product space, the various func-
tions used to calculate similarity, the choice model, and the effect of the recommender are con-
sidered in [Fleder and Hosanagar, 2009]. Our simulations use the base-case definitions for all the
parameter values from that paper, which are concisely summarized in Table 3. Note that, as in
that work, alternative specifications for these parameters have been experimented with—e.g., 3, 4,
or 5-dimensional attribute space; uniform distribution of ideal points; Pearson correlation similar-
ity metric. These changes affect the precise quantities of the reported results, but the qualitative
findings remain unchanged.

A single simulation proceeds as follows: The positions of consumers and products in attribute
space are randomly drawn. For each of 500 iterations, every consumer will purchase one product
according to the choice model with no recommender system involved. This is a “burn-in” period
that provides the recommendation algorithm with a baseline level of sales history to base its ini-
tial recommendations on. Then, recommendations are turned on and consumers will undergo 500
more iterations of product purchases in which consumers are given a recommendation in every pe-
riod. A focal consumer’s nearest neighbors are calculated just-in-time and corresponding product
recommendations are always based on the most recently available data.

The entire simulation procedure was repeated 1000 times for each of the eight recommendation
algorithms, with new consumer-product locations drawn for each simulation. At the end of each
simulation, we have an I X J purchase history matrix corresponding to the actions of consumers
through the recommendation phase of the simulation. Using this matrix, we report the mean for
each of the outcome measures described below, averaged across all 1000 simulations.

5.3 Outcome Measures. We evaluate the performance of each of the algorithms along three
high-level dimensions, each with a separate metric that corresponds to the demand-side and the



supply-side. Demand-side refers to what consumers actually purchased and supply-side refers to
the products consumers were recommended.

Aggregate Diversity. For measures of aggregate diversity we report on two standard metrics used
in the recommender systems literature: First, we report the Gini coefficient of the distribution
of product sales. Further, we also report a measure of coverage, which is the percentage of the all
products that are in at least one user’s consideration set.”> Note these metrics provide a measure
of demand-side and supply-side aggregate diversity, respectively.

Individual Diversity. We use measures of average unique items bought per person (AUIBP) and
average unique items aware of per person (AUIAP) to capture diversity at the individual level.
Again, these correspond to the demand-side (products users bought) and supply-side (products
that were recommended) aspects of our model.

Accuracy and Welfare. By the design of the consumer utility function, purchases of products that
result in higher utility are closer to the consumer in attribute space. In our context, this proximity
in attribute space is precisely what researchers mean when they refer to recommender “accuracy”,
i.e., how well do recommended products line up with consumers’ exogenous preferences. Thus we
use the total average utility across consumers summed over all purchase occasions as a measure
of both accuracy and consumer welfare.

Because our model includes an outside good option in the choice model, a sale does not occur in
every simulated choice. Also note that the probability of the outside good being chosen diminishes
as the accuracy of a recommender increases: more consumers being aware of more goods that are
close to them in attribute space reduces the relative likelihood of the outside good choice. Thus,
recommenders with high accuracy will also have a positive effect on sales, which is presumably
the primary outcome of interest for retailers. We use the proportion of consumer choices that
resulted in the consumption of an “inside” good (i.e, not the outside good pg) as our measure of
retailer sales.

5.4 Results. The full cross tabulation of results is reported in Table 4. This includes the mean of
the 1000 simulations performed for each of the eight algorithms across all six outcome variables.®

Let us first review the relative outcomes of the four independent algorithms, when they are not
combined with any other method. For this section, we limit our analysis to comparing the first
four rows in Table 4.

Begin by considering the performance of k-PN (Row 2 in results table) relative to k-NN. Proba-
bilistic neighbor selection appears to improve performance on all outcomes, with the largest gains
(compared to other changes in the table) observed on the accuracy outcomes (utility and sales).
Interestingly, while coverage appears to increase dramatically from 0.127 to 0.282, the Gini coef-
ficient is only marginally improved from 0.823 to 0.819. While k-PN does unilaterally increase
diversity, focusing solely on the supply-side diversity (coverage) appears to overstate its effect on
demand-side diversity (the Gini coefficient of the sales distribution).

The outcomes of the popularity discounting algorithm P~! (Row 3) are essentially essentially
inverse to k-PN. Specifically, while k-PN only marginally reduced the Gini compared to k-NN; it
had moderate to significant improvements on the other outcomes. However, P~! has a significant
impact on the Gini coefficient (a decrease from 0.823 to 0.720), and only marginal effects on the

Note that because consideration sets are initialized with a non-empty set of products, this definition of coverage is not
the percentage of the catalog that is recommended at least once. However, since all simulations are initialized according to
the same process, the relative differences between algorithms on this metric corresponds to those that would be observed
for coverage as used elsewhere in the literature.

®We omit standard errors to allow for easy comparison across algorithms in our table. However, with 1000 simulations,
the standard errors on each variable are very small; for example, standard errors around the Gini coefficient are between
0.0010 and 0.0016. All contrasts described between algorithms discussed in the text are significant at the 5% level.



Table 4. Simulation Results

Row Algorithm Gini Coverage AUIBP AUIAP Utility Sales
1 [k-NN] 0.823 0.127 1.70 6.36 8.73  0.701
2 [k-PN] 0.819 0.282 2.98 14.11 10.20  0.843
3 [P~!] 0.720 0.145 2.32 7.23 9.23  0.707
4 [PI] 0.731 0.295 4.48 14.76 10.49 0.800
5 [P~1] + [k-PN] 0.768  0.137 1.97 6.84  9.14 0.653
6 [P~1] + [PI] 0.670  0.337 508  16.84  10.88 0.811
7 [k-PN] + [PI] 0.555  0.881 585  44.03  13.56  0.904
8 [P~1] + [k-PN] + [PI] | 0.491 0.975 5.84 48.77  14.09 0.924

other outcomes relative to k-NN. This indicates that while popularity discounting does accomplish
the goal of mitigating popularity bias, it does not offer much in additional gains to recommendation
accuracy, individual recommendation diversity, or overall welfare in our model.

Our proposed algorithm of probabilistic item selection (Row 4) appears to offer significant gains
for all outcomes. Probabilistic item selection has very comparable performance to popularity dis-
counting for eliminating popularity bias (0.720 compared to 0.731), and similar performance all
other outcomes to probabilistic neighbor selection. Even the most significant differences between
probabilistic neighbor selection and probabilistic item selection (apart from the Gini coefficient)
are rather modest: k-PN has slightly higher sales values (0.843 compared to 0.800), while PI has
slightly higher AUIBP (2.98 compared to 4.48). Thus, the proposed method of probabilistic item se-
lection results in significant gains in aggregate diversity, while maintaining comparable (or better)
performance on all other metrics.

We now expand our analysis to consider all eight algorithms, with a particular focus on the
interactions between the different methods. Recall from the previous section we observed that
probabilistic neighbor selection and popularity discounting have, what would appear to be, com-
plementary strengths: popularity discounting reduced concentration bias, whereas probabilistic
neighbor selection had increased performance on the other outcomes. Interestingly, when we
combine the two methods (Row 5), we do not get good results. While the combined algorithm
has a lower Gini coefficient (0.768) than k-NN (0.823), it does not have a lower coefficient than
the independent popularity discounting algorithm (0.720). Furthermore, whereas the independent
k-PN algorithm exhibited significant gains among the other metrics compared to k-NN, the com-
bined [P~!] + [k-PN] algorithm is essentially comparable to k-NN, with the combined algorithm’s
performance on sales actually resulting in a worse outcome than k-NN (0.701 compared to 0.653).

Turning to rows 6 and 7 in Table 4, observe that interacting our probabilistic item selection
method with either of the other approaches appears to almost unilaterally increase performance.
This is not only true in comparison to the baseline k-NN algorithm, but it is also true when com-
pared with any of the three independent approaches. Note that complementarities relative to k-NN
can either be super-additive or sub-additive. Specifically, note how k-PN only reduced the Gini
by 0.04 compared to k-NN (0.823 — 0.819) and probabilistic item selection reduced the Gini by
0.092 (0.823 — 0.731). However, the change in Gini observed when these two methods are inter-
acted (Row 7, [k-PN] + [PI]) is much larger than the sum of these two independent effects: 0.268
(0.823 —0.555). This is what we refer to as super-additivity. Alternatively, we find that the interac-
tion of the improvement in Gini between probabilistic item selection and popularity discounting
(Row 6, [P~1] + [PI]) is sub-additive: 0.092 + 0.103 = 0.195 in combined independent differences,
compared to 0.823 — 0.670 = 0.153 in interacted difference.



Lastly, observe that for each of the outcomes measured, the largest gains appear to be driven
specifically by our proposed method of probabilistic item selection. One way to demonstrate this
is by comparing the algorithm with the three-way interaction (Row 8) to the separate two-way
interactions, each of which are missing one of the components of the fully-interacted algorithm
(Rows 5, 6, and 7). We focus on consumer utility as a specific example, but the same qualitative
findings hold for any of the outcomes. Note that adding popularity discounting (P,}l) to the two-
way interaction of the other methods (comparing rows 7 and 8) results in a moderate increase in
utility from 13.56 to 14.09 (+0.53). Adding probabilistic neighbor selection (k-PN) to the two-way
interaction of the other methods increases utility from 10.88 to 14.09 (+3.21). However, adding our
method of probabilistic item selection to the two-way interaction without it, results in the largest
increase in utility from 9.14 to 14.09 (+4.95). Another way of framing this result is that taking away
probabilistic item selection from any algorithm that already includes it results in larger drops in
performance when compared to the drops observed by taking away the other methods.

We emphasize the remarkability of the magnitude of gains observed by the best performing
algorithms in both diversity and accuracy measures. Particularly when we compare rows 7 and 8
with other rows in the table, we see combining probabilistic neighbor selection and probabilistic
item selection dramatically improves performance across the board. These combined algorithms
increase both aggregate and individual levels of diversity while simultaneously improving recom-
mendation accuracy.

6 Empirical Evaluation

While we have argued for the value of the simulation analysis for studying the problem of rec-
ommendation diversity, simulated models have notable limitations. Though our main results are
robust to several alternative assumptions in the simulation model, the previous analysis does not
constitute empirical evidence for the utility of our approach. To ameliorate concerns about exter-
nal validity, we set out to complement our simulation analysis with an empirical evaluation of our
probabilistic item selection algorithm.

To do this, we make use of the publicly available LastFM dataset [Cantador et al., 2011]. This

dataset contains a record of the number of times a sample of users have listened to each musical
artist in their LastFM listening history. (For continuity with the terminology used in the rest of
the paper, we’ll refer to artists as “items”.) We use standard preprocessing techniques to restrict
our analysis to those users and items with a significant number of non-zero entries in the dataset
[Adomavicius and Kwon, 2009, Manimekalai et al., 2013].” Applying this selection procedure to the
LastFM dataset results in a history matrix containing data on the number of times 1,830 individual
users have listened to 522 musical artists. The density (i.e., the percentage of non-zero user-item
pairs) of this dataset is 4.8%.
6.1 Evaluation Methodology. In line with other offline evaluation studies, we employ N-fold
cross validation to determine the accuracy of the algorithms in this analysis [Adamopoulos and
Tuzhilin, 2014, Cremonesi et al., 2008]. In this context, cross validation takes place at the user
level. For each user, we take the set of items with explicit feedback (i.e., the set of items the user
has consumed in the past) and partition it into N folds. We then iterate over the partitions by
using N — 1 folds as training data and treating the last fold as test data. In this analysis, we fix
N=3.

Accuracy Measure. We will say that a given item in the recommendation list is “relevant” (in
the information retrieval sense) if it is in the top 75th percentile of the focal user’s observed item
frequencies [Basu et al., 1998]. That is, among the set of items that a user has consumed at least

"In this project, we chose 30 as the minimum for both of these values, though we have experimented with other values
that indicate our results are not affected by this restriction.



once, we assume the top 25% most frequently consumed items would be considered as relevant by
that user. Using this approach ensures that relevance is a user-specific construct and not based
on any inherent differences between users (i.e., overall number of purchases, number of distinct
items consumed, etc.).

The primary metric we use for accuracy is the normalized discounted cumulative gain (NDCG),
which is a prominent measure of relevance in the information retrieval literature [Jarvelin and
Kekalainen, 2002, Shani and Gunawardana, 2011]. This measure not only rewards algorithms that
recommend relevant items, but it also takes into account the order in which the items are recom-
mended. This is motivated by the notion that a relevant recommendation in the last position of a
list is less valuable than a relevant recommendation at the beginning of the list. Using the normal-
ized measure also allows us to average the accuracies across users and make direct comparisons
on this measure between algorithms. The values we report in the results below are average NDCG
measures across all users and folds.

Diversity Measures. We will again use both the Gini index and coverage to capture measures

of aggregate diversity. As discussed earlier, because we are not assuming a model of individual
consumption, these are measures of supply-side diversity, i.e., the diversity of items that are recom-
mended. However, this does come with the benefit of not requiring us to impose any assumptions
about consumer demand as was necessary in the simulation analysis.
6.2 Practical Considerations. A well-known challenge in working with empirical datasets is
dealing with the effects of both sparsity and noise [Herlocker et al., 1999]. Even after purging the
data of users or items with a small number of observations, there still remains a significant skew in
the distribution of data available for individual users and the practical challenge of handling imper-
fectly measured preferences. The process of evaluating recommendation algorithms on archival
datasets is known to be susceptible to the effects of noise generally, but we also emphasize that our
proposed algorithm of probabilistic item selection is particularly sensitive to noise in a predictable
way [Amatriain and Pujol, 2015]. In most real-world datasets, the observed item frequencies in a
given user’s neighborhood have a very heavy tail, in the sense that there is a subset of well-ordered
popular items at the head of the distribution, but a very large number of items with low frequency.
For example, a large number of items might be consumed just once by one user in the focal user’s
neighborhood. Each of these items may individually have a low probability of being recommended
but may collectively represent a reasonably high probability of being recommended.

Because our algorithm makes recommendations based on frequency shares in the entire distri-
bution of items, even a small amount of noise in the measurement of frequencies can drastically
reduce the hit rate of our item sampling algorithm. This is because the noise in the tail of the dis-
tribution has an additive effect. This relationship between the probability of recommending a top
item and the number of items is demonstrated in Figure 2. In this figure, we simulated a scenario
in which we imagine item weights for a sample user can be decomposed into a “true” component
(or “signal”) and a “noise” component. In particular, we have taken observed weights for 20 items
(colored in blue) and added i.i.d. Poisson noise (colored in red) and sorted the items by the sum of
these weights to simulate what we would see as researchers if the true item weights are observed
imperfectly.

In Figure 2(a), we simply plot the observed item weights (sum of true and noise components) for
the 20 sampled items. Recommending an item with our stochastic algorithm is akin to throwing
a (uniformly random) dart at the bars of the graphs above. The item on which the dart lands is
the item that will be recommended. In this scenario, 74% of the time, the dart will land in the
signal portion of the graph. In other words, an item will be recommended due to its true item
weight in 74% of item selections. In Figure 2(b), we used the same true weights for the 20 items
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in 2(a); the only difference is that we suppose there 30 more items in the database for which the
true weights are zero, but whose weights are still observed with Poisson noise. This is to simulate
the scenario in which the universe of items is much larger than those for which a user has a
meaningful preference for (as is often the case in digital media and e-commerce recommendation
systems). In this simulated world, a dart thrown at the graph will land on a signal component
in only 29% of cases. Even though the same absolute amount of signal is present in both graphs,
if many items in the tail of the database are observed with a small amount of noise, this noise
will accumulate. This additive noise accumulation will systematically bias our stochastic selection
algorithm toward items in the tail. In particular, the probability of recommending an item among
the user’s most preferred items (e.g., in the top decile) decreases monotonically as the number of
items grows. This effect is not present for sorting-based algorithms such as classical k-NN, which
deterministically recommends the items at the top of the ranked item list and are unaffected by
noise effects in the tail of the item weight distribution.

Given the particular susceptibility of our probabilistic items algorithm to the presence of noise
in large, real-world datasets, we introduce a small modification that keeps the core idea of recom-
mending items stochastically, but with some measures to counteract the effects of noise. The main
idea is to limit the number of items from which we sample and then to bias this sample towards
those items with higher frequencies. In practice, for a given list length of size I/, we probabilisti-
cally sample 2/ items from the most popular 6/ items in a given user’s neighborhood. We then
sort this sample of 2/ items by frequency and recommend the top [ items in this list. Note that this
modification does introduce extra parameters that must be selected beforehand (specifically, the
multipliers of 6 and 2 described here). We do not claim that these values will be universally opti-
mal for any application, but much in the same way that the optimal value of k in k-NN algorithms
must be adapted to each dataset, these parameters will also need to be adjusted in other applica-
tions. We emphasize, however, that we seek to demonstrate that some version of our proposed
algorithm can outperform existing methods on diversity measures while maintaining comparable
performance on accuracy, not whether the particular parameter values chosen here generalize to
all datasets.

6.3 Results. As in Section 5, we report the performance of our algorithm (with the aforemen-
tioned modifications) relative to existing methods designed to increase diversity. There are two
arbitrary parameters that must be selected in the evaluation process: the number of neighbors to



use in the collaborative filtering algorithm (k) and the recommendation list size (I). To establish a
base case, we will first consider k=50 and /=25, which are similar to other values for these parame-
ters in the literature [Adamopoulos and Tuzhilin, 2014, Hurley and Zhang, 2011]. After reviewing
this case, we will discuss the effect of varying k and [. The results for this base case across the
eight algorithms and three outcome metrics are displayed in Table 5.

Table 5. Empirical Results

NDCG Gini Coverage
[k-NN] | 0.622 0.613  0.989
[k-PN] | 0.614 0.612  0.990
[P71] | 0.428 0.343  1.000
[PI] | 0.621 0.566  0.998
[P~']+4 [k-PN] | 0.397 0.341 1.000
[P~1] + [PI] | 0.425 0.289 1.000
[k-PN] + [PI] | 0.613 0.567  0.998
[P~'] + [k-PN] + [PI] | 0.395 0.284 1.000

S A Eial ol

As before, let us compare the performance of the independent algorithms first (rows 1-4). The
classical k-NN algorithm does have the highest accuracy (0.622) out of any method, but it is worth
noting that both the PI (0.621) and k-PN (0.614) methods are close behind. The inverse popular-
ity weighting method, P~!, stands out from the rest with a significantly worse performance on
accuracy (0.428).

That none of the algorithms are unable to beat k-NN should not be particularly surprising, as it
is quite rare for an algorithm in published literature to empirically outperform k-NN on accuracy.
Furthermore, it is important to emphasize that the goal of diversity-improving algorithms is to rec-
ommend items that user’s would not have otherwise encountered in absence of the recommender.
Because our evaluation methodology is only able to judge an item as relevant if the user has al-
ready found it, these algorithms will be penalized even though they may have recommended a
relevant item. This limitation can be overcome by having a model of user preferences, that would
allow us to impute utility for items yet-to-be seen by users in our dataset. This is, of course, what
we accomplished in our simulation analysis, in which we saw that diversity-improving algorithms
resulted increased rather than diminished utility. Even with this bias in our evaluation methodol-
ogy, the accuracy between k-NN and our proposed method of probabilistic items can reasonably
be considered comparable for practical purposes.

Turning to the diversity measures, we see relatively little differentiation in terms of coverage,
but significant variation in Gini coefficients. We see that, as expected, k-PN is able to increase di-
versity to a small degree compared to k-NN (slightly lower Gini, slightly higher coverage). Though
inverse popularity weighting, P!, did have the lowest measured accuracy, it also exhibits the most
diversity with a relatively small Gini coefficient of 0.343. Lastly, we note that the gains in diversity
exhibited by our method of probabilistic items—while not near that of P~!—are quite substantial
(0.566) relative to k-NN (0.613) for an algorithm that maintains such high accuracy. Our algorithm
seems to be best able to balance accuracy and diversity among all the independent approaches.
Turning to the rest of the rows in the table, we see that any algorithm with inverse popularity
weighting (rows 3, 5, 6, 8) has a significantly lower accuracy than those without. The probabilis-
tic neighbors and probabilistic items algorithms seem to interact relatively well (row 7), though
the performance of this hybrid algorithm is not strictly better than either of the independent ap-
proaches.



While we do not observe the near uniform benefits of complementarity that we saw in our sim-

ulation analysis, there is still an interesting pattern to find in these empirical results. In particular,
we highlight the fact that when probabilistic items is combined with any other approach, the di-
versity of that approach goes up by a significant amount while maintaining a comparable level of
accuracy. This can be seen by comparing rows that only differ by the addition of the probabilistic
item selection step in the results table (row pairs (1,4), (3,6), (2,7), and (5,8)). In each of these cases,
the change in accuracy is near 0.001 and the drop in Gini is close to 0.05. This same pattern does not
hold for the other approaches. Adding inverse popularity weighting to other algorithms results
in dramatic decreases in both accuracy and Gini values (on the order of 0.2 and 0.25, respectively).
The losses in accuracy observed between rows with and without probabilistic neighbor selection,
while small in absolute terms, is always larger than that observed for probabilistic items (typically
near 0.01); similarly, while probabilistic neighbors does consistently increase diversity, the change
in Gini coefficient is typically quite small (on the order of 0.001). This pattern indicates that our
method of probabilistic item selection exhibits the strongest complementarities with other meth-
ods for increasing recommendation diversity. For a recommendation method with a given level of
accuracy, adding probabilistic item selection to that method can be expected to provide meaningful
gains in diversity with negligible losses in accuracy.
6.4 Robustness. We will now examine how the performance of our algorithm varies as we
change the values of the input parameters. While the general patterns described above hold for
most other portions of the parameter space explored in our research, there are some important
exceptions that merit further discussion.

We are primarily interested in understanding how the performance of our probabilistic items se-
lection algorithm changes as we vary the number of neighbors (k) and the recommendation list size
(/) in the empirical analysis. In particular, we are concerned most with the relative performance of
our algorithm, rather than its absolute performance as these parameters change. To visualize how
the performance of the probabilistic items algorithm changes, we will plot the difference in perfor-
mance between probabilistic items and the baseline k-NN algorithm, for both accuracy (measured
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in level changes to NDCG values) and diversity (measured in level changes between Gini coeffi-
cients). These graphs are plotted in Figure 3, in which each line represents the change in outcome
value between the PI and k-NN algorithms across varying list sizes for a fixed neighborhood size.

Focusing first on the accuracy graph, Figure 3(a), we see a relatively steep drop-off in perfor-
mance as the list size decreases. This is not particularly surprising for diversity-increasing algo-
rithms, since the margin for error goes down as the list size gets smaller (it is easier to recommend
a long-tail item as 1 out of 100 than it is 1 out of 5 without harming accuracy). Interestingly, as
the list size approaches 50, probabilistic item selection appears to perform equally well as (if not
better than) k-NN.

Turning to the diversity graph, Figure 3(b), we see a non-monotonic relationship between list
length and relative performance for all neighborhood sizes. An important feature of this graph is
how nearly every change in the Gini observed is smaller than -0.025, indicating that non-trivial
improvements in diversity can be found by using probabilistic items for most values of the param-
eter space. (Recall how the changes in Gini for k-PN were on the order of 0.001.) There is one case
in which the Gini is larger for probabilistic items relative to k-NN, which is for the edge case of the
smallest neighborhood size of k = 10 and the largest list size of [ = 50. Note that this is an extreme
situation, in which we are trying to recommend many items from just information provided by a
small set of neighbors and, as such, is not a likely set of parameter values to be used in practice.
Overall, we can see that probabilistic items provides meaningful gains in diversity with little to no
loss in accuracy.

7 Conclusion

In this study, we presented evidence that probabilistic item selection can significantly improve the
diversity of collaborative filtering-based recommendation systems. After providing theoretical mo-
tivation for why we expected our algorithm to perform well, we then supported this hypothesis
with evidence from both simulation and empirical analyses. In our simulation, we attempted to cap-
ture the most important characteristics of dynamic recommendation systems, in which users and
algorithms interact in a path-dependent manner. We then conducted a more traditional, archival
analysis of the performance of our algorithm on a real-world dataset that provided empirical evi-
dence for the utility of the probabilistic item selection approach.

Our analysis suggests that probabilistic item selection can be an effective technique for im-
proving recommendation diversity, while maintaining system accuracy. We also compared our
approach with other diversity-improving techniques that operate at different steps in the collabo-
rative filtering process. This allowed us to find that our method not only seems to outperform the
independent alternatives considered in this paper, but we also found that probabilistic item selec-
tion exhibits the most fruitful complementarities with the other approaches. Because our method
acts at the very last stage in the recommendation process, our evidence suggests that probabilistic
item selection can be applied to other item ranking-based recommendation methods.
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Online Appendix

Improving Recommendation Diversity with Probabilistic Item Selection

A  Appendix
In this section, we present formal theoretical arguments to demonstrate that, in contrast with
classical k-nearest neighbor collaborative filtering, our proposed probabilistic item selection
algorithm exhibits no systematic popularity bias.
A.1 General Analytical Framework. We consider a set of customers making purchases
sequentially. Because our interest is in studying sales concentration (i.e., the relative dis-
tribution of market shares between products), our focus is less on how recommenders affect
sales volume. Thus, our choice model is conditional on purchase, and only allows agents to
choose which product to buy. This allows us to isolate choice effects from incidence.
Consider a discrete process in which a set of I consumers, C' = {cy, ..., ¢}, choose among
a set of J products, P = {pi,...,ps} over time. At each time period ¢, one consumer,
¢! € O, purchases one product, S* € P. This purchase decision is influenced by two factors:
a consumer’s latent type and the recommendation provided by the platform. Formally, the
latent characteristics for consumer ¢; € C are defined by a type vector §; = (6;1,...,0:7)
that represents their purchase probabilities over the J items; the type vector 6; for the focal
consumer ¢’ at time ¢ is denoted 6. The product that is recommended at time ¢, denoted R?,
is a function of the focal consumer, ¢!, and the history of product purchases before time t. The
history vector can be defined as H* = {(c!, S!),..., ("1, S*™1)}, which simply collects the
user-item purchase pairs over time. Concretely, we represent the recommendation function

as r and the consumer choice model as f:
R':=r(H' ) (1)

St:= f(R', 0" (2)

INote that there are real contexts in which incidence is much less of a concern than conditional choice,
such as a subscription media service where marginal costs of consumption are zero.



Both r and f can be thought of as either deterministic or stochastic functions. Note r maps
the aggregate history vector H' and consumer index ¢ into the space of products (without
no dependence on latent consumer preferences 6'); f maps the recommended product R' and
the consumer type vector 6 into the product purchased at time ¢, S*. The history vector
H'™ is then updated to include the pair (S, c').

Our primary outcome of interest is how recommender systems affect the relative distri-
bution of sales among products. In the model outlined above, market shares at time ¢ can
be determined from the record of past sales, S1, ..., S*"1. We define the market share vector

X over the set of J products as follows:
. 1 & (3)

where I(S* = p;) is the indicator function for whether product p; was purchased at time #'.
Since market shares at any finite time ¢ will be affected by random fluctuations, the primary
analytical quantity we are interested in considering is the limit of market shares as t goes to
infinity:

X .= lim X! (4)

t—o0

A.2 Analytical Assumptions. Much of the setup described in the next section replicates
the model from Fleder and Hosanagar (2009), in which the authors proved under similar
assumptions that traditional collaborative filters exhibit popularity bias (readers are referred
to that paper for an alternative description of this model). Before proceeding, we outline

the main assumptions made in our model.
(1) We assume there are only two products w and b (white and black).

(i7) We pre-select a segment of consumers who have been identified to be similar based
on their past purchases (possibly from products in other categories). This assumption

fixes the set of similar users rather than letting it evolve over time. This model will



have no consumer-specific indices, since preferences are considered homogeneous in this

segment.

(77i) With only two products and one segment of consumers, we define the base-rate con-
sumer preference variables in terms of a single parameter p: (6,,0;) = (p,1—p). This
vector represents the segment’s purchase probabilities for w and b in the absence of

recommendations.

(iv) We make r a function solely of market shares at time ¢, r(X*). This is a common

characteristic of many recommender systems, which ignore the chronology of purchases.

The assumption of homogeneity is necessary because nearest neighbor algorithms are in-
tractable to iteratively compute in an analytical model. Even in industrial recommendation
systems, these computations are often too intensive for firms to calculate after each purchase.
It is not an uncommon practice to only update consumer segments periodically, indicating
that our analytical model does have parallel with business practice. Even so, assumptions
(i), (1), and (i7i) are eliminated in the simulation analysis described in Section 5 of the
main text. That analysis analyzes more realistic market conditions with a large number of
products, heterogeneous consumers, and dynamically updated consumer segments.
A.3 Base Case: Deterministic Collaborative Filter. We now specify a functional
form for the recommender r, inspired by the way collaborative filters are used in practice.
The idea behind collaborative filters, i.e., “people like you bought product Y7, is typically
operationalized in the following manner: firms find customers similar to the focal customer
for which they are providing a recommendation, sort the list of available products by the
number of purchases among this segment, and recommend products at the top of this sorted
list.

As mentioned, our model considers a pre-selected segment of similar customers that does
not evolve with ¢. In this setting, the market share X represents the distribution of product

purchases among this focal segment. Thus, recommending the product with highest market



share in X" is precisely the classical collaborative filtering algorithm.

Because our model has only two products, the market share vector can be parameterized
by one number; for notational convenience, we use the market share of white as a stand in
for X' and drop the w subscript throughout this example: X' = (zf,z}) = (2,1 — 2%).
Note that 2' € [0,1/2) indicates that b has the highest market share at time t; 2* € (1/2,1]
indicates w has the highest market share. This leads us to the following formal definition
of the recommender function r; because we are moving from a generic recommendation
algorithm to a specific one, we denote this function with a subscript, r4, and refer to it as
the deterministic collaborative filter:

rq(z") := product recommended on occasion t | '

b, xt € [0,1/)
=40(1—2)+wZ, at=1k,  Z ~ Bernoulli(!/2)

w, zt e (1/2,1]
Conditional on z', this function is indeed deterministic, except in the special case that
product shares are equal. In this edge case, the recommendation is determined by a Bernoulli
random variable Z, in which both products have an equal chance of being recommended.
We now define a closely related function p which represents the probability of w being

recommended at time ¢:
p(x') = P(rq(z') = w| z")

0, z'el0,1/) (©)
=q1lp at=1p
1, ate (1]

Recall from Section A.1, the influence function f, which maps product recommendation and
underlying consumer preferences into a purchase outcome. To fully describe this function,
and to facilitate the intuition behind our model, we now express our model in a Pdlya urn
framework. Urn models are useful for analyzing stochastic processes and have a long history

in a wide range of applications (?).



Consider the two urn system of Figure 1. Urn 1 represents the consumers’ underlying,
time-invariant preferences between the two products; a fraction p of the balls in urn 1 are
white, with the remaining fraction 1 — p of balls being black. Urn 2 represents the dynamic
market shares of product purchases over time. At each step ¢ in the process, a ball is drawn
randomly from urn 1 (with replacement). This represents the consumer’s preference-weighted
product choice in the absence of recommendations. Next, a ball is drawn from urn 2 (with
replacement) according to the recommendation rule r. This indicates the recommended
product. We now introduce an additional parameter w, which is the “strength” of the
recommender. The stochastic choice model f is defined by the colors of the balls drawn urns 1
and 2 and this parameter 7 in the following manner: with probability 7, the consumer accepts
the recommendation from urn 2 given by r(z'), and with probability 1 — 7 the consumer
ignores the recommendation and purchases the product drawn from urn 1. An extra copy of
the purchased product is then added to urn 2 (effectively updating the recommender’s sales
history). The process then repeats with new draws from the urns. To initialize this system,
1 ball of each color is placed in urn 2, which ensures that the recommender is not biased
toward either product at ¢t = 1.

To complete the analytical description of our model, we calculate the probability of
each product being purchased at time ¢ as a function of the market shares x'. Using the

choice process described above, we calculate this quantity as the probability that the product
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Figure 1: A Two-Urn Model for Recommender Systems

purchased at time ¢, f(z'), is white and denote this function as ¢:
p(a') = P(f(z") = w |2
= P(w purchased without recommender influence)

+ P(w purchased due to recommendation | x")

= p(1 = 7) + p(a')z (7)
p(l—ﬁ), xt € [071/2>
_ Jpd—m)+[p(l —7)+ 7] ot = 1
5 : —
p(l —m) +m, xt e (1, 1]

A.4 Elimination of Popularity Bias with Stochastic Collaborative Filter. In at-
tempt to mitigate the popularity bias found in classical collaborative filters, we propose
a modification of the recommendation function r; described in (5). We denote this new

recommender function by r, and call it the stochastic collaborative filter:
re(x') =b(1 — Z) + wZ, where Z ~ Bernoulli(z") (8)
This recommender has the simple property that the probability of a product being recom-

mended is equal to its market share among the focal segment of consumers. For the white

product in our example, we represent this quantity by p, which reduces to:

p(a') = Pry(a") = w) = 2 (9)



Note that since our model starts out with one of each type of product in urn 2, z' (and
therefore p(z')) never takes on the edge values of 0 and 1. This means at every finite
step t, the recommendation r, is determined by a stochastic outcome Z. Relative to the
deterministic recommender, this stochastic recommender appears to increase the diversity
of recommendations at any finite ¢, since each product has positive probability of being
recommended. However, our primary outcome of interest, the limiting behavior of z' as
t — oo remains to be determined. This brings us to the main analytical finding from our

model, which is summarized in the following proposition:

Proposition 1. tlim E[z"] = p. In other words, the limiting market shares of a system with
—00
probabilistic item selection equal the market shares that would be observed in the absence of

a recommendation algorithm.

To prove this proposition, we will make use of the following lemmas:

Lemma 1. Consider a recursive series of the form vy, = ouve+ By, with arbitrary constants

oy, By and initial given value vi. The formula for an arbitrary vy 1 can then be written as:

Vip] = <g ai> vy + (H ai> ; ﬁ (10)

Proof. The proof proceeds by induction. We start with the base case t = 1. Note in this

case, equation (10) reduces to the original series definition:
vy = oy + O‘lﬁ = omu + 5
aq
Now assume equation (10) holds for an arbitrary ¢ = T'. That is, we take it as given that
T T T 3,
v = ; | v + (67 S A
o= (o) (1T )z(j |

j=1 i=1 Qi

By definition, we have

Urie = Qp V41 + Bria



Substituting in the assumed form for vy, 4, results in
T T T
U — . .
T2 = OT+1 (H Oéz> vy + (H Oéz> Z ( ) ) + Bri1
i=1 i=1 1 -1 %

Jj=

= Tﬁlai> v+ <T+1 az> ET: <ﬁ al) —B;:
(i—l i=1 j=1 (Hi:1 0‘2) <Hi:1 O‘i)
= TI_IH ai> v + (ﬁ ai> ET: y 5;:1
(i—l i=1 =1 < 104> (H¢:1 Oéz')
= H%‘) U1 + (H%‘) ZJL
(i—l i=1 j=1 (Hizl Oli)

This is precisely the equation given in (10). Since the formula holds for an arbitrary t = T

and is true for ¢ = 1, it follows by induction that the equation is true for all £ € N.
[ |

Lemma 2. Consider the same series from Lemma 1 and suppose the following equations

hold for some arbitrary constant ¢ and b,p > 0:

t
H o R ct™?
i=1

where = indicates equality with the addition of a O(-) term of higher order. Thenlim;_,o V441 =

p.

Proof. Using equation (10) from Lemma 1 and substituting in the expressions above, we

o (o () S

b
= vt 4 et bzp/ = vict” b—i—pt bekb !

k=1

= vt +pt T’ (3 + O(t“)) =vct P +p+ Ot

write v.y1 as

where the summation has been rewritten using the Euler-Maclaurin summation formula.



Because b > 0, we see that the first term goes to zero as ¢ — oo leaving only p in the

limit. |
With these results, we can now prove the main proposition.

PROOF OF PROPOSITION 1. As in equation (7), we define p(z") as the probability that
a consumer purchases w in time period t. Recall that, under the stochastic recommender 7y,
the probability of w being recommended at time ¢ was given by p(z') = z'. This allows us
to compute the explicit form for ¢:
p(a') = P(f(a") =w|2")
= p(1 = 7) + pla')m (11)
=p(l—n7)+a'n
Since the model is initialized with one of each product included in urn 2 (at time ¢t = 1)
and a consumer always purchases one product in each time period, the total number of balls
in the urn at an arbitrary ¢ is always ¢t + 1. Thus the absolute number of w balls in urn
2 at time ¢ is simply the total number times the market share: (¢t 4+ 1)z’. Conditioning on
whether a w or b ball is purchased at time ¢, this allows us to calculate the market shares of

watt+ 1:
(t+ 1)zt +1
(t+1)+1
QJH_I — (12)
(t+1)a!
(t+1)+1

Taking the conditional expectation of z;,1 over these probabilities results in:

Blattt | = o(et) [EDEE 1 ety | EE

w purchased with probability ¢(z")

b purchased with probability 1 — ¢(z")

t+2 t+2
oot + (t+ 1)t
n t+2




After substituting the value of ¢(zf) = p(1 — ) + z'm from equation (11), this becomes:
p(l—7)+atn + (¢t + 1)2
142

t+1 1-—
<7T+ + >xt i p(l —m)

t+2 t+2

_ 1_1—7r xt+p(1—7r)
t+2 t+2

Comparing this formula with the series described in Lemma 1 and observing that szl (1 — %) =

E[l’tJrl | :Et] —

(13)

ct'=™ applying the result from Lemma 2, we conclude that:

lim E[z'™] =p

t—o0
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