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Bundle discounts are used by retailers in many industries. Optimal bundle pricing requires learning the joint distribution of

consumer valuations for the items in the bundle, that is, how much they are willing to pay for each of the items. We suppose

that a retailer has sales transaction data, and the corresponding consumer valuations are latent variables. We develop

a statistically consistent and computationally tractable inference procedure for fitting a copula model over correlated

valuations, using only sales transaction data for the individual items. We use data from a telecommunication service

provider to show how the method can be extended to bundles with intra-category competition. Simulations and data

experiments demonstrate consistency, scalability, and the importance of incorporating correlations in the joint distribution.
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1. Introduction
Item bundles, when a collection of items are sold together at a discount, are widely used in a variety of

industries, ranging from technology products (e.g., smartphones with data plans) to fast foods (e.g., McDon-

alds’ Value Meal) to information goods (e.g., album purchases on iTune). Both theoretical and empirical

work has shown that introducing an appropriately priced bundle can significantly increase profits (Eppen

et al. 1991). The potential downside of bundling is that the bundle offer can cannibalize demand from cus-

tomers who would have anyway purchased all of the items without the discount. A poorly priced bundle

can thus result in a loss of profits, making it critical to be able to predict at what price will it be profitable.

The answer to this question relies critically on a knowledge of product valuations, which refer to the prices

that consumers are willing to pay, as well as the interplay between the valuations of items in the bundle.

The economics literature on bundling has extensively examined the economic efficiency of bundling

and how bundling can be used for price discrimination (Adams and Yellen 1976, Schmalensee 1982,

McAfee et al. 1989). These foundational studies have been extended in many directions. Several papers

have focused on analytical solutions for the optimal bundle price and other quantities of interest (Venkatesh

and Kamakura 2003, McCardle et al. 2007, Eckalbar 2010). These analytical results were obtained for

the special case of uniformly distributed valuations, with the distributions for items in the bundle either

independent or perfectly correlated. Schmalensee (1984) obtained some analytical results and insights by

assuming the joint distribution to be bivariate normal. Other results have been obtained for a finite collection

of deterministic valuations (Hanson and Martin 1990).

A number of useful insights can be gained from these simplified models (see, for example, Stremersch

and Tellis 2002). When working with data, such strong assumptions about the joint distribution, particularly

independence, are no longer appropriate. Jedidi et al. (2003) eschew independence assumptions and use

methodology based in utility theory to measure valuations. Their measurement procedure requires offering

the bundle at various prices to elicit the demand function for the bundle. Based on their empirical results,

they report that “models that assume statistical independence are likely to be misspecified.” Venkatesh and

Mahajan (1993) also study bundle pricing without distributional assumptions for valuations, by mailing out

questionnaires that directly asked consumers for their valuations. Conjoint analysis has also been used to

estimate the valuation distribution from questionnaire data in the context of bundling (Goldberg et al. 1984,

Wuebeker and Mahajan 1999).

Bundles generally come in two forms: pure bundling and mixed bundling. In pure bundling, the bundle

items would no longer be offered individually, whereas in mixed bundling the items continue to be offered

individually alongside the bundle offer. In this paper, we consider mixed bundling. The primary goal of this

work is to address the following question: For a collection of items as a possible bundle, given historical

transaction data for those items, how can we determine the bundle price that would maximize expected

profit?
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We develop an inference procedure to estimate the joint valuation distribution across products in a bundle

for predicting the impact of different pricing strategies. Our contributions are four-fold. Firstly, the proce-

dure is data-driven and only requires transaction data. Thus, it circumvents the need of using experiments

or questionnaires as what has been proposed in the literature. In addition, it does not require collecting

sales data for the bundle a priori. In other words, we are able to learn useful information about how to

price a bundle even if the bundle has not been previously offered. Our procedure is highly flexible. It is

not limited to the distribution families that have been previously considered in the literature (e.g., uniform

or normal). In fact, arbitrary marginal distributions can be incorporated. Moreover, the procedure does not

require restrictive dependence structure of the joint distribution such as independence or perfect correlation.

Our procedure is based on inference of a copula model over latent consumer valuations. For the base sce-

nario where there is a single collection of items, any combination of which might be purchased, we show

that the estimates obtained from this estimation procedure are statistically consistent.

Secondly, we show that the inference procedure is also computationally tractable, which is crucial for

practical implementation. Because the valuations are unobserved, the likelihood function involves integrat-

ing over the latent valuations, and standard formulas for copula fitting cannot be directly applied. In our key

result, we show that using the inclusion-exclusion theorem, these computationally intractable integrals can

be transformed into distribution function evaluations, thus allowing for efficient estimation. Our numeric

studies with simulated data demonstrate that the estimated parameters converge quickly to the true value

even with small datasets, suggesting that our method is not limited to retailers with large collections of

transaction history.

Thirdly, we extend our method from the base scenario to a setting where a bundle is made of com-

poents from several categories and each component could face competition from substitutable products in

the same category. The existence of both intra-category substitution and cross-category correlation dramat-

ically increase the analytical and computational complexity of bundle pricing. We show how the valuation

estimation can be done in a choice modeling framework. Powerful choice models, like the mixed logit

model, are used to describe the valuations within each category, and then we use our copula framework to

estimate correlations across categories.

Lastly, we show how the method can have a real impact in practice with a case study in the telecom-

munications industry. Using sales transactions from a telecommunications service provider, we investigate

how the provider can price their phone-plan bundles. In particular, to capture the complex substitution pat-

terns in the smartphone market which is influenced by product cannibalization, technology obsolescence

and heterogeneous customer preferences, we implement a mixed logit model with random coefficients to

model phone sales. Our results highlight the importance of modeling the joint dependence across product

valuations and show that there is room for a significant increase in profits over current practice.
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The paper is organized as follows. We begin with the base scenario where a single collection of items is

offered (i.e., intra-category competition is absent) in Section 2. We will present the key steps in the inference

procedure which utilizes copula estimation. In Section 3, we demonstrate the procedure with a series of

simulated studies for the base scenario. In Section 4, we will show how to adapt the inference procedure

for a scenario where each bundle component experiences competition from other substitutable produces in

the same category. This is the scenario of our case study for a telecommunication service provider, which is

shown in Section 5. We conclude the paper in Section 6.

2. Estimating the Profits of Bundling
In this section, we focus on the base scenario, where there is a single collection of items, any combination

of which might be purchased. There are two components to the transaction data that our model is based on:

purchase data yt and price data xt. In addition, there may be a collection of covariates zt. The purchase

data yt = [yt1, . . . , y
t
n] contain the sales for transaction t, with yti = 1 if item i was purchased in transaction

t, and 0 otherwise. Similarly for the price data, we let xti denote the price of item i at the time of transaction

t. The covariates zt contain other data that we may have available at the time of transaction t. Competitors’

prices and season are examples of covariates that we might include in our model of how the data yt are

generated. We suppose that we have a database of T total transactions.

2.1. Valuations and Consumer Rationality

The relation between prices xt and purchases yt is modeled using a valuation, or willingness-to-pay, for

each item and for each transaction. Let vti represent the valuation for item i by the consumer in transaction

t. We do not observe vti directly, but we gain insight into it by assuming, as is done throughout the bundling

literature, that consumers are rational. Specifically, we model consumers as having infinite budget and

purchasing an item if and only if it is priced below their valuation: yti = 1 if and only if vti > xti. This

assumption defines a relationship between the valuations vti and the observed data yti and xti that we can use

to estimate the distribution of vti . We allow the distribution of vti to also depend on the covariates zt, should

there be any.

We assume the valuations for transaction t come from some joint distribution which we denote as vt ∼
F (v1, . . . , vn | zt), independently for t= 1, . . . , T . We denote the marginal valuation distribution for vti as

Fi(vi | zt). We attempt to estimate the distribution F (v1, . . . , vn | zt), as this leads directly to the estimate

of bundle profits as we now show.

2.2. Computing the Optimal Bundle Price

Given the joint valuation distribution, the expected profit per consumer as a function of item and bundle

prices, and possibly covariates, can be computed. For notational convenience here we give the result only for

n= 2, but similar results can be had for n> 2. There are four possible actions for each consumer: purchase
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item 1 only, purchase item 2 only, purchase the bundle, or purchase none of the items. The earlier assumption

of rational consumers means that they will choose the action that maximizes their surplus vi − xi. For the

result that follows, we assume that the valuation for the bundle is the sum of the component valuations:

vB = v1 + v2. This assumption could easily be relaxed to other bundle valuation models, for example,

Venkatesh and Kamakura (2003) provide alternative models for how valuations combine. We let ci be the

cost of item i and assume that the bundle cost is the sum of the component costs: cB = c1 + c2.

PROPOSITION 1. Let f(·) be the joint valuation density function, F (·) the corresponding distribution

function, and z the covariate values. The expected profit per consumer when items 1, 2, and the bundle are

priced at x1, x2, and xB respectively is:

E [profit] = (x1− c1)(F2(xB −x1 | z)−F (x1, xB −x1 | z))

+ (x2− c2)(F1(xB −x2 | z)−F (xB −x2, x2 | z))

+ (xB − c1− c2)
(

1−F1(xB −x2 | z)−F2(xB −x1 | z) +F (xB −x2, xB −x1 | z)

−
∫ x1

xB−x2

∫ xB−v1

xB−x1
f(v1, v2 | z)dv2dv1

)
.

The proof is given in the Appendix. This expression can be maximized with respect to xB to obtain the

optimal bundle price subject to current individual item pricing, or the maximization could be done over

all three prices to obtain a complete pricing strategy. The formula is not concave in general, but a local

maximum can be found for instance using concave maximization with random restarting. We now turn our

attention to the problem of estimating the valuation distribution.

2.3. Copulas

We provide a parametric estimation procedure for the joint valuation distribution, and must begin by select-

ing an appropriate form. Perhaps the most straightforward approach to modeling a joint distribution is to

assume that the valuations for each item are independent, so that F (v1, . . . , vn | z) =
∏n

i=1Fi(vi | z). This

model allows for arbitrary marginal distributions, however independence is likely an unreasonable assump-

tion. In fact, we show in our simulations in Section 3 that modeling correlations between items is important

for correctly predicting bundle profits. A commonly used joint distribution model that would allow for cor-

relations between items is the multivariate normal distribution. This model allows for correlations between

items according to the covariance matrix, however it requires the margins to be normally distributed. We

show in Section 2.6 that the margin distributions correspond directly to demand models, and such a limita-

tion on the demand model would not be reasonable.

Copula models are a class of joint distributions that allow both correlation structures and arbitrary mar-

gins. Copula models are widely used in statistics and finance, and are becoming increasingly utilized for
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machine learning due to their flexibility and computational properties (see, for example, Elidan 2013). A

copula C(· | z) for distribution F (· | z) is a distribution function over [0,1]n with uniform margins such that

F (v1, . . . , vn | z) =C(F1(v1 | z), . . . ,Fn(vn | z) | z).

The copula is thus the function that combines the margins in such a way as to return the joint distribution.

The field of copula modeling is based on a representation theorem by Sklar (1973) which shows that every

distribution has a copula, and if the margins are continuous, the copula is unique. The copula representation

for a joint distribution has a number of interesting properties that are helpful for efficient inference (see, for

example, Trivedi and Zimmer 2005). Here we make use of the fact that a copula allows for the correlation

structure to be modeled, and thus estimated, separately from the marginal distributions.

2.4. Copula Estimation

Our approach to estimating F (· | z) will be to choose parametric forms for the margins Fi(· | z) and the

copula C(· | z), and then find the parameters for which C(F1(v1 | z), . . . ,Fn(vn | z) | z) is closest to

F (v1, . . . , vn | z), in a likelihood sense. Specifically, suppose each margin is a distribution function with

parameters θi, and the copula distribution belongs to a family with parameters φ. We denote the parame-

terized margins as Fi(vi;θi | z) and the parameterized joint distribution as

F (v;θ,φ | z) =C(F1(v1;θ1 | z), . . . ,Fn(vn;θn | z);φ | z). (1)

Equation 1 reveals the main advantage in using a copula model, which is that the parameters can be sep-

arated into those that are specific to one variable (θi) and those that are common to all variables (φ). We

wish to use the available transaction data to estimate the parameters θ and φ, for instance by solving the

maximum likelihood problem (
θ̂ML, φ̂ML

)
∈ argmax

θ,φ

`(θ,φ),

where `(θ,φ) is the appropriate log-likelihood function. This would require optimizing over all of the

parameters simultaneously. Using a procedure called inference functions for margins (IFM) (Joe and Xu

1996), the optimization can be performed in two steps. First each margin is fit independently, and then the

margin estimates are used to fit the correlation structure:

θ̂i ∈ argmax
θi

`i(θi), i= 1, . . . , n (2)

φ̂∈ argmax
φ

`(θ̂,φ), (3)

where `i(θi) is the log-likelihood function just for item i. This procedure significantly reduces the dimen-

sionality of the optimization problem that must be solved and makes estimation tractable on a larger scale. In

general, IFM does not yield exactly the maximum likelihood estimate: (θ̂ML, φ̂ML) 6= (θ̂, φ̂). However, the

IFM estimates (θ̂, φ̂), like the maximum likelihood estimates, are statistically consistent and asymptotically

normal (Joe and Xu 1996, Xu 1996).
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2.5. Estimating the Joint Valuation Distribution

The inference problem that we face here differs from a typical copula modeling problem because the dis-

tribution of interest is that over valuations, which are unobserved, latent variables. We now provide our

procedure for estimating the valuation joint distribution. First, let

vt,`i =

{
−∞ if yti = 0,

xti if yti = 1,
and vt,ui =

{
xti if yti = 0,

+∞ if yti = 1.
(4)

Given the observed data, these are are known quantities. Further, for any I ∈ 2{1,...,n}, define

ṽti(I) =

{
vt,`i if i∈ I,
vt,ui otherwise.

(5)

The estimate for the valuation joint distribution follows in Theorem 1.

THEOREM 1. Let Fi(vi;θi | z) be the parameterized marginal valuation distribution for item i, and let

F (v;θ,φ | z) be the parameterized joint valuation distribution from (1). The estimates

θ̂i ∈ argmax
θi

T∑

t=1

(
yti log(1−Fi(xti;θi | z)) + (1− yti) log(Fi(x

t
i;θi | z))

)
, i= 1, . . . , n

φ̂∈ argmax
φ

T∑

t=1

log
n∑

k=0

(−1)k
∑

I⊆{1,...,n}
|I|=k

F (ṽt(I); θ̂,φ | z)

are statistically consistent.

In Sections 2.6 and 2.7 we provide the derivation of this result, for the margin and copula parameters

respectively. We show that the procedure in Theorem 1 is exactly the IFM estimation procedure given in (2)

and (3), so consistency immediately follows.

2.6. Margin Likelihood and Demand Models

We first consider the margin maximum likelihood problem in (2). Let pi(xti | zt) be the probability of

purchase for item i at price xti given covariates zt, that is, the demand model for item i. The following

proposition shows an equivalence between the marginal valuation distribution function and demand models.

PROPOSITION 2. The inverse marginal valuation distribution function for item i is identical to the

demand function for item i, i.e.,

pi(x
t
i | zt) = 1−Fi(xti;θi | zt).

Proof. By the rationality assumption of Section 2.1, item i is purchased if and only if vti >x
t
i:

pi(x
t
i | zt) = P(vti >x

t
i | zt) = 1−Fi(xti;θi | zt).
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�
It immediately follows that the likelihood model for the observed purchase data is

yti ∼Bernoulli(1−Fi(xti;θi | zt)).

The log-likelihood function for each margin, considering all T transactions, is then

`i(θi) =
T∑

t=1

(yti log(1−Fi(xti;θi | zt)) + (1− yti) log(Fi(x
t
i;θi | zt))) . (6)

Using this result in (2) yields the first part of Theorem 1. If Fi(·;θi | zt) is linear in θi, for example when

using a linear demand model, then the maximum likelihood problem is a concave maximization. In Section

2.8 we discuss some possible choices for the family of Fi(·;θi | zt).

2.7. Estimating the Copula Parameters

Once the margin parameters θ̂i have been estimated by maximizing (6), these estimates are used, together

with the data, to obtain an estimate of the copula parameters φ. We now derive an expression for the log-

likelihood of φ to complete the IFM procedure in (3). We begin by including the latent valuations in the

joint likelihood function:

`(θ̂,φ) =
T∑

t=1

log p(yt |xt,zt, θ̂,φ)

=
T∑

t=1

log

∫
p(yt | vt,xt,zt, θ̂,φ)p(vt |xt,zt, θ̂,φ)dvt. (7)

Given vt and xt, yt is deterministic, with yti = 1 if vti >x
t
i and 0 otherwise. Thus the integral over vt can be

limited to all vt that are consistent with yt and xt, meaning the integral is over vti >x
t
i for i such that yti = 1,

and over vti ≤ xti for i such that yti = 0. Thus the lower and upper limits of integration are respectively vt,`i
and vt,ui , from (4). Also, the valuations vt are independent of the prices xt, given covariates zt and model

parameters θ̂ and φ. Thus the quantity p(vt | xt,zt, θ̂,φ) is exactly the copula density function, which we

denote as f(·; θ̂,φ | zt). Continuing the likelihood expression from (7), we have then,

`(θ̂,φ) =
T∑

t=1

log

∫ v
t,u
n

v
t,`
n

. . .

∫ v
t,u
1

v
t,`
1

f(vt1, . . . , v
t
n; θ̂,φ | zt)dvt1 . . . dvtn. (8)

In Lemma 1 we now show how to evaluate this integral. This formula is critical to the scalability of our

inference procedure as it allows us to replace the multidimensional integral in (8) with distribution function

evaluations.

LEMMA 1. Let f(·) be a joint probability density function over continuous random variables q1, . . . , qn

with the corresponding joint distribution function F (·). Then,
∫ qun

q`n

. . .

∫ qu1

q`1

f(q1, . . . , qn)dq1 . . . dqn =
n∑

k=0

(−1)k
∑

I⊆{1,...,n}
|I|=k

F (q̃(I)),
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where

q̃i(I) =

{
q`i if i∈ I,
qui otherwise.

Proof. Define the probability events Ai = {qi ≤ q`i} for each i. Let B =∩ni=1{qi ≤ qui }. Then,

∫ qun

q`n

. . .

∫ qu1

q`1

f(q1, . . . , qn)dq1 . . . dqn = P (B ∩ (∩ni=1A
c
i))

= P
(
B ∩ (∪ni=1Ai)

c)

= P(B)−P (B ∩ (∪ni=1Ai))

= P(B)−P (∪ni=1 (B ∩Ai))

= P(B)−
n∑

k=1

(−1)k−1
∑

I⊆{1,...,n}
|I|=k

P(B ∩AI)

by the inclusion-exclusion formula, with AI = ∩i∈IAi. Substituting P(B) = F (qu1 , . . . , q
u
n) and P(B ∩

AI) = F (q̃(I)) as defined above, we obtain the statement of the lemma. �
With Lemma 1, we are now equipped to evaluate the log-likelihood expression in (8):

`(θ̂,φ) =
T∑

t=1

log
n∑

k=0

(−1)k
∑

I⊆{1,...,n}
|I|=k

F (ṽt(I); θ̂,φ | zt), (9)

where ṽti(I) is as given in (5). Substituting this expression into (3) yields the second part of Theorem 1.

To provide some insight into this result, for the most simple case of two items in a bundle, the inner

expression in (9) evaluates to

2∑

k=0

(−1)k
∑

I⊆{1,2}
|I|=k

F (ṽt1(I), ṽt2(I) | zt) =





F (xt1, x
t
2 | zt) if yt = [0,0],

F1(x
t
1 | zt)−F (xt1, x

t
2 | zt) if yt = [0,1],

F2(x
t
2 | zt)−F (xt1, x

t
2 | zt) if yt = [1,0],

1−F1(x
t
1 | zt)−F2(x

t
2 | zt) +F (xt1, x

t
2 | zt) if yt = [1,1].

(10)

The estimation procedure in Theorem 1 works for arbitrary margins Fi(·;θi | zt) and an arbitrary copula

model C(·;φ | zt). To apply these formulas to data requires choosing the distributional form of the margins

and the copula family, which we now discuss.

2.8. Specifying the Margin Distributions

The connection between marginal valuation distributions and demand models given in Proposition 2 shows

that the margin distribution can naturally be selected by choosing an appropriate demand model. Many

retailers already use demand models for sales forecasting, and these existing models could be directly

converted to marginal valuation distributions. For example, consider the linear demand model and the
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normal-cdf demand model. The linear demand model is p(xi;θi) = min(1,max(0, θi,1 − θi,2xi)), and the

corresponding valuation distribution is uniform:

vi ∼Unif
(
θi,1− 1

θi,2
,
θi,1
θi,2

)
.

When the demand model is the normal distribution function p(xi;θi) = 1−Φ(xi;θi,1, θi,2), the correspond-

ing marginal valuation distribution is the normal distribution: vi ∼N (θi,1, θi,2). For more complex demand

models, including those with covariates, the corresponding valuation distribution may not be analytic. How-

ever, Proposition 2 allows for the distribution function to be evaluated, and this is sufficient for doing the

estimation in Theorem 1.

2.9. Specifying the Copula

There is a large selection of copula models, which differ primarily in the types of correlation they can

express. One of the most popular copula models, and that which we use in our simulations and data experi-

ments here, is the Gaussian copula:

C(u1, . . . , un;φ) = Φ(Φ−1(u1), . . . ,Φ
−1(un);φ),

where Φ(·;φ) is the multivariate normal with correlation matrix φ, and Φ(·) the standard normal. The

Gaussian copula is in essence an extension of the multivariate normal distribution, in that it extends the

multivariate normal correlation structure to arbitrary margins, as opposed to constraining the margins to

be normally distributed. If a correlation matrix structure is not appropriate to model the dependencies in a

particular application, then alternative copula models are available - see Trivedi and Zimmer (2005).

The Gaussian copula does not include the covariates z in the correlation structure, rather they would be

included only in the margin demand models. In essence, this approach assumes that while the valuation

for each item depends on the covariates, the correlations between valuations do not. If we wished for the

correlations themselves to depend on the covariates, this could be done by parameterizing φ to be some

function of z and then solving the maximum likelihood problem over those function parameters.

3. Simulation Studies
We demonstrate the inference procedure using a series of simulation studies. We first use simulations to

show empirically how the estimated parameters converge to their true values as T grows. We then use a

simulated dataset to illustrate the importance of including correlations in the model.

We generated purchase data for a pair of items using uniform marginal valuation distributions and a

Gaussian copula, which for two items is characterized by the correlation coefficient φ. The correlation coef-

ficient φ was taken from {−0.9,−0.75,−0.5,−0.25,0,0.25,0.5,0.75,0.9} and the number of transactions

T was taken from {100,250,500,750,1000,1500,2000}. For each combination of φ and T , 500 datasets
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Figure 1 Convergence of both (A) margin parameters and (B) the correlation coefficient to their true values

as the number of simulated transactions T is increased. In (A), the lines indicate the first and third

quartiles of the margin parameter errors across all simulations with the same number of transac-

tions T . In (B), each pair of lines shows the first and third quartiles of the estimated correlation

coefficient φ̂ across all simulations with the corresponding values of φ and T .

were generated, for a total of 31,500 simulated datasets. For each dataset, the margin parameters vmin and

vmax for each of the two uniform valuation distributions were chosen independently at random, to allow the

simulations to capture a large range of margin distributions. The parameter vmin was chosen from a uniform

distribution over [−25,75] and vmax chosen from a uniform distribution over [100,200]. For all simulations,

the transactions were spread uniformly across three price points, with the prices of the two items taken to

be 100 for one third of transactions, 75 for one third, and 50 for the remaining third. In each simulation,

the copula defined by the combination of the correlation coefficient and the margin parameters was used

to generate T sets of valuations for the items. These valuations were combined with the prices under the

rationality assumption of Section 2.1 to produce binary purchase data.

We applied the inference procedure in Theorem 1 to the transaction data, with the goal of recovering the

true, generating copula model. Figure 1 shows that as the number of transactions grows, both the margin

estimates and the correlation coefficient estimates converge to their true values. This holds for the full range

of possible values of the correlation coefficient. In these simulations, only a few thousand samples were

required to recover the true distribution with high accuracy, suggesting that these techniques are not limited

to retailers with very large datasets.

To further illustrate the simulation results, we selected at random a simulated dataset with T = 2000

transactions and φ= 0.5. We show in Figure 2(a) the fitted margins for this particular simulated dataset. The

estimated correlation coefficient, found by maximizing (9), was 0.48. To illustrate the potential profitability

of bundling, in Figure 2(b) we held the item prices at 100 and set the cost per item to the retailer to a 50%

markup, meaning, sales price 50% higher than the retailer’s cost. We show for a range of bundle discounts

the profit relative to the profit obtained in the absence of a bundle discount. The estimated distribution
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Figure 2 A simulation experiment which demonstrates the importance of modeling valuation dependence

is very close to the true distribution, and both reveal that offering a bundle discount of about 12% will

increase profits by about 10%. Using the same estimated margins but assuming independence to obtain a

joint distribution yields very different results. This example highlights the importance of accounting for

correlations in valuations when estimating the response to bundle discounts.

4. Estimation for Bundles with Intra-Category Substitution
In the previous section, we have proposed an inference procedure for the base scenario, where only a single

collection of items is offered. In many practical settings, bundles are made up of products from different

categories (e.g., phone and data plans), and there are competing alternatives from within each category

(e.g., different phone models, data plans with different usage amounts). In such a scenario, each individual

component experiences substitution effect that comes from similar products in the same category. At the

same time, its sales could also be affected by products from different categories due to their correlated

valuations.

A popular method to model demand of competing products is discrete choice modeling: a typical indi-

vidual chooses an option out of a set with a finite number of alternatives. The individual is assumed to

choose the one that maximizes his utility over the set of alternatives. Suppose there are N categories and

each category l consists of nl competing products. Under mixed bundling, there are a total of
∏N

l=1(nl + 1)

possible options that a customer can select. It is not surprising to see that discrete choice models are unable

to cope with the dimension of the choice set for most realistic applications with bundles.

Alternatively, we can describe a joint distribution over individual products using a Gaussian copula. To

do so, we need to estimate only
∑N

l=1 nl marginal valuation distributions and a covariance matrix of size
∑N

l=1 nl that describes the pairwise dependence of products within and across the categories. In this section,
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we propose a procedure that adapts the inference algorithm discussed in Section 2 and leverages discrete

choice models which readily capture the substitution effect within a category.

4.1. Valuations for Competing Products Within a Category

Discrete choice modeling is a popular method for estimating demand in markets where there are differ-

entiated products and customers make trade-offs by choosing one of the competing products. In a choice

situation, a representative consumer, labeled t, faces a choice among n alternatives. She obtains a certain

amount of utility from each alternative i and selects the alternative with the maximum utility. Utility from

each alternative i can be decomposed into a deterministic part and an error component: µti = νti + εti. The

deterministic part of the utility is often specified as a linear combination of features. The error term εti,

depending on different specifications on its probability density, gives rises to different discrete choice mod-

els.

The multinomial logit model (MNL), arguably the most popular model for having tractable closed-form

choice probabilities, assumes that εti is independently, identically distributed extreme value. More recently,

McFadden and Train (2000) propose mixed logit model (ML) and show that under mild conditions, any

discrete choice model derived from random utility maximization generates choice probabilities that can be

approximated, arbitrarily closely, by a ML model. It obviates the limitations of standard logit by allowing

for random taste variations, unrestricted substitution patterns and correlations in unobserved factors over

time.

Valuation refers to the maximum price that a customer is willing to pay for a product, which is also known

as the reservation price of a product. A consumer compares his valuation for each product with its purchase

price and chooses the product that offers the highest surplus. Surplus maximization, from the reservation

price approach, and utility maximization, from the discrete choice model, are analytically equivalent if price

enters the utility function linearly (Ratchford 1979, Srinivasan 1982).

Given a set of features, we can express the utility as µti = µ̄ti +αxti + εti, where µ̄ti is the utility excluding

the price impact and α is the price coefficient. By its definition, valuation is the measure of preference in

dollar terms that does not take price into account (Kalish and Nelson 1991, Kohli and Mahajan 1991). Thus,

it can be expressed as the following:

vti =
1

|α|(µ
t
i−αxti + εti) =

1

|α|(µ̄
t
i + εti). (11)

With the standard MNL model where εti are distributed iid extreme value, valuations follow the same

distribution, with a scaled variance π2/(6α2), as the variance of the extreme value term εti is π2/6. Since

the valuations are uncorrelated across the alternatives, the covariance matrix for product valuations is a

diagonal matrix. Moreover, since the error components εti are identically distributed, the diagonal elements

on the covariance are also identical.



Authors’ names blinded for peer review
14 Article submitted to Manufacturing & Service Operations Management; manuscript no.

With the ML model, the utility can be specified as µti = µ̄ti +αxti +u′tz
t
i +εti, where ut is a random vector

with zero mean and covariance W . We denote the unobserved portion of the utility as ηti = u′tz
t
i + εti. For

the MNL model, ut is zero, so that there is no correlation in utility over alternatives which gives rise to the

IIA property and its restrictive substitution patterns. With nonzero error components, utility is correlated

over alternatives: Cov(ηti , η
t
j) = E(u′tz

t
i + εti)(u

′
tz
t
j + εti) = (zti)

′Wztj . Utility is correlated over alternative

even when, as in most specifications, the error components are independent, i.e, W is diagonal.

The valuation derived from a ML model can be expressed as

vti =
1

|α|(µ̄
t
i +u′tz

t
i + εti). (12)

Therefore, it follows a distribution which is a sum of u′tz
t
i and εti. When ut ∼ N(0,W ) with diagonal

W , u′tz
t
i is a sum of independent normal random variables of zero mean, which is still normal with zero

mean. The covariance across alternatives is given by Cov(vti , v
t
j) = 1

α2 (zti)
′Wztj , for i 6= j, and Var(vti) =

1
α2 ((zti)

′Wztj + π2

6
). Unlike the diagonal matrix for the MNL model, the covariance matrix derived from

the ML model can be a full matrix, which captures the pairwise dependence across competing products in

a category.

4.2. Pairwise Copula Inference for Products Across Categories

From the discrete choice model estimated for each category, we can estimate the marginal valuations for

individual products. With this information, we can then infer the correlation of components that are from

different categories. To make it more concrete, let us assume there are two categories: m products from

category A and n products from category B. This gives rise to mn unique bundles. For each bundle of item

i from category A and item j from category B, we use a modified inference procedure to determine the

pairwise correlation φij , while holding the valuations of other products fixed.

We propose a heuristic to obtain the pairwise correlation. The key modification to the algorithm comes

from the fact that individual products in a bundle compete with other substitutable products in their respec-

tive categories. To see this, consider a product category, for a given price vector x, the mean surplus associ-

ated with every alternative i for consumer t is given by sti =E[vti −xti] =E[vti ]−xti, where vti is valuation

of product i from Equation 11 or 12 depending on the choice model. Denote the highest average surplus in

the category excluding product i as st−i∗ = maxk 6=i s
t
k.

We only focus on one product in one category at a time and we fix the valuations of all other alternatives

from the same category at their mean values. Thus, the reference st−i∗ is a constant and the only uncertainty

comes from the valuation of product i. If yti = 1, i.e., product i is selected by customer t among the alterna-

tives, it implies that vti − xti > st−i∗ and 0 otherwise. To obtain the probability of the appropriate event, one

needs to integrate over vti >x
t
i + st−i∗ for yti = 1, and vti ≤ xti + st−i∗ for yti = 0. Note that Lemma 1 contin-

ues to hold, so the multidimensional integral can be deposed into a series of rectangular cumulative density
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valuations that can be done efficiently, as the only difference is that the limit of the integral is changed from

xti to xti + st−i∗ .

We use an example to illustrate the modified inference algorithm. For simplicity, we will drop the index

t denoting consumers. Consider a bundle made up of product i from category A and j from category B.

We will use superscript to denote the category. Let FA
i (·) and FB

j (·) to denote the marginal distribution

for product i and j from their respective category and let Fij(·) to represent the joint bivariate distribution.

xA and xB represents the price vectors and where y = (yAi , y
B
j ) where y(·)i = 1 when product i from that

category is purchased. The logliklihood expression derived in Equation 10, which maps each transaction

iento one of the four possibilities becomes the following,




Fij(x̄
A
i , x̄

B
j ) if y= [0,0],

FA
i (x̄Ai )−Fij(x̄Ai , x̄Bj ) if y= [0,1],

FB
j (x̄Bj )−Fij(x̄Ai , x̄Bj ) if y= [1,0],

1−FA
i (x̄Ai )−FB

j (x̄Bj ) +Fij(x̄
A
i , x̄

B
j ) if y= [1,1],

(13)

where x̄Ai = xAi + sA−i∗ and x̄Bj = xBj + sB−j∗ . The key difference between Equation 10 and 13 is that the

reference level for surplus is shifted from 0 to sA−i∗ and sB−j∗ respectively, which represent the mean surplus

associated with choosing the best alternative in the remaining category excluding i and j.

With mn unique bundles constructed from two categories, we need to run this inference procedure for

every bundle to estimate mn correlation coefficients φij which describe their dependence.

4.3. Monte-Carlo Pricing Optimization

To specify the joint distribution ofmn products using a Gaussian copula, one needs the marginal distribution

and the covariance matrix of size (m + n) × (m + n) which describes the dependence structure. When

demand is estimated with discrete choice models, marginal valuation distributions can be easily identified.

Our approach breaks the covariance matrix into smaller block matrices (which corresponds to categories)

and estimate them separately.

Suppose the covariance matrix has first m elements correspond to products from category A and the

next n elements represent products from the other category. The diagonal block matrices of size m×m
and n× n represent the covariance within the categories. The off-diagonal block matrix of size m× n is

obtained by using the inference procedure described in Section 4.2. When the standard MNL is used to

model demand for both categories, these sub-matrices which describe the correlation within the category are

diagonal with two values which indicate variances in the two categories. If a ML model is used instead, the

full block matrix is expected. Note that since the covariance matrix is obtained via joining sub-matrices, it is

possible that the matrix fails to satisfy properties such as being positive semi-definite. When such situation

arises, there are techniques available to obtain the “nearest” covariance matrix which satisfies the desirable

properties (e.g., Higham 2002, Borsdorf et al. 2010).
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After we obtain a joint distribution for individual products, except for very small problem instances, it can

be very complex to characterize the expected profit function generated by all bundles and their individual

products. One can turn to Monte-Carlo methods. For example, one can draw K samples from this joint

distribution where each sample represents a customer’s valuations towards m and n products. Surplus for

each product is the difference between the realized valuations and the prices which are decision variables.

Constraints are set such that a customer selects at most one product from each category and chooses the

products or bundle that gives her the maximum surplus. The expected profit is simply the average profit

generated by K customers. Such studies have been done for conjoint analysis, except the valuation are

solicited directly from experiments instead of estimated from sales data.

5. Case Study: Bundling in the Telecommunication Industry
To empirically investigate the bundle pricing problem, we obtained a data set from a large anonymous

telecommunication service provider, hereafter called “Provider X”. The dataset includes a sample of indi-

vidual transactions between April 1, 2012, and November 30, 2013. All transactions involves signing a

two-year service contract at a fixed rate, in exchange for a combination of services including voice, text

messages and/or data. When signing up a service contract, a customer has the option of purchasing a phone

at a discounted price. A service contract and a phone purchase is referred to be a bundle in this analysis.

Among all contracts offered by Provider X, the default option comes with “unlimited talk and texts”. The

key differentiator lies with the data plan included in the contract. The primary goal of the study is to help

Provider X to have a better understanding on how sales of phones are related to sales of data plans and how

bundle prices impact its business.

In the following sections, we begin by estimating two econometric models that model the demand for

phones and data plans respectively. Next, we infer pairwise correlations between consumers’ valuations on

individual phones and data plans. Lastly, we perform counterfactual experiments to generate insights on

pricing strategies for some popular bundles in the dataset.

5.1. Demand Modeling for Smartphones

The smartphone industry is a fast-paced, dynamic environment, which is characterized by quickly evolving

technologies and designs, short product lifecycle and rapid imitation of technological advancements. During

the study period, over 400 unique mobile phones across 15 brands are recorded. Two brands, namely, Apple

and Samsung dominate the sales. Their monthly sales are shown in Figure 3. The combined volume of the

two brands consistently exceeds 80% of the total sales. Within the two brands, Apple had a greater market

share, approximately doubling Samsung’s volume. Figure 3 reveals significant correlations between the two

brands, implying intense competition between them.

All of the top ten best selling phones during the study period come from these two brands. Figure 4 shows

their monthly sales. The graph prominently depicts the strong substitution effect within a brand driven
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Figure 3 Monthly sales of the two major mobile phone brands and their aggregate sales as a percentage of

the total mobile phone sales.

by product cannibalization, i.e., newer models compete and hurt the sales of older models from the same

brand. For instance, when the latest version of Apple’s iPhone was released in September of 2012 and 2013

respectively, the sales of the previous models decreased sharply.

With the availability of many closely substitutable choices, each consumer will weigh the improved

performance of a new product against the benefits of older products (e.g., lower prices) and then make a

choice as to which one to purchase. There is the possibility that a customer who prefers a product with

a high quality level will choose to purchase a product with low quality level because of its lower price.

Understanding the underlying decision making process is crucial to intelligent pricing decisions. Next, we

will present a discrete choice model which intends to shed some light on consumers’ choices on phone

purchase by incorporating heterogeneous consumer preferences.

5.1.1. Econometric Model We use a random-coefficient logit model to estimate the distribution of

consumer preferences towards different phone characteristics. In our model, the utility for consumer t from

choosing phone i can be represented as

µti = β′tX
t
i + γ′Y t

i + εti, (14)

whereXt
i and Y t

i are vectors of observable characteristics that relate to phone i and consumer t, and εti is an

unobserved random term that is distributed iid extreme value, independent of other terms. The coefficients

βt are random and vary over consumers in the population with density f(β), parameterized by its mean

b and covariance W . The coefficients γ represent a vector of fixed coefficients with respect to observable

characteristics Y t
i .
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Since εti is iid extreme value, the choice probabilities would be a standard logit if the value of βt is given:

i.e., Lti(βt) = eβ
′
tX
t
i

∑
k e
β′tX

t
i

. Since βt is unknown, the unconditional choice probability is the integral of Lti(βt)

over all possible variables of βt weighted by the density of f(β):

P t
i =

∫
Lti(βt)f(β)dβ =

∫
eβ
′Xti

∑
k e

β′Xti
f(β)dβ. (15)

We assume that the random coefficients are independently normally distributed in the population1. That

is, βt ∼N(b,W ) with diagonalW . As shown in Section 4.1, even with this specification, utility is correlated

over alternatives.

5.1.2. Choice Set There are over 400 unique SKUs in the data set. The large number of available

alternatives create computational problems to estimate the discrete choice models (e.g., Allenby and Rossi

1991, Erdem and Keane 1996). A common approach is to model the decision at the brand level. While

it is plausible, such a model will not be able to explain the cannibalization effect within a brand which

is prominently featured in Figure 4. An alternative approach that deals with large choice set focuses on a

subset of the SKUs that are frequently purchased (e.g., Fader et al. 1992, Siddarth et al. 1995). However,

this approach can only tease out the impact of time-varying attributes (e.g, price and discount) and time-

invariant attributes regarding phone characteristics (e.g., screen size, camera resolution, memory etc.) will

be absorbed into the SKU-specific constant during estimation.

Taking these factors into consideration, we aggregate the SKUs of the most popular brands (i.e., Apple

and Samsung) based on the “product line” and “generation” and consider the remaining SKUs at the major

1 For simplicity, we assume that standard deviations in the vector W are not correlated.
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Figure 5 Choice set for the demand model for phone.

brand level. To be precise, consider Apple which only has one phone line, iPhone. We use iPhone New,

iPhone Legacy 1 and iPhone Legacy 2 to represent to the newest model, its predecessor, and the model

prior to the predecessor. For example, just before the launch of iPhone 5S/5C in September 2013, iPhone

New, iPhone Legacy 1 and iPhone Legacy 2 represent iPhone 5, 4S and 4 respectively. Meanwhile, after the

launch, the three types refer to iPhone 5C/5S, 5 and 4S.

Contrary to Apple’s single series, Samsung has introduced a variety of the devices that cover a wide range

of price points. Its flagship series, S-series (e.g., Galaxy S2, S3 and S4), is the most popular line. For this

series, we will use Samsung S New and Samsung S Legacy to denote the latest model and its predecessor

respectively. Samsung also introduces a series of high-end smartphones and tablets, known as Samsung

Note series. The remaining Samsung SKUs are grouped under Samsung Others, which primarily consist

of phones from the S Mini series. It is a lower-range model of the flagship S series, with a similar but

noticeably inferior hardware design and software features to its high-end counterpart.

Besides Apple and Samsung phones, phones from HTC, Sony and RIM (manufacturer of BlackBerry)

are considered at their respective brand level. SKUs from all other brands are aggregated under a composite

alternative called Others. Besides alternatives which indicate phone purchases, we also include No purchase

as an alternative, which primarily occurs with renewal contracts when the customer does not replace his

phone. Thus, in total, we model twelve alternatives in each choice decision. The choice set is depicted in

Figure 5, where each leaf node represents an alternative.

5.1.3. Attributes We capture an exhaustive list of phone characteristics in the choice modeling and the

primary source for the information is based on the database maintained at www.phonearena.com. Table 1

shows the summary statistics of the phone characteristics used in our model. The observed phone charac-

teristics include the following:

• Phone body: Volume and weight

• Screen: Size and resolution
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• Platform: Operating system

• Processing capability: Clock speed for its CPU (central processing unit) and the number of independent

processing units

• Memory and storage: RAM, internal storage, and external storage

• Camera: Primary (rear) and secondary (front) camera resolution

• Battery: Capacity in terms of continuous talk time

• Age: Number of months since its release date

We measure a phone’s size in inch3 (called Volume) and in grams (called Weight). Two factors are taken

into account when we compare the touchscreen of a phone: 1) the size, and 2) the resolution. The size is

measured diagonally in inches (called Screen size). The resolution typically refers to the number of pixels

displayed on the screen. Since screen sizes vary across phones, we measure the resolution by pixels per inch

(called Screen resolution), which is defined as the resolution in pixels along the screen diagonal normalized

by the screen size. Take Samsung S4 as an example, which has a 5-inch screen with 1080 ×1920 pixels. Its

resolution is computed as
√

10802 + 19202/5, approximately 441 PPI.

Mobile operating systems combine the features of a personal computer operating system with other fea-

tures, including a touchscreen, cellular, Bluetooth, Wi-Fi, GPS mobile navigation, camera, speech recogni-

tion, music player etc. While a number of mobile operating systems has been introduced, the market has

gone through consolidations with only a few dominant players remaining2. We create a categorical variable

called OS, which is 1 if the phone runs on Android OS, 2 for iOS (which is Apple’s proprietary operating

system), and 0 for others (e.g., Symbian, BlackBerry, Windows Mobile etc.).

The processing power of a phone is measured by the clock speed of its CPU (called CPU Speed) in

gigahertz (GHz) and the number of independent processing units (called Core). Older phones only have

a single-core processor. Beginning in 2012, many smartphone manufacturers began to offer devices with

dual-core processors, and not long after that, quad-core processors. In theory, the more processors a phone

has, the faster it is, as they can divide a task for parallel processing.

Like CPU processing power, memory and storage capacity are also critical to the performance. We mea-

sure the internal memory a smartphone by the size of its RAM in gigabytes (GB) (called RAM). In general,

the larger the capacity the more information can be stored and accessed quickly. Internal storage is used to

store the operating system and critical programs. We measure this feature in gigabytes (called Internal Stor-

age). Besides internal storage which is built-in and non-removable, certain phones also include a microSD

card slot which enables external storage. The capacity usually increases in a factor of 8GBs, i.e., 16GBs,

32GBs and so on. We use a variable (called External Storage) to indicate the maximum allowable microSD

expansion. For phones which do not have a microSD card slot (e.g., iPhone), this variable is set to 0.

2 http://www.emarketer.com/Article/Android-Apple-Continue-Consolidate-US-Smartphone-Market/1010196#sthash.C0ZF8TtP.dpuf
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Table 1 Summary Statistics

Total Apple Samsung
Mean Std. dev Mean Std. dev Mean Std. dev

Volume (in3) 3.63 1.31 3.49 0.22 4.93 0.65
Weight (100 g) 1.12 0.37 1.18 0.11 1.30 0.19
Screen size (in) 3.79 1.22 3.90 0.20 4.68 0.49
Screen resolution (100 PPI) 3.02 1.02 3.27 0.02 3.21 0.84
OS: Andriod =1 0.29 0.45 0 0 1 0
OS: iOs = 2 0.68 0.47 1 0 0 0
CPU Speed (GHz) 1.29 0.46 1.39 0.26 1.39 0.27
Core 2.08 1.10 1.80 0.40 3.38 0.92
RAM (GBs) 0.98 0.50 0.90 0.20 1.40 0.53
Internal Storage (8 GBs) 1.94 1.10 2.22 1.02 1.67 0.51
External Storage (8 GBs) 1.84 3.20 0 0 6.97 1.75
Primary Camera (MP) 7.45 2.92 7.84 0.67 8.74 3.05
Secondar Camera (MP) 1.08 0.63 1.02 0.36 1.51 0.73
Talk Time (Hours) 8.67 3.93 8.04 0.49 12.50 3.93
Age (Months)(L) 1.85 0.87 2.14 0.68 1.8 0.74
Age Square (Months)(L) 3.42 1.84 4.00 1.51 3.26 1.66
Phone Price (US$100) 4.69 1.55 5.28 0.39 4.77 1.09

Note. The sample period is from April 1, 2012 to November 30, 2013. (L)Logarithm of the variable.

As smartphones become ubiquitous, they are quickly replacing traditional point-and-shoot cameras as

the go-to devices for taking photos. Many smartphones are equipped with two cameras, a primary camera

located at the back of a phone and a camera with lower resolution on the front of the device for video

calling. We measure the resolution of the primary and the secondary camera (called Primary Camera and

Secondary Camera respectively) in megapixels (MP).

In terms of battery capacity, the actual usage depends on many other features of the phone such as screen

size, processors etc. Thus, we measure the battery life a phone in terms of talk time in hours, which is the

longest time that a single battery charge will last when a user is constantly talking on the phone on a 3G

network (called Talk Time).

We measure the age of a phone based on the number of months since it was released (called Age). It

is conceivable that there exists a relationship between the age of a phone and demand due to increased

awareness effects. We also include the squared number of months to test for nonlinear effects (called Age

Square).

In addition to phone characteristics as features, we also incorporate transaction level attributes. We

include the price paid for the phone in US dollars (called Phone Price) and an indicator variable to represent

the type of contract (called Contract Type). It represents a renewal contract when Contract Type is 1, and a

new contract when this variable is 0.

5.1.4. Estimation Results We first estimated a standard MNL model without random coefficients. We

used the Lagrange multiplier test on this model (McFadden and Train 2000) which indicated that there
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were significant random components for eight of the variables. These variables (which are denoted as Xτt
i

in Equation 14) enter the non-stochastic portion of the utility in the mixed logit model. Both models are

estimated using simulated maximum likelihood method. The results are in shown Table 2, where Column 1

gives the estimated parameters and standard errors for the MNL model, and Column 2 represents the mixed

logit with the same specification.

In the first panel in Table 2, estimates of the mean utility levels for each feature are presented. The signs

of the estimated coefficients in the two models completely agree with each other. Most coefficients have

expected signs. However, variable Screen size and RAM have negative coefficients. It is in fact not surprising,

noting that the most popular phone in the data set, the iPhones, has smaller screens and lower RAM relative

to other models in the market (see Table 1). Age and Age Square have positive and negative coefficients

respectively, implying that consumer’s utility of a phone follows an inverted-U shape with respect to time.

In the second panel, with the mixed logit model, the distribution of parameters across consumers captures

the effects of heterogeneity around the mean utility level for each phone characteristic due to the unobserved

features. The estimated standard deviations of coefficients are highly significant for six of the variables

(weight, screen size, screen resolution, primary camera resolution, battery power and the age of the phone),

indicating that those parameters do indeed vary in the population. The standard deviations for camera res-

olution and screen size coefficients are quite large relative to the estimated means, indicating a wide range

of positive and negative preferences for these features. For example, the distribution of the coefficient of

Primary Camera obtains an estimated mean of 0.246 and estimated standard deviation of 0.184, such that

91% of the distribution is above zero and 9% below. This implies that 91% of the population prefer having

a higher resolution camera while the remaining 9% do not care about this feature. The distribution of the

coefficient of Screen size implies that having a larger screen on a phone provides positive inducement for

15% of the population and is deemed as a negative factor by the rest.

The third panel in Table 2 shows the alternative specific constants with respect to No purchase, which is

the reference level for the choice set. The constants measure the mean intrinsic values of different alterna-

tives that are not captured by the model specifications. The rankings of the estimated values are consistent

in the MNL and the mixed logit model. For instance, Samsung Note and HTC has the highest and the lowest

estimates among all the alternatives. One could argue that for the alternative specific constants reflect the

additional value that consumers place on a “premium” product from a reputable brand versus that for a

less well-known company, excluding the phone specifications that are currently captured. Within Apple and

Samsung’s S-series, we see that the estimates for the older models are lower than that of the latest models.

The likelihood ratio statistic for mixed logit versus MNL is 194.62 with eight degrees of freedom, which

is highly significant, indicating that the explanatory power of the mixed logit model is considerably greater

than with standard logit. The main advantage of a mixed logit model is that it avoids the independence of

irrelevance (IIA) property of the standard MNL model, as illustrated in the following example. If we assume
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Table 2 Main Estimation Results

Coefficient (std. err.) Coefficient (std. err.)

Variable Multinomial Logit Mixed Logit

Mean effects

Phone Price −3.748 (0.089)∗∗∗ −4.404 (0.135)∗∗∗

Volume −4.019 (0.195)∗ −5.958 (0.333)∗∗∗

Weight 0.033 (0.005)∗∗ 0.079 (0.008)∗∗

Screen size −0.809 (0.101)∗∗∗ −0.835 (0.112)∗∗∗

Screen resolution 1.559 (0.091)∗∗∗ 1.851 (0.104)∗∗∗

OS: Andriod = 1 1.415 (0.088)∗∗∗ 1.689 (0.249)∗∗∗

OS: iOS = 2 1.462 (0.087)∗∗∗ 1.738 (0.250)∗∗∗

CPU Speed 0.432 (0.074)∗∗∗ 0.640 (0.093)∗∗∗

Core 2.609 (0.072)∗∗∗ 3.210 (0.111)∗∗∗

RAM −2.937 (0.141)∗∗∗ −3.479 (0.181)∗∗

Internal storage 1.874 (0.040)∗∗∗ 2.259 (0.067)∗∗∗

External storage 0.270 (0.016)∗∗∗ 0.169 (0.021)∗∗∗

Primary camera 0.221 (0.013)∗∗∗ 0.246 (0.017)∗∗∗

Secondary camera −0.324 (0.053)∗ −0.092 (0.061)
Talk time 0.300 (0.014)∗∗∗ 0.384 (0.018)∗∗∗

Age(L) 4.518 (0.280)∗∗∗ 5.778 (0.399)∗∗∗

Age Square(L) −1.926 (0.123)∗∗∗ −2.383 (0.172)∗∗∗

Distribution of parameters across consumers

Weight 0.011 (0.002)∗∗∗

Screen size 0.806 (0.077)∗∗∗

Screen resolution 0.675 (0.066)∗∗∗

Primary camera 0.184 (0.013)∗∗∗

Core 0.006 (0.057)
Internal storage 0.025 (0.074)
Talk time 0.106 (0.013)∗∗∗

Age(L) 0.335 (0.050)∗∗∗

Alternative specific constants

iPhone New 15.796 (0.587)∗∗∗ 23.412 (1.011)∗∗∗

iPhone Legacy 14.668 (0.586)∗∗∗ 22.010 (1.003)∗∗∗

iPhone Legacy 2 13.795 (0.590)∗∗∗ 20.859 (1.001)∗∗∗

Samsung Note 19.619 (0.979)∗∗∗ 28.290 (1.553)∗∗∗

Samsung S New 11.879 (0.725)∗∗∗ 20.106 (1.213)∗∗∗

Samsung S Legacy 11.039 (0.714)∗∗∗ 19.354 (1.208)∗∗∗

Samsung Others 14.356 (0.738)∗∗∗ 23.590 (1.256)∗∗∗

Sony 8.737 (0.672)∗∗ 16.324 (1.115)∗∗

HTC 7.236 (0.664)∗∗ 13.732 (1.066)∗∗

RIM 14.686 (0.727)∗∗∗ 23.097 (1.263)∗∗∗

Others 13.659 (0.725)∗ 20.820 (1.183)∗∗

Log-Likelihood −76,075.160 −75,977.850

Number of observations = 44,648 ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

Note. The reference level for the choice set is No purchase. The reference level for OS is 0 = Others.

Coefficients for fixed effects of Contract Type are omitted due to brevity. (L)Logarithm of the variable.
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Table 3 Market share changes with respect a 10% discount on Sony phones

Original MNL Predicted MNL Change (%) ML Predicted ML Change (%)

Sony 2.36 12.26 12.19
iPhone New 49.50 44.57 -9.96 44.47 -10.17

iPhone Legacy 1 10.06 9.05 -10.02 9.03 -10.17
iPhone Legacy 2 3.92 3.53 -9.95 3.64 -7.19
Samsung Note 1.87 1.69 -10.02 1.62 -13.45

Samsung S New 11.32 10.13 -10.48 9.48 -16.28
Samsung S Legacy 2.09 1.86 -10.96 1.86 -10.99
Samsung Others 6.26 5.62 -10.29 5.77 -7.87

HTC 2.14 1.89 -11.63 1.92 -10.26
RIM 1.40 1.26 -10.29 1.26 -10.10

Others 1.04 0.93 -10.49 0.93 -11.19
No Purchase 8.03 7.21 -10.21 7.83 -2.38

a 10% discount has been awareded to Sony phones, we can use the estimated MNL and the mixed logit

models to predict the market impact. Table 3 depicts the original market share of all the alternatives and the

corresponding changes predicted by the two models. In fact, the predicted demand for Sony phones given

by both models are rather similar (i.e., 12.26% versus 12.19%). For the MNL model, the price decrease for

Sony phones results in a reduction of approximately 10% in sales of all other alternatives. The proportional

substitution pattern is expected because of the IIA property. On the other hand, the prediction of the mixed

logit model highlights disproportional substitution pattern. For instance, the phone that experiences the

highest demand decrease is Samsung S New. This particular series and Sony’s most poplar products share

many similar characteristics, such as Android OS, large screens and high resolution cameras etc. One can

even argue that the two brands are among the largest TV and monitor manufacturers. Meanwhile, the impact

experienced by Apple is much smaller, presumably because the two brands use different OS, reducing the

competition between them. Among all the alternatives, the least affected alternative is No purchase, which

is also quite intuitive. The fact that the mixed logit model is capable of capturing more flexible and realistic

substitution patterns makes it a superior choice than the standard MNL model in our study.

5.2. Demand Modeling for Data Plans

To model data plans, we consider two alternatives: we use Base plan to denote the default option that comes

with the “unlimited minutes and text” contracts, and use Upgraded plan as a composite alternative which

represents the plans with more data than the default option. In the data set, there are some transactions with

data lower than Base plan. These transactions are known as the “grandfathered” plans, which have different

terms from the more recent contracts. Since they merely make up about 0.6% of total sales, we remove them

from the data set.

Table 4 shows the summary statistics for the data plans. To protect confidential data, we normalize the

revenue with respect that of Base plan. Table 4 shows that the vast majority of consumers select Base plan.
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Table 4 Summary statistics for data plans

Sales (%) Relative Revenue Coef. Variation on Revenue

Base plan 96.91 1 0.125
Upgraded plan 3.09 1.24 0.250

Upgraded plan, which has a markup of 24% over the default plan has a very tiny market share of 3%. One

of the our research goals is to provide pricing recommendations which lead to more consumers switching

to the more expensive plan.

We construct a discrete choice model to fit the demand of data plans. Utility of purchasing a particular

plan is a linear function of Price (US$100), Quota (GB) which indicates the data usage included in the

plan, and Contract Type. Table 5 gives the estimate of the MNL model using transaction data. Although

the Lagrange multiplier test found significant error components for Price, we were unable to estimate any

mixed logit model with log-likelihood significantly better than the MNL model in Table 5.

Table 5 Estimation result on data plans

Coefficient (std. err.)

Upgraded plan: Constant −5.747 (0.425)∗∗∗

Price −1.459 (0.379)∗∗∗

Quota 1.931 (0.261)∗∗

Upgraded plan: Contract Type (1=Renewal) 0.527 (0.150)∗∗∗

Log Likelihood −8818.1

Number of observations = 38,747 ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

Note. The reference level for the choice set is Base Plan.

The estimated coefficients for Price and Quota bear expected signs. They suggest that an average cus-

tomer is willing to pay about $132 for every 1GB increase in the data plan over the entire contract period,

or $5.5 more per month. The estimated constant for Upgraded plan measures the unconditional utility of

the plan is −5.75, while that for Base plan is set at 0. The results should not be surprising since very few

consumers select the Upgraded plan. Contract Type (which is a binary indicator and is 1 for a renewal

contract) is an attribute of a consumer and does not vary over the alternatives. It enters the model when we

assume that the effect of the variable differs across alternatives. Table 5 shows that compared to the Base

plan, the differential impact of being a renewal contract on the utility of Upgraded plan to is 0.527. In other

words, being a renewal contract yields higher utility of the Upgraded plan than the Base plan.

With the estimated coefficients, we can derive the valuations for different data plans with Equation 11.

For new contracts (as opposed to renewals), when Quota is set at the median values of the respective data

plans, the valuations for Upgraded plan is higher than that of Base plan. However, it is worth mentioning
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that that the average valuation for Base plan is 6.2% above the median contract cost, whereas the valuation

for Upgrade plan is 3.2% below the cost. In other words, on average, an average consumer derives positive

surplus from the Base plan and negative surplus from the Upgraded plan.

5.3. Inter-Category Correlation Estimation

With the discrete choice models fitted for the phone and the data plan categories respectively, we derive

the valuations for every alternative by appropriately scaling the utility which excludes the price impact.

With 11 phones in the phone category and 2 data plans, there are 22 unique bundles. For every bundle, we

estimate the pairwise correlation coefficient between the particular phone and the specific data plan using

the procedure described in Section 4.2. The results are shown in Table 6.

Table 6 Correlation between phone model and data plan

Phone Model Upgraded Plan Base Plan

iPhone New 0.751 −0.804
iPhone Legacy 1 0.569 −0.517
iPhone Legacy 2 0.414 −0.188
Samsung Note 0.680 −0.372

Samsung S New 0.488 0.203
Samsung S Legacy 0.191 −0.454

Samsung Other −0.279 −0.065
HTC 0.834 −0.710
RIM −0.096 0.103
Sony 0.325 −0.174

Others −0.107 0.203

The results show that high correlations exist between phones and data plans. Except Samsung Other, RIM

and a composite alternative labeled as Others (which includes phones that do not belong to the major brands

that are explicitly listed in the model), the valuations of phones are positively correlated with the valuations

of Upgraded plan and are negatively correlated with Base plan.

For Apple’s iPhones, we observe that for both plans, the magnitude of correlation decreases as the age of

the phone increases, i.e., more positively correlated with Upgraded plan and less negatively correlated with

Base with age. One explanation is that a consumer who values the latest phone model which is equipped

with more functionalities than its predecessors is likely to value a higher data plan that allows him to take

advantage of those new features.

Comparing the two main brands, Apple’s iPhones on average have a higher correlation with Upgraded

plan than the Samsung phones. The observation seems to agree with empirical evidences (Forbes 2014,

BusinessInsider 2014) which suggest that an average iOS user consumes more data than his Android coun-

terpart. One could argue that Samsung has introduced many models that cover a wide price range. Models
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Figure 6 Copula predictive log-likelihood minus the independence model log-likelihood, across 10 folds of

cross-validation for each of the four bundles (i.e., between a phone and an Upgraded data plan).

which are cheaper and have mediocre hardware capabilities (e.g., Samsung Galaxy S Mini Series, aggre-

gated under Samsung Other, is a product line with inferior specifications to its flagship S series) might

provide a sub-par user experience that could also affect user engagement. Moreover, consumers who pur-

chase such a device might just be attracted by the low price point, even though they have little interest in

more than voice and text.

It is interesting to note that among all the alternatives in the phone category, HTC phones have the highest

correlation with Upgraded plan and the one of the most negative correlation with Base plan. In our data,

HTC phones make up merely about 2% of the market share in terms of sales volume. Its best selling models

are considered as the top-range Android devices with more superior features than most competing phones

in the market. Our results suggest that its users tend to be tech-savvy and demand more data.

To evaluate the predictive performance of the copula model, we use 10-fold cross validation, by fitting the

model to 9 folds of the data and then evaluating the (predictive) log-likelihood on the remaining fold. This

is done separately for each bundle and the results are compared to the model using the same fitted margins

but assuming independence. Figure 6 shows that the result for four popular bundles, which are made up

different phone models and Upgraded plan. The results show that the copula model has higher predictive

likelihoods than the corresponding independence model.

We like to point out that since the analysis is performed on sales data where every consumer purchased

“unlimited talk and text” as part of the contract, all the results we have derived (e.g, purchase probabilities of

phones and data plans, correlations between the valuations) are conditioned on this fact. It is very plausible

that the magnitude of the unconditional correlation between phones and data plans is much smaller than

what we have estimated in Table 6.

5.4. Counterfactual Experiments

A key advantage of structural modeling is that it allows for policy evaluation. To generate insights for bundle

pricing, we conduct the following counterfactual experiments. Specifically, the experiments demonstrate
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Figure 7 Relative change in the profit and the revenue for two popular bundles (i.e., latest iPhones with

Upgraded data plan and Base plan respectively) as a function of the relative bundle discount (nor-

malizing with respect to the current bundle discounts).

the pricing strategies that focus on individual bundles (i.e., ignoring inter-category substitution) as well as

collective profit generated by competing bundles.

5.4.1. Individual Bundle Optimization In this experiment, we focus on the some popular bundles

and determine the optimal bundle price that maximizes the profit or revenue of an individual bundle. We

emphasize that objective function (Proposition 1) includes sales from the bundle as well as the individual

products. For example, for the bundle with iPhone New and Base plan, we are maximizing the expected

profit (revenue) generated by this particular bundle, as well as sales from iPhone New and Base plan. If a

customer purchased a different bundle such as iPhone New with Upgraded plan, the profit (revenue) from

the purchase iPhone New is captured in the objective function.

We consider the most popular phone in the dataset, iPhone New, and study two bundles constructed with

the available data plans. We report the experiment results in Figure 7. To protect the client’s confidentiality,

we normalize the bundle discount with respect to what is currently offered on the particular bundle. Thus,

a positive relative bundle discount imply further discount on a bundle, while a negative value suggests to

reduce the current discount. We also compute the relative profit (revenue) change by normalizing it with

the expected profit (revenue) at the current discount level. Thus, when the relative bundle discount is 0, the

relative change is always 1 in the figures.

From the profit-maximizing perspective, Figure 7 implies that there is a lot of room to grow for Upgraded

plan bundle, whereas the current discount for Base plan is “almost” optimal. To be precise, with Upgraded

plan, an additional 10% discount will result in a 10.6% increase in the expected profit. On the other hand,

for Base plan bundle, the optimal strategy requires Provider X to impose a markup, i.e., reduce the current

discount by 2.5%, which yields an increase of 0.7% in the expected profit. One explanation is that we have



Authors’ names blinded for peer review
Article submitted to Manufacturing & Service Operations Management; manuscript no. 29

shown in Section 5.2 that, the average surplus on Upgraded plan is negative at the current price. Thus, very

few consumers choose Upgraded plan. In order to increase the profit of this bundle, a higher discount which

increases the surplus must be given to encourage more consumers to upgrade from the basic plan.

Figure 7 also shows the revenue change with respect to bundle discount, which depicts very different

operational recommendations from the profit-driven objective. For example, for Base plan bundle, the model

recommends a 2.5% markup on the existing discount to increase profit, whereas a 7.5% markdown to max-

imize revenue. The reason lies with the asymmetric cost of the bundle components. To calculate the profit

margin of phones, we use the information on wholesale phone prices given by Provider X. As we do not

have any cost information on servicing the plans, we set it to zero. In other words, entire revenue obtained

from the data plan is counted towards the profit. While such accounting is not precise, it is well-known

that telecommunication carriers make the bulk of their profits from selling service contracts to consumers.

Comparing the profit function to the revenue function in Figure 7, we see that the former has a much steeper

slope with respect to discounts. It suggests that a small change in the discount can lead to a much substantial

impact to profit, highlighting the importance of accurately determining bundle pricing strategies.

5.4.2. Optimization with intra-category substituion In this experiment, we consider the problem of

optimizing aggregate profit generated by several bundles. Because of the substitution effect within each

category and the dependence across categories, changing a particular bundle price affects the sales of all

other bundles as well as the sales of the individual products.

We consider the best selling phones from the two major brands, namely, iPhone New, iPhone Legacy 1,

Samsung S New and Samsung S Legacy. Given two different data plans, there are eight unique bundles in

the experiment. At the current prices, the products studied here make up over 70% of the total sales. Thus,

understanding the price response of this set of products is crucial to the bottom line of the business. For

simplicity, we only vary the bundle discount of a particular bundle, i.e., iPhone new and the Upgraded plan

and keep the prices of remaining products fixed. In other words, we are optimizing the particular bundle

price with the goal to maximize the aggregate profits generated by all the products. This is a different setting

from the experiment in Figure 7, where we only maximize the profit generated by that particular bundle and

its components.

To perform the optimization, we use Monto-Carlo simulation procedure highlighted in Section 4.3. We

generate 10,000 samples, with each sample corresponds to a consumer’s individual valuations for six prod-

ucts (i.e., 4 phones and 2 data plans). The objective function is to maximize the average empirical profit

generated from these customers. The result is shown in Figure 8. While all the prices for other products are

fixed as they were in the data set, the model suggests that the optimal strategy is to increase the existing

discount on iPhone new and Upgraded plan by 7.5%, which leads to an increase of 3.3% in the expected

aggregate profit derived from all the products. Compared to Figure 7 where we only maximize the profit
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Figure 8 Relative profit change of eight bundles and the individual components with respect to the bundle

discount on iPhone new and the Upgraded plan.

from one bundle (and its individual components), we see that the strategy recommended by this model is

less aggressive (7.5% versus 10%) and the predicted profit uplift (3.3% versus 10.6%) is more modest.

The main intuition is that while increasing bundle discount increases sales of this particular bundle, it

also makes it less profitable. With the presence of other closely substitutable products, even if a customer

does not purchase this particular bundle, she might still purchase other products. Therefore, it is undesirable

to apply steep discounts on this bundle while it is possible to extract higher profit from other alternatives.

Moreover, because of the availability of other alternatives, a new price strategy on a particular bundle only

affects the decisions of a small subset of customers. The subsequent change to the total profit is smaller than

the experiment without intra-category substitution shown in Figure 7. We like to point out in the current

setup, the only variable is the discount of one bundle. Thus, the result indicates the incremental profit uplift

by fine-tuning one lever. The profit improvement is expected to be even larger when one has the full freedom

to optimize the prices of all the bundles and the individual products.

6. Discussion and Conclusions
Our work provides foundational results for inferring consumer valuations from data that data that are avail-

able to most retailers: sales transaction data. The ability to predict the effect of introducing a bundle at

a particular price using only historical sales data is a major advancement in data-driven pricing, and the

copula model at the core of the inference here is flexible enough to be useful in real applications. Because

the copula allows for arbitrary margins, if a retailer has already developed demand models for a particular

item, the demand model can be used directly to obtain the marginal valuation distribution. The likelihood

formulas that we derived in this paper provide a theoretically and computationally sound framework for

copula learning over latent valuations.
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Appendix A: Proof of Proposition 1

The profit can be decomposed into that obtained from each of the purchase options.

E [profit] = (x1− c1)P(Purchase item 1 only) + (x2− c2)P(Purchase item 2 only)

+ (xB − c1− c2)P(Purchase the bundle).

The options no purchase, purchasing item 1 only, purchasing item 2 only, and purchasing the bundle give the

consumer surplus 0, v1−x1, v2−x2, and v1 +v2−xB respectively. Let us consider the consumers that purchase only

item 1. By the rationality assumption, v1−x1 ≥ 0, v1−x1 ≥ v2−x2, and v1−x1 ≥ v1 + v2−xB . Thus,

P(Purchase item 1 only) = P ({v1 ≥ x1}∩ {v2 ≤ xB −x1}) = F2(xB −x1)−F (x1, xB −x1),



Authors’ names blinded for peer review
Article submitted to Manufacturing & Service Operations Management; manuscript no. 33

by Lemma 1. A similar derivation applies to item 2. For the bundle,

P(Purchase the bundle) = P ({v1 ≥ xB −x2}∩ {v2 ≥ xB −x1} ∩{v1 + v2 ≥ xB})

=P ({v1 ≥ xB −x2}∩ {v2 ≥ xB −x1})−P ({v1 ≥ xB −x2}∩ {v2 ≥ xB −x1} ∩{v1 + v2 ≤ xB})

=1−F1(xB −x2)−F2(xB −x1) +F (xB −x2, xB −x1)−
∫ x1

xB−x2

∫ xB−v1

xB−x1
f(v1, v2)dv2dv1,

using Lemma 1. Q.E.D.




