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Abstract

We study the classic setting of envy-free pricing, in which a single seller chooses prices for
its many items, with the goal of maximizing revenue once the items are allocated. Despite the
large body of work addressing such settings, most versions of this problem have resisted good
approximation factors for maximizing revenue; this is true even for the classic unit-demand
case. In this paper we study envy-free pricing with unit-demand buyers, but unlike previous
work we focus on large markets: ones in which the demand of each buyer is infinitesimally small
compared to the size of the overall market. We assume that the buyer valuations for the items
they desire have a nice (although reasonable) structure, i.e., that the aggregate buyer demand
has a monotone hazard rate and that the values of every buyer type come from the same support.

For such large markets, our main contribution is a 1.88 approximation algorithm for maxi-
mizing revenue, showing that good pricing schemes can be computed when the number of buyers
is large. We also give a (e, 2)-bicriteria algorithm that simultaneously approximates both max-
imum revenue and welfare, thus showing that it is possible to obtain both good revenue and
welfare at the same time. We further generalize our results by relaxing some of our assumptions,
and quantify the necessary tradeoffs between revenue and welfare in our setting. Our results
are the first known approximations for large markets, and crucially rely on new lower bounds
which we prove for the revenue-maximizing prices.

1 Introduction

How should a seller controlling multiple goods choose prices for these goods, so that these prices
yield good revenue and yet are efficiently computable? This question is among the most fundamental
of algorithmic challenges motivated by Economic paradigms. At a high level, this setting can be
modeled as a two-stage game: the seller chooses prices, and the buyers respond by purchasing
goods at these prices. A common constraint in this context is one of envy-freeness, i.e., every buyer
receives items that maximize her utility, and thus would not want to “switch places” with any other
buyer.

Despite the surge of papers studying envy-free pricing in recent years [3,[11,15], even the simplest
versions of this problem have resisted good approximation factors for maximizing revenue. This is
true even for the common setting of unit-demand buyers, where every buyer desires one unit of good
from a demand set S; (possibly different for each buyer i); she values all items in S; equally and
has no value for items outside S;. The problem of revenue-maximization with unit-demand buyers
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is among the most popular versions of the pricing problem. While the best known approximation
algorithm for the item-pricing version of this problem has only a logarithmic factor [3,|15], more
sophisticated pricing mechanisms have yielded some beautiful, near-optimal mechanisms, but only
by giving up envy-freeness [64|13].

In this paper, we study envy-free pricing with unit-demand buyers, and form good approxi-
mation algorithms for maximizing both revenue and welfare. Unlike most previous work on this
subject, we focus on large markets: ones in which the demand of each buyer is infinitesimally small
compared to the market size. For envy-free settings, studying large markets is much more reason-
able than markets with only a few buyers. Indeed, in such a market, a seller may not be able to
price discriminate (i.e., sell the same good to at different prices), and would instead simply post a
price for each good, which would apply to all of the buyers. The fact that all buyers who receive
a copy of the same good pay the same price, along with buyers always purchasing a unit of the
cheapest good in their set S;, would guarantee that the allocation is envy-free.

Our Model

We consider a single monopolist producing a set S of goods, which are near-substitutes (see examples
below). The seller can produce any desired quantity z; of a good t € S, for which he incurs a cost
of Cy(x¢). The seller’s main objective is to set prices on the goods to maximize revenue; in addition
to revenue, the seller may also be interested in welfare guarantees. The market consists of a set B
of buyer types: for a given type ¢ € B, all the buyers having this type desire the same set S; C S
of items. Every individual buyer’s demand is infinitesimal compared to the market size. Therefore,
we can represent every type i € B by a (inverse) demand function \;(x) such that for any given v,
we know how many buyers z have a valuation of v or more for items in S;.

Although different buyer types may have different demand functions, it is natural to assume
that the valuations of all buyers are often sampled (albeit differently) from some global distribution.
Because of this, we will make the assumption that the buyer valuations for every type have the
same support [\ A™%] (although we will relax this assumption later). We show that as long as
this is true and that the distribution of buyer valuations has reasonable structure (i.e., monotone
hazard rate [2]), then we can compute prices which extract more than half of the optimal revenue.
Our model captures several scenarios of interest; we illustrate two of them below.

1. PEV Charging: As Plug-in Electric Vehicles become commonplace, it is expected that
charging stations will be set up at many locations. Due to the variable cost of electricity
generation, these stations may have different prices for charging during different time intervals.
We can model each time slot as an item ¢; every buyer has a set of time slots during which
she can charge, and the seller may be able to predict the demand using prior data [18].

2. Display Advertising: A publisher may have a set of items (e.g., advertising slots) being
sold via simultaneous posted price auctions. The ad-items are differentiated (in their position
or location on the website) and a large number of buyers are interested in buying these items,
each interested in some specific subset depending on their target audience.

Our model retains the combinatorial flavor of the general envy-free pricing problem: different
buyer types have access to different subsets of items, and these subsets are not correlated in any way.
It is this combinatorial aspect which contributes to the hardness of the problem. In fact, recent
complexity results [3,/4] indicate that the general unit-demand problem with uniform valuations
may not admit approximation algorithms with factors better than O(log|B|). The starting point
of our work is the fact that in large markets with many buyer types, O(log |B|) algorithms are not



acceptable. A large body of work has circumvented this hardness by studying interesting instances
in which the combinatorial aspect of the model is limited or rendered moot [5,7(12]. In contrast, we
impose no such restriction on the model, instead making the assumption that the buyer valuations
follow a nice (monotone hazard rate) structure, while the sets S; can be arbitrary. For the large
market settings we are interested in, our assumptions seem more reasonable than restricting demand
sets.

Two aspects of large markets that we will feature in this paper warrant further discussion.
First, while the majority of literature has focused on envy-free pricing to maximize revenue (see
Related Work for exceptions), we focus on maximizing both revenue and social welfare, and the
trade-offs therein. This is motivated by the fact that in large markets with repeated engagement,
compromising on welfare may often lead to poor revenue in the long-run. Second, in our model
sellers face convex production costs Cy(z) for each item ¢. This strictly generalizes models with
limited or unlimited supply which are usually the norm. In large markets, assuming limited supply is
too rigid as sellers may often be able to increase production, albeit at a higher cost. Costs, however,
are a non-trivial addition to the envy-free model. Many of the standard techniques that previously
yielded good algorithms, especially single-pricing for all items, fail to do so in our framework. The
seller now faces the onerous task of balancing demand with production costs, which may be different
for different items.

1.1 Our Results

Recall that every buyer type i € B is represented by an inverse demand function \;(z) such that
for any v, A;(z) = v indicates that = population of buyers hold a value of v or more for the items
in the demand set. Throughout this work, we will assume that Vi, A\;(z) has a Monotone Hazard
Rate (MHR, see Section 2 for definition). This coincides with the inverse demand being log-concave
(log(Ai(x)) is concave) and encompasses several popular inverse demand functions previously con-
sidered in literature, including concave, power-law, and exponential demand [2].

Our main contribution in this work is a 1.88 approzimation algorithm for mazimizing revenue
and a (e, 2)-bicriteria algorithm that simultaneously approzimates both mazximum revenue and wel-
fare respectively. These results hold as long as the ‘peak of the support’ of the buyer demand
function is the same for all buyer types, i.e., Vi A\;(0) = A%, Notice that the setting where all
buyer types have the same support [\ \™%] is a special case of our uniform peak assumption.
Although both of our results use a continuous ascending-price algorithm, we describe an efficient
implementation for this algorithm as well. Note that revenue-maximization is still NP-Hard in this
setting, due to its combinatorial nature.

We next generalize the uniform peak (or support) assumption and consider markets where
every buyer type i has a (potentially different) support [A" A™4%]. For this setting, our results
are parameterized by a factor A that equals the ratio of the maximum A\*** to the minimum AJ*%*
across buyer types. We show a O(log A) approximation to the optimal revenue in this setting, and
thus imply that as long as the valuations for different buyer types are not too different, we can still
extract high revenue. Moreover, we show that this O(log A) solution also guarantees one fourth
of the optimum social welfare. Although the actual buyer demand may be quite asymmetric, our
result depends only on the difference in the peak of the supports; it is reasonable to expect that
this difference is not too large if the goods are similar.

We now summarize the two high-level contributions that enable our results.

1. We provide a general framework to derive good algorithms for large markets with production
costs, extensively using techniques from the theory of min-cost flows.



2. Our constant-approximation factors depend crucially on the insight that we gain on the prices
in the revenue-maximizing solution. In contrast to previous work, where the approximation
factor of the revenue of the computed solution is usually obtained by comparing it to the
optimum social welfare [11},/15] (which is an upper bound on optimum revenue), we are able
to directly compare the revenue of our solution to the profit-maximizing solution.

1.2 Related Work

Our work is a part of a rather extensive body of literature studying envy-free or item-pricing;
the field is too vast to survey here and we will only sample the most relevant results. The Unit-
Demand Pricing (UDP) problem where buyers have different valuations for different items was first
considered in [15], which gave a O(log |B|) approximation algorithm for maximizing revenue. The
version that we study (each buyer has equal valuation for all items in S;, and 0 otherwise) has been
referred to as UDP-MIN or UDP with Uniform Valuations. Surprisingly, the addition of uniform
values has not lead to any improved algorithms for the general UDP problem. Moreover, recent
complexity results [3,4] indicate that a sub-logarithmic approximation factor may be unlikely for
both problems.

Assuming more structure on the combinatorial aspect of UDP (i.e., sets S; stating which buyers
have access to which items) has yielded more tractable instances. For example, good approximation
algorithms exist when each item is desired by at most k& buyer types [7,/16]. For settings with
budgeted buyers who have access to all items but have a limit on the amount of money then can
spend, [12] give a 0.5-approximation algorithm; we remark that budgeted buyers can be captured
with an inverse demand A(z) = ¢/z. In contrast, ours is among the few papers that makes no
assumptions on the demand sets S; but still obtains a constant approximation factor. Finally,
another active line of work has looked at envy-free pricing when each buyer demands a single
bundle of items (Single-Minded Pricing). For more details, the reader is asked to refer to [3], [11],
and some of the references therein.

More broadly, our work bears certain similarities to algorithmic pricing mechanisms [5] in a
Bayesian setting, especially posted price mechanisms. In fact, the aggregate demand that we
consider can be interpreted as buyers deriving values from a known distribution. Although posted
pricing provides excellent guarantees, even in multi-parameter settings [6,|13], the mechanisms
seldom result in envy-free allocations because it is assumed that buyers choose items in some order.
At a high level, our work is a part of the literature exploring the space of multi-parameter settings
with some structure. In addition to a valuation, buyers have a demand set (.5;) in our model,
whereas researchers have looked at other models where the additional parameter is the quantity
demanded [8] or a position in a metric space [9].

Finally, envy-free pricing to maximize welfare coincides with the notion of Walrasian Equilib-
rium minus the market clearing constraint. In large markets such as ours, Walrasian Equilibria
are guaranteed to exist |1, although their revenue may be poor. In discrete markets, Walrasian
prices are not guaranteed to exist and so, the focus has been on solutions that are approximately
envy-free but still guarantee good welfare [10,/14]. There has also been some work on approxi-
mating both revenue and welfare over a restricted space of solutions; for instance, the space of all
equilibria in GSP [17], or all competitive equilibria for sharp multi-unit demand [§]. In contrast,
bi-criteria approximations like ours, which compare both objectives for the same solution to the
unrestricted global optima, have not been previously considered in envy-free literature to the best
of our knowledge.



2 Model and Preliminaries

We study the pricing problem faced by a central seller controlling a set S of goods with a large
number of buyers, each belonging to one of the buyer types in B. All the buyers having a given
type B; have the same set of desired items 5; C S. We model the market structure as a bipartite
graph G = (BUS, E) where there is an edge between each buyer type B; and every good in S;. For
every individual buyer j € B;, her valuation is v; for items in her demand set S; and 0 otherwise.
Note that different buyers belonging to the same type B; can have different valuations for the items
in Sz

Aggregate Demand and Production Cost: Every individual buyer’s demand is infinitesimal
compared to the market size. Therefore, we can model the aggregate demand of all buyers having
type B; using an inverse demand function X\;(z); v = A;j(z;) means that x; of these buyers have
a value of v or more for the items in S;. As an example, consider \;(z) = 1 — z for x € [0, 1].
This means that the total population of buyers with type B; is one; A;(0.25) = 0.75 implies that
one-fourth of these buyers have a valuation of 0.75 or more. Finally, the seller incurs a production
cost of Cy(z) for producing x amount of good t € S.

Best-Reponse and Envy-Freeness: A complete solution consists of prices and an allocation,
and is specified by three vectors (p, &, 7). The seller’s strategy is to select a price vector p where p;
is the price on item ¢ € S. We define Z to be the buyer demand vector such that x; is the amount of
good allocated to buyers from type B;. Finally, ¥/ is the allocation such that y; is the total amount
of good t allocated to buyers and (i), the amount to buyer type i. We only consider allocations
i that are feasible with & and G: for all i, >, y:(7) should equal x;, and buyers in B; must only
receive allocations of items belonging to S;. Then,

e Given p, we let p, denote the minimum price available to buyers from type B;, i.e., p; =

mMiN¢es; Pt-

e The buyer demand & is said to be a best-response to the prices p'iff VB;, o, = A\i(x;). That
is, a population of z; buyers from B; have a value of p; or larger, and thus are maximizing
their utility by deciding to purchase items at a price of p;.

e Given p and &, the allocation ¢ is said to be envy-free if buyer demand is a best-response
to the prices, and if for every buyer the items they are allocated are the lowest priced items
available to them, i.e., y:(i) > 0 = p; = p;.

—

Our main objective is an envy-free solution that maximizes revenue. Given (p, Z, ), the revenue
of the seller is the total payment minus costs incurred, i.e.,

Revenue = Z(ptyt — Ci(yt))
tes

= Z pizi — C(Y) (if solution is envy-free)
i€EB
Note that as long as the instance is clear, we will use C(¥) to denote the total cost of all items when
the allocation is ¢. We also consider solutions with good social welfare, i.e., the total utility of all
the buyers plus that of the seller. Aslong as the solution is envy-free, buyers are utility-maximizing,
and so the aggregate utility of buyers belonging to type 7 is the sum of their values minus payments,
which is foz * Xi(z)dx — p;x;. Since the payments cancel out, the total social welfare of a solution is

equal to
T

Social Welfare = Z 1 Ai(z)dx — C(Y).
BeB”*=0



We make the following assumptions on the inverse demand and cost functions.

1. Ai(z) cannot increase with x. This is by definition: if x; buyers hold a value of v; or more
and zo < x1, then the value of these x2 buyers is at least v.

2. We also assume that \;(z) is continuously differentiable on (0,T;) (here T; is the population
of buyers in B;), and has a monotone hazard rate (see definition below). Notice that \,(x)
cannot be positive since \; is non-increasing.

3. For all t € S, we take the production costs Cy(y) to be convex, which is the norm in the
literature. In addition, we assume that Cy(y) is continuously differentiable and define ¢;(y) to
be its derivative. All our results also hold if an item ¢ has a limited supply of Y;, and Cy(y)
is only differentiable until y = Y;, at which point it becomes infinite.

Definition (MHR) An inverse demand function A(x) is said to be log-concave or equivalently,
have a monotone hazard rate if % is non-increasing with z. Since X' (z) is not positive, this is

N(z)| - :
o) 8 non-decreasing.

equivalent to saying

Many commonly used buyer demand functions belong to this class including uniform (A(z) = a),
linear (A(z) = a—=) and exponential inverse demand (A(z) = e~*). Although the monotone hazard
rate requirement gives the appearance of being somewhat restrictive, this assumption is actually
rather weak. We show (proof in the Appendix) that even with only MHR demand, our framework
encompasses the well-studied unit-demand pricing problem in finite markets.

Proposition 2.1. Any UDP instance with uniform valuations in markets with a finite number of
buyers can be reduced to an instance of our problem where all buyer types have monotone hazard
rate tnverse demand.

Therefore, our setting strictly generalizes previously studied UDP problems, which are unlikely
to admit sub-logarithmic approximation factors [3,/4]. Our main contribution, however, is proving
that the addition of a little bit of structure (via uniform peak or support) to our general framework
provides much greater insight into the nature of the revenue-maximizing solution, and leads to good
algorithms. L

Optimal Solutions. We use the notation (p°Pt,z°Pt y°Pt) to denote an envy-free solution
maximizing revenue, and (z*,y*) to denote an allocation that maximizes welfare (since welfare
depends only on the allocation, not the prices). Given a graph G, functions \; and Cy, it is easy to
see that the solution maximizing social welfare can be computed using a convex program. We also
remark here that once the welfare maximizing solution is computed, there exist prices p* so that
(33_:", y_:k) is an envy-free allocation to these prices. The more challenging task is to compute prices
that (approximately) maximize revenue and perhaps, simultaneously welfare.

Proposition 2.2. Consider the optimum solution x*,y* for a given instance. Define the price
vector p* as pf = ci(y;) for item t. Then (p*,z*,y*) is an envy-free solution to the prices.

We prove this in the Appendix and also show that in the revenue maximizing solution, every
item’s price is at least its price in p*, i.e, for all ¢, p? > p¥. For the rest of this paper, we will only
consider solutions where the prices dominate p*. In fact, in Lemma we show much stronger
lower bounds on p°P* which enable us to prove our results.

Connection to Flows: We can view a feasible allocation ¥ as a flow from the items S to the
buyers with a demand of ¥, assuming that G is fixed. Notice that there are several feasible flows



for a given demand Z. We will be most interested in min-cost flows: the feasible allocation ¥ that
also minimizes the total production cost ), Cy(y:). The min-cost flow is independent of the prices
and, given #, can be computed efficiently using a convex program. o
It is easy to see that y* is a min-cost flow, but general envy-free solutions, including (p°Pt, zoPt, yopt),
may not use min-cost flows, since envy-freeness constrains the buyers to use only the items with
cheapest price, while min-cost flows form allocations to optimize production costs. We reiterate
that given a price vector p, the best-response buyer demand & can be computed using p; = A;(z;),
and given (p,Z), we can always determine an envy-free allocation 3. Interestingly, the solutions
returned by our algorithms are not only envy-free, but also will use min-cost flows for the corre-
sponding buyer demand Z. Finally, the proof of our 1.88-Approximation Algorithm crucially uses
the following property that relates best-response allocations and min-cost flows.

Lemma 2.3. Consider two price vectors p1 and p3 such that p1 > ps. Let 21, 5 be the corresponding
best-response buyer demands to these prices and yi, y2 be the minimum-cost flows for the buyer
demands 1 and x5 respectively. Then,

1. 75 > 17, i.e, every buyer type’s demand is higher under p3 than under p1.
2. Forallt €S, c;(y}) < ci(y?).

(Proof Sketch) The lemma merely formalizes a very intuitive idea, namely that increasing prices
from p3 to pi can only lead to lowered buyer demand. Since the buyer demand in 27 is smaller,
it means that the allocation of any item cannot strictly increase for a min-cost flow. Finally, a
smaller allocation implies a smaller marginal cost. Rigorously proving Statement 2 is actually not
that easy and we defer the full proof to the appendix. B

3 Large Markets with Uniform Peak Valuations

As argued in the Introduction, for markets with a large number of buyers it often makes sense to
assume that the inverse demand functions \; have the same support [\ A™] for all i, which is
what we do in this section. In fact, all our results hold as long as the peak values for every A; are the
same, i.e., that \X™®* = );(0) is the same for all . This would occur, for example, when a very large
population of buyers is assigned to different buyer types in a random way. Not too surprisingly, the
problem of revenue maximization remains NP-Hard even when the demand functions have uniform
peak valuations.

Proposition 3.1. The Unit Demand Pricing problem in large markets with MHR Inverse Demand
and Uniform Peaks (X\;(0) = X" for all i) is NP-Hard even with unlimited supply.

In this section we establish our main result: a 1.877 approximation algorithm for maximizing
revenue, which works as long as the inverse demand functions are MHR and have uniform peak
values. We begin with a general, parameter-dependent procedure for generating prices, which will
be a building block of both this algorithm, and the algorithms in later sections. Although the
algorithm is described here as a more intuitive continuous-time procedure, it can be efficiently
implemented using O(|B|log A™®*) min-cost flow computations, as we argue in Section To
simplify discussion, henceforth we will use “buyer” interchangeably with “buyer type” as long as
the context is clear.

Algorithm [1| begins by pricing all the items at the price vector p*, which as we mentioned
makes (p_"‘, z*, y_;*) an envy-free allocation. We gradually increase prices on the items belonging to
an ‘active set’, initialized to the set of cheapest items in p* and the buyers receiving these items.



Algorithm 1 Ascending-Price Procedure with Stop Parameter k
1: Set initial prices on the items, p; = pj.
2: ACTIVE < All minimally priced items and all buyers using these items.
3: INACTIVE <~ BUS \ ACTIVE; FINISH <« ()
4: while FINISH # BU S do

5: Increase the price of all ACTIVE items by an infinitesimal amount
{All ACTIVE items have the same price, the active price.}
6: Compute the min-cost flow for the sub-graph induced by ACTIVE {We prove later: At
every stage active buyers only receive allocations of active items}
7: if t € INACTIVE s.t p; equals the active price then
Remove t, buyers using ¢ from INACTIVE and add to ACTIVE
: end if
10: if t € ACTIVE meets the stopping criterion in the current solution then
11: Remove t, buyers using t from ACTIVE and add to FINISH.
12: end if
13: end while
Stopping Criterion(ps, y, k) :  pr — ci(ye) > %()\m(w —c(yr)) (1)

At each stage, every item in the active set has the same price (active price) allowing us to compute
the min-cost flow for only the active buyers and items. As we increase the active price, if it equals
p; for some inactive ¢, we add ¢t and buyers using ¢ to the active set. An item ¢ remains active until
a stopping condition dependent on a parameter k > 1 is reached (Equation ; once this happens
the price of item ¢ becomes fixed, and item ¢ is removed from the active set along with buyers using
t. The simple ascending-price algorithm stops once all the items have met the stopping criterion.

We now sketch some properties of this algorithm that hold for all k; the full proofs and formal
lemmas are in the Appendix. For a given parameter & > 1, we will use (p_’;,x_’;,y_’;) to denote
the solution returned by our algorithm. We begin with an important observation regarding the
stopping criterion: at any stage of the algorithm, for any two active items, if the item with the
higher marginal cost (¢;(y;)) meets the stopping criterion, then the item with the smaller marginal
cost must also satisfy the condition (Lemma in the Appendix).

Notation Every ‘stage’ of our algorithm corresponds to a unique value of the active price (i.e.,
price of all the active items), so we can refer to the allocation formed by the algorithm at some point
as the allocation at active price p. Formally, we define Z(p) to be the buyer demand vector when
the active price is p, and ¢(p) is the allocation of items at that price. At any price p, for the inactive
buyers x;(p) coincides with x; and for inactive items y;(p) = y;. For finished items (or buyers), the
allocation (demand) is the same as it was when that item (buyer) met the stopping criterion and
became finished. Finally, we use B4(p) to denote the buyers and Sa(p) for the items in the active
set when the active price is p; we define the analogous sets (B1(p), S1(p)), (Br(p), Sr(p)) for the
inactive and finished blocks respectively.

Properties Satisfied by Algorithm [1| and price hierarchy

Figure 1] describes the natural hierarchy between the Active, Inactive, and Finished sets at every
value of the active price p. It is not difficult to show that the statement in Figure [I| always holds,
starting with the initial envy-free solution (p_;k, T, y_”") We prove this formally in the Appendix.



Buyer Types Ttems Figure 1: At any stage of Algorithm

the order of prices for the different items
Inactive | ¢4———| Inactive is: Inactive > Active > Finished. Thick

edges indicate that buyers in a certain set
(Active, Inactive or Finished) receive al-
locations only from the items in the same
set. Dotted edges between a buyer set
and an item set indicate although the
buyers have access to the items in that
Finished |¢ | Finished set, they are not currently receiving any
allocation of that item.

Price

Active 4—; Active

Our next claim shows that as we increase the active price, the marginal cost of items in the active
set cannot increase.

Lemma 3.2. Suppose that some item t belongs to the active set at two different active prices py
and pz with p1 < pa, then ci(yi(p1)) > ct(ye(p2))-

(Proof Sketch) The result relies heavily on Lemma and Corollary When we increase
the active price, the buyer demand decreases and thereby the allocation of items and the marginal
cost decreases. W

The next proposition gives us additional insight regarding the stopping condition. It tells us
that every item ¢ actually meets the stopping criterion at equality and therefore, the greater than
or equal to sign in Equation [I] is redundant.

Proposition 3.3. For any given item t and fized k, the stopping condition must be obeyed at
equality. Formally, suppose that t meets the stopping criterion at an active price of p, then

p—eilulp) =

)\maz

—ct(ye(p))-

(Proof Sketch) For any item t, its initial price p; = ¢;(y;) and so initially, the LHS of Equation
is zero and the RHS is non-zero, so the LHS is strictly smaller. The initial price for any item cannot
be larger than A\™%*. So, if the active price is A™**| the LHS must be greater than or equal to
the RHS. It stands to reason therefore, that every item meets the stopping criterion at some
intermediate price. Moreover, if we increase the price by a small amount, then the marginal cost
can also decrease only by a small amount due to the reduced demand. Since, both the LHS and
the RHS in the above equation change continuously, they must be equal at some point. B

We also remark here that at every stage of the algorithm, for any buyer ¢, all the items she uses
at that stage must have the same marginal cost. Given an allocation 7, we will use () to denote
the (unique) marginal cost of the items being used by buyer ¢ in that allocation as long as all the
items she uses have the same marginal. We are now ready to prove our first main result regarding
our algorithm. We show that for any value of k, the stopping parameter, the solution returned by
our algorithm is an envy-free allocation. In addition, the allocation y_iC is also the minimum cost
flow for the demand *.

Theorem 3.4. For any given value of k, Algorzthm returns prices p and an envy- -free allocation
xk,yk Moreover yk is also the minimum cost flow corresponding to the demand k.



Proof. Recall that an allocation is envy-free if all buyers only purchase from the minimally priced
items available to them, i.e., V(i,t) € E, 15? < pf. An allocation y_’; is a min-cost flow for the
demand z* if and only if ¥(i,t) € E, r;(§) < ci(yF). That is, in addition to using the minimally
priced items buyers are also using the items with the smallest marginal costs.

Assume by contradiction that the allocation is not envy-free. Then, for some (i,t) € E, ﬁf > k.
This means that when t reached the stopping criterion at price pf , © was either active or inactive.
Now consider some price p € (pf,ﬁf). At this price t € Sp(p) and i € Bx(p) U Br(p). However, by
Figure [1] there can be no edge between ¢ and ¢ which is a contradiction. Therefore, the allocation
returned by our algorithm is indeed envy-free.

Next, suppose that the allocation is not a minimum cost flow. Then 3(i,¢) € E such that

ct(yF) < ri(y*). We claim that this implies pf < p¥. Rearranging the equation in the statement of
Proposition we get that (remember pF = pF for some item ¢ that i receives and r;(y*) = cy (y¥))

_ 1 - 1
Py =2\ 4 (k= 1ri(yh) > (™ + (k= Dei(yr) = pf-
This means that 3(i,t) € E with p} < pF, which violates the envy-free condition. Therefore,

the allocation is also the minimum cost flow satisfying the given demand. W O

The most crucial lemma that allows us to prove our approximation factor is the following
lower bound which we prove on the prices in the revenue maximizing solution p°Pt. Unlike most
existing work, this lower bound allows us to compare our solution directly to the revenue-maximizing
solution, instead of using the welfare-maximizing solution as a proxy.

Lemma 3.5. For MHR inverse demand functions, the price of every item ¢ in the profit-mazimizing
solution p°Pt is at least its price in pe, i.e., p?pt > py.

Proof. The proof proceeds as follows. We first show that in any solution where some items are
priced below their price in pé, a few of these items do not meet the stopping criterion at k = e.
Then, we show that for any monotone hazard rate demand function that does not satisfy the
stopping criterion at k = e, we can always increase the price on the items and improve the profits
thereby contradicting the optimality of poPt.

Assume by contradiction that in the optimal solution some items have a price smaller than their
price in pé. Let Smin be the subset of such items with the smallest price (call it ppin). Since the
optimum solution is envy-free and our solution is a min-cost flow, we can apply Lemma [D:2] As
per the lemma, there must exist some ¢ € Sy, such that c;(yf) < e (yy? 1t). Call this item %51,

Construct a directed graph G’ whose vertices are the same as in G but with the following edges
E/

1. (t,i) € E' if i is receiving non-zero amounts of item ¢ in yort.

2. (i,t) € E"if (i,t) € E and p?pt = ;Efpt, i.e., t’s price coincides with the price of the cheapest
item available to 1.

Let S:gm be the set of items that reachable from t,,;, and B:,Cm be the set of buyers reachable
from t,,;,, in this graph G’. We make three simple observations here: first, for every item ¢t € S:Trlm,
its price must equal py;,. Second, every buyer in B;m is only receiving allocations of the items in
S;rlm and has no edge in E to any item outside of S:Trlm also priced at ppin. Finally, for every item
t € St | its marginal cost in OPT is at least ct, ., (yfﬁn)

These three observations imply that in a revenue maximizing solution, for the reduced instance
with only the buyers and sellers in B, and ST | for the corresponding demand in OPT, the

min min’
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sub-allocation on these items must be a min-cost flow. Since pf > pmin, tmin cannot satisfy the
stopping criterion (k = e) based on its price and allocation at OPT) i.e.,

1
Pmin — Ctmzn (ygflin) < g()\mam - ctmzn (yto,ffzn))

Moreover, for every other t € ST . | its price in OPT iS pmin and marginal cost is at least as

min’
much as that of ¢,,;,. Therefore,

1

¢ ¢

Pmin = c(y;") < —(AN™ = ai(y™)) (2)
Now, our idea is the following: we will uniformly increase the price on only the items in S;gm

a sufficiently small amount so that the buyers from B:;Lm still use only these items in an envy—free
solution. Then we will use the stopping criterion to show that at the new price, the seller’s profit
strictly increases thereby violating the fact that OPT is a revenue-maximizing solution.

We let p denote the smallest price in pé U p‘;f'i’t that is strictly larger than p,,;,. It is clear that
as long as we increase the price of all t € ST to some p € [Pmin, D), the cheapest items for buyers

min
in B will only come from S;Lm. Moreover, for any other buyer i ¢ B the set of cheapest

min
items will not change.
Now, gradually increase the price of only the items from S;gm, compute the min-cost allocation
for the buyers in Bmm using only these items. Retain the same price and allocation for every other
buyer and item. At any p € [pmin,D), denote by é(p), the smallest marginal cost of any item in

S;fLm at the new allocation at price p. Define a price p™ based on one of two cases,

min’?

1. At some minimal p’ in the domain (pyn,p), the following condition is met,

1

Recall that the above condition is not met at p = p,in. Then, set p™ = p'.
2. At 1o p € [pmin, ) is the above condition met. Set p* = %(ﬁ + Pmin)-

We remark that if some item meets the stopping condition above at price p* at all, then it must
be the item(s) whose marginal cost equals &p*) (See Propostion [B.1).

Define p_jr as the price vector where items in S;;Z-n are priced at p* and the rest retain their price
in OPT. Let 2+ and y:L be the corresponding buyer demand and envy-free solution. Our main
claim is the following: the profit 7 at (pjf, :Bl, yjr) is larger than the optimal profit 7#*, which is
a contradiction. Consider the difference between the two profits (note that the payments and cost

remains the same for buyers and items not in B;Ebm and S;Ebm respectively).

—

T ent = Y (el - ) — (Clyh) - Cy)

Zij;LZ’VL
e (A A e e N (T (B (VAR Vel )
i€Bt. test.
> > (ral =) - > @) - u™)
icBt. test.
~ t ~ t
= Z (Ni(z) —ep™))a; — Z (Ni(a") = e(p™))a?
i€Bt . i€B .
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The first inequality comes from observing that p_jr dominates p‘ﬁ)t and then applying Corol-

lary The final equality is from rearranging the allocation from the items to the buyers and
. —+ _opt . .

using the fact p;” and p;" are simply equal to the respective \; values.

Now we make a strong claim: that for all i € B, (\i(z;) —&(pt))af — (\i(z?P") —&(pt))z* >
0. Clearly this would imply that 7= > 7*, thereby completing the contradiction. So for the rest of
the proof, we will focus on showing this claim.

Essentially the claim follows from the following two nice properties that hold for any non-

increasing MHR function f;(x).

1. (Lemma } If £;(0) > efi(x) for some x, then |§£Eg‘ >

8=

2. (Lemma | If % > :711 and zo > x1, then f(x1)z1 > f(x2)xe.

We show how the above two properties give us the desired claim. Define for all i, fi(z) =
\i(z) — ¢(pT). Clearly, this function still has a monotone hazard rate since \; is MHR. Now, by
definition of pT, we know that f;(0) > f;(z;), i.e,

1 - -
S —e(ph) = (0" = epT)).
Therefore, from Lemma we can conclude that

Now, we use this in the second lemma with z; = xj and zo = xfp t. We know xfp S :):f
Therefore, we get, fi(z; )z > fi(x")z?". Replacing f; with the actual definition, we get the
desired result

O]

We now describe our actual algorithm to approximately maximize profit that uses the general
procedure described in Algorithm [I} The algorithm is reasonably straightforward. We make two
calls to Procedure [l| for k = e and k = y/e.

Algorithm 2 0.53-Approximate Algorithm to Maximize Profit
1: Let 7 be the profit of the solution returned by Algorithm [I] for k£ = e.
2: Let my be the profit of the solution returned by Algorithm (1| for £ = \/e.
3: Return max(7y,m2) and its corresponding prices and allocation.

Theorem 3.6. Algorithm [3 returns an envy-free allocation which is a (4y/e — 2 — ) ~ 1.877
approximation to the optimal profit.

(Proof Sketch) Since we already argued that Algorithm [l| returns envy-free solutions, we only

need to establish the approximation bound. We also claim that pve > p¢; this is proved in the
Appendix.

Define B¥ to be the buyers whose payment in p‘;i’t is larger than in pve, and B” the buyers

whose payments are between p¢ and pv¢. We show in the Appendix that p¢ extracts a large fraction
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of optimum profit from the buyers in B and p:/E from BH. A key lemma that completes the bound
is that for MHR functions, for an increase in price from pé to p\k, the profit loss is at most a factor
two. Therefore, 10\7g extracts at least half the profit from the buyers in BY. The precise factor of
1.88 comes from carefully balancing these bounds; this leads to the choice of p\75 and p¢. W

It is important to note that p\% is not simply a scaled version of the prices in p¢; its construction
crucially depends on the stopping condition, which in turn depends on both the price and the
production cost. The presence of production costs means that previous approaches (e.g., scale

prices uniformly, choose a single price for all items) do not work well, as they can end up with
solutions with high production cost and thus low overall profit.

3.1 Approximating Revenue and Social Welfare Simultaneously

For sellers who care about both revenue and welfare, as is common in repeated mechanisms where
you want the buyers to “leave happy”, we also provide the following guarantees.

Theorem 3.7. Algorithm[]] for k = e provides an envy-free solution which is a e-approzimation to
the optimal profit with at least half the optimal welfare.

Proof. The first part, bounding the profit, is rather easy. We simply refer to the Proof of Theo-
rem where we used m; to denote the profit from the k£ = e solution. We have already shown
that

w1 > - (xP(BY) + - (x'(B).

D

This means that 7 > 2(7%P/(Bf) + 7°P!(BL)) > L(7*), and so the profit returned by the
algorithm is at most a factor e smaller than the optimal profit. We now move on to the social
welfare. The social welfare of our solution and the optimum are as given below,

SWet i) = 3 [ Madde = 3 Cils),

i€B tesS

st F)+ Y [ Nl - (€ - o)

ieB ¥ =T teS
=SW (¢, y¢) + Welfare Loss.

For the rest of the proof, we will attempt to bound the lost welfare in terms of the social welfare
of our solution. In particular, we will show that the lost welfare for MHR functions cannot be any
larger than the welfare of our solution, which will give us the half approximation. We know that
for every i the following is true for k = e due to Proposition [3.3| (recall that \;(z§) = p):

\i(a) = () = T (X = (7).

Look at the function \;(z) — r;(y¢): since the latter term is a constant, we know that this
function has a monotone hazard rate. Applying the contrapositive of Lemma we get that for
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all 4,
(€Y _ . (a)E
/\Z(J:z), e'r'z(y ) < a:f.
Next, we claim that the total difference in production costs at the optimum and our solution is
at least Z ri(ye)(x} — ). This is formally shown in Lemma in the Appendix. Therefore, the

following is an upper bound for the Lost Welfare:

Welfare Loss < Z/ x)dx — Z ri(ye) (z} — xf)

i€B %
= Z/ —ri(y®)]dz.
i€B T=T]

For every i, the second term inside the integral is a constant and so the function inside the
integral also has a monotone hazard rate in the desired interval. This means that Vz € [z¢, 2],

Ai(x) = 7i(y°) < dileg) — ri(y°) < g
Ni(@)]

IN@H) T
So we can bound every integral as follows,

*

[ ) = o < | 2N (@) da

e
(3
*

—at [ s

et () — Mi(a?).

7 2

—

Now consider \;(x*). Since our solution p? dominates p*, it is not hard to see that \;(x}) > r;(y*) >
7i(y%) (Lemma [2.3). So, we finally bound the lost welfare as follows:

Lost Welfare < Z / — ri(y)]dx

i€EB

< le i(mf) — Xi(z7))
i€B

<3 — a57(y?)
i€B

< Zp Z Ce(yy)
i€B

=1

<SW (2, ).

The last step is true because for any given solution, the profit cannot be larger than the social
welfare of the same solution. So the optimum social welfare is SW (x¢, y¢) 4 Lost Welfare which is
no larger than 2 - SW(z#,4¢). This completes the proof. O
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This result provides an additional, stronger revenue-welfare trade-off. Suppose we run the
algorithm in Theorem and obtain welfare which is exactly é of optimum (we know that o <
2). Then, our analysis guarantees that the profit of the resulting solution is actually at least
max(1 a= 1) of optimum; for instance if o = 2, then we actually get half the optimal revenue.

Corollary 3.8. Ja € [1,2] such that the solution returned by Theorem. has a fmctzon of the
optimum welfare and max(%, 2=1)) of the optimum revenue.

4 Efficient Implementation of the Ascending-Price Procedure

We now describe how to implement Algorithm [I] efficiently. The following algorithm uses

O(|B| log(A™*)) min-cost computations, where |B| is the number of buyer types and A™%* is
the peak of the buyer valuation functions. The efficient implementation depends crucially on the
following fact: Fix any active set (B, S1) and an active price range [p1, p2]. Look at only min-cost
allocations. Suppose that at p; (all active items have this price), none of the items in the active
set meet the stopping criterion (for some k) and at some p € (p1,p2], an item ¢ meets the stopping
criterion. Then, if we compute the minimum cost allocation/flow when all the active items are
priced at po, t must still meet the stopping criterion. This property hints at a ‘binary search’-like
approach to identify the exact price at which an item meets the stopping criterion. We first prove
the property and then provide the algorithm.

Lemma 4.1. Consider some set of (active) buyers and items (B1,S1) and suppose that when all
items are priced at p, some item t meets the stopp_z;ng_‘cm'terion in Equation[d] for the corresponding
min-cost allocation (x_a,y_a). For any pa > p, let 2b,y? be the min-cost best-response solution when
all of the items in Sy are priced at pa. Thent must meet the stopping criterion at this new allocation,
i.e.,

(A" — co(yr)).-

e

D2 — Ct(yf) >

Proof. The proof is straightforward and follows from an application of Lemma Since % dom-

inates x%, by the lemma, we know that c;(y?) < cs(y¢#). We also know from the stopping criterion
at p that

1 1
p 2 (W4 (k= Der(yr)) = (™ + (k — Dex(y7))-
p is smaller than ps and therefore, ¢ also meets the stopping criterion for the flow y_i’. | O

We need some additional notation before we define the algorithm. Consider the set of prices p*
given by marginal cost pricing at the optimum solution. This is the starting point for Algorithm [T}
Deﬁne the boundary price vector P = {py, pLscce s Pm }, such that pg is the unique smallest price in
p*, py is the unique second smallest price in p* and so on. Finally set p,, = A"™**. For all j < m,
when the active price is P(j) = p;—1, some new items and buyers enter the active set because their
initial price was also P(j). We first describe the algorithm semi-formally and then show correctness.

1. Initialize the active set to be the same as the initial active set in Algorithm
2. Iterate for j = 0 to m.

3. Set the price of active items to be P(j) and compute a min-cost best-response allocation for
the active buyers, (Z(j), 7(j)).
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4. Let Sp(j) be the set of items that meet the stopping condition at this allocation.

5. Run a binary search for the items in Sg(j) in the interval [P(j — 1), P(j)] and remove them
at the exact price at which they become finished along with the buyers using them.

6. Add items to the active set whose price in p* is P(j) and the buyers using them in y*.
7. Let B4(j) be the new set of active buyers and S4(j), the active items.
8. Repeat the process.

Before showing correctness of the above algorithm and elucidating upon the ‘binary search’ in
Step 6, we show some simple invariants of the above algorithm that prove that the above algorithm
‘simulates’ Algorithm [I} The proof is in the Appendix.

Lemma 4.2. The following invariants hold during the course of the above Algorithm.
1. For any j, Ba(j) U Sa(j) = Ba(P(j)) U Sa(P(j))-

2. For any j, all the items in Sp(j) meet the stopping criterion in the interval [P(j — 1), P(j)]
during the course of Algorithm|[1]

Recall that B4(P(j))USa(P(j)) denote the contents of the active set in Algorithm |If when the
active price was P(j). We already know any item that meets the stopping criterion in the interval
should show up in Sg(j). The above lemma complements this result by saying all items that show
up in Sg(j) must meet the stopping criterion. Conditional upon Invariant 1 holding up to some
iteration j — 1 and invariant 2 holding up to iteration j, we now explain the binary search procedure
before proving the invariants.

Binary Search: Consider Sp(j) and let ¢ € Sp(j) be the item that reaches the stopping
condition first in [P(j — 1), P(j)] in the original algorithm. Clearly for all p’ > p in that interval,
it must meet the stopping criterion and for p’ < p, no item in Sg(j) could have met the stopping
criterion. Therefore, we can effectively use binary search to identify p. Now we can repeat this for
all t' € Sp(j) in the reduced interval [p, P(j)].

5 Relaxing the Uniform Peak Valuation Assumption

In this section, we relax the assumption that for all demand functions, A;(0) is the same. We
capture the distortion in this quantity via a parameter A which is the ratio of the maximum value
of X\;(0) over all i to the minimum. Even though the \;’s may not be the same, it is likely that
they are closely distributed if all buyer types are interested in a similar type of good. Our next
result shows that in such markets, we can still extract a good fraction of the optimum revenue and
welfare. For this result, we also require that each cost function Cy(z) is doubly convex, i.e., its
derivative ¢(z) is also convex with ¢(0) = 0.

Theorem 5.1. For any instance with MHR Demand and Doubly Convexr Costs, we can compute
an envy-free solution which has a O(log A)-approximation to the optimal revenue and which also

guarantees ith of the optimum welfare.

Moreover, we also prove in the Appendix that this result is actually tight under mild complexity
assumptions and that the doubly convex assumption is required.
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Proposition 5.2. 1. There cannot be a O(AF)-approzimation algorithm for any k > 0 for UDP
in Large Markets with MHR Inverse Demand and Convexr Costs (instead of doubly convez)
unless NP C DTIME(n9"™) for some constant c.

2. There is no constant factor approrimation algorithm for our UDP problem in large markets
with MHR inverse demand and doubly convex costs unless NP C DTIM E(n9"™)) for some
constant c.

6 Conclusion

In this paper, we considered envy-free pricing in very large markets. Our results suggest that,
unlike in markets with few buyers, very good pricing schemes can be computed efficiently for such
large markets. For example, if the seller wants to maximize his revenue, our algorithm provides
prices which result in a 1.88 approximation to maximum revenue. If the seller cares about both
revenue and welfare (as is often the case in repeated interactions), then our second result provides
a pricing scheme which results in provably high revenue and welfare.
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Appendix A More Preliminary Results and Proofs from Section
2

Additional Notation

Proposition Any UDP instance with uniform valuations in markets with a finite number of
buyers can be reduced to an instance of our problem where all buyer types have monotone hazard
rate inverse demand.

Proof. First consider a UDP-Uniform-Valuations (UDP-UV) problem with unlimited supply on the
items. Let B’ be the set of buyers with unit demand and valuation v; and S’ be the set of items.
Reducing this to an instance of our problem, create one buyer type for every i € B’ such that
Ai(z) = v; for x < 1 and 0 otherwise. Clearly \; is continuously differentiable in (0,1) and is MHR
in that interval, so these functions do follow our framework. Next the items are the same as S’ and
the cost functions are zero everywhere.

Consider an solution of UDP — UV, clearly the solution is feasible for our instance and has the
same value of the objective function. Consider a solution of our problem, we show that 3 a solution
of the UDP-UV with equal or larger revenue. Suppose that some buyer is receiving a positive but
fractional allocation, then we can simply increase the allocation of this buyer to one leading to a
solution with increased profit. If 3 some ¢ € B sending flow to more than one item, we can simply
transfer all of the flow to any one of these items without any decrease in profit. Therefore, we can
convert any allocation to an integral allocation and therefore, a feasible solution for UDP-UV with
the same prices. Therefore, the optima must also coincide.
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Next, what if we have limited supply? We have already shown how to model these limited
supply functions using cost. That is, we can set Cy(xz) = 0 for < v and Cy(z) = oo for = > 7,
where 7, is the capacity of the item. Alternatively, we can also take Cy(z) to be zero until x gets very
close to 7 at which point C; starts increasing very fast upto a large number at Cy(7y). We assume
that the capacities or supply of every item is integral in the original UDP-UV instance or else we
round it down while forming our instance. So any solution for UDP-UV is still a feasible solution
for our problem. Consider any solution for our problem with finite cost (we can safely ignore
the solutions where capacities are violated). Once again, suppose that some buyer is receiving a
fractional allocation. Either we can increase the allocation to this buyer to one without violating
the supply constraints or since all the supplies are integral, we can increase the allocation of this
buyer to one, reducing the allocations of some other buyers with fraction allocation without any
change in profit. In this way, we can convert the solution to one every buyer is receiving an integral
amount of the good. Similarly, we can rearrange flow on the items so that every buyer is receiving
one unit of one single good without violating capacity constraints (integral capacities imply integral
flows). O

Proposition Consider the optimum solution 2*, y* for a given instance. Define the price vector
p* as pf = ¢(y;) for item t. Then (p*,x*,y*) is an envy-free solution to the prices. Moreover, y*
is the min-cost flow for buyer demand x*.

Proof. Look at the optimum solution and the prices p; = ¢;(y;). Every buyer has to necessarily
send flow on the cheapest items available to her. Indeed, assume by contradiction that some buyer
i has non-zero flow on item ¢’ and access to item t such that p; < pj. Then ¢(y;) < cp(y)).
Therefore, one can shift some infinitesimal flow corresponding to buyer 7 from t’ to ¢t and reduce
the cost of the optimal solution, a contradiction. Also, notice if 4 another flow satisfying the same
buyer demand but with a smaller cost, then we can use that flow and reduce the cost of the optimal
solution. So y* is a min-cost flow. O

Lemma A.1. Let (p‘;;’t, zoPt, yo_i’t) be the revenue-maximizing solution. Then for everyt, pfpt > pyf.

That is, the prices at the welfare mazximizing solution provide a weak lower bound for optimal prices.

Proof. Assume by contradiction that in the optimal solution some items have a price strictly smaller
than their price in *. Let Smin be the subset of such items with the smallest price (call it pyin).
As per Lemma, 3 tymin € Smin, such that ¢ (yf) < ct(yfpt).

Construct a directed graph G’ whose vertices are the same as in G but with the following edges
El

1. (t,i) € E' if i is receiving non-zero amounts of item ¢ in y°Pt.

2. (i,t) € E'if (i,t) € E and p** = pg’pt, i.e., t’s price coincides with the price of the cheapest
item available to i

Let S;gm be the set of items that are reachable from ¢,,,;, and B;Cm be the set of buyers reachable
from ¢, in this graph G’. We make two simple observations here: first, for every item t € S;gm,
its price must equal p,,;,. Second, every buyer in B:;m is only receiving allocations of the items in
S::lm and has no edge in E to any item outside of S:m priced at pmin-

We know that in the welfare maximizer, for every item t, pf = ¢(y;). But we know that for
tmins Pmin < D, . . Therefore for every item ¢ € SR vl b = poin < pi = i) < er(y” h.

This cannot be a good sign for any profit maximizing solution because the price has to be at least
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the marginal cost, otherwise the seller can increase his price, lower the marginal cost and improve
profits. We show this more formally.

Let x(p) be the total demand from the buyers in B;;m at a price of p. Look at the revenue-
maximizing solution and increase the price of only the items in S;m by a sufficiently small e.
Clearly, for a small enough ¢, the best response of all buyers in B;Lm is to still send a flow on S} .
Moreover, for a small enough increase in price, buyer demand can only decrease by a small amount.

Recall that in the allocation yo_i’t, we showed that for all ¢ € S;Lm, we have ct(yfp t) > Dimin-
Since the marginal costs on all items are continuous with the allocation, it is not hard to reason
that for a sufficiently small increase in price, for every t, the marginal cost on every item ¢ € S;Lm
after the price increase still cannot be smaller than p,,;, + €. Let the new allocation on every item
be y2. Then, the difference in profit from OPT is due to only these items and buyers and is,

:(pmin + 6) (:E(pmzn + 6)) - pminl'(pmin) - Z (Ct (th) -Gy (ygpt)
tesSt

min

> (pmin + )@ (Prmin + €)) = PrintPain) = > (WD) — 1))
test.

Z(pmin + 6) (x(pmm + 6)) - pminx(pmin) - (pmin + 6) (x(pmzn + 6) — -T(pmzn))

This is a contradiction with the fact that O PT maximizes the profit. O

Important Properties of Min-Cost Flows

We now show some nice properties of min-cost flows that we will use extensively in the following
sections. For a flow ¢, we define 7;(%) to be the minimum marginal cost ¢;(y;) of all items received
by buyer i (i.e., with (i) > 0). Due to KKT conditions, if ¢ is a min-cost flow, then ¢ is only
allocated items with marginal cost equal to the minimum marginal cost of any item available to
i, i.e., for a min-cost flow 7;() = min(; yyep ct(y:). Given an allocation 7, we will also use C (%) to
denote the total (production) cost of all the items as long as the instance is clear.

Finally, for the rest of the Appendix, we are only concerned about solutions where the prices are
at least p*. This is for obvious reasons since we know by Lemma that the revenue maximizing
prices cannot be smaller than p*. We call this the weak price lower bound assumption.

Assumption (Weak Price Lower Bound Assumption for given p)
7>t

Lemma Consider buyer demand vectors 2! and 22 such that 22 dominates x_i, i.e., 72 > |
componentwise. Let z! and 22 be the min-cost flows corresponding to the two demands respectively.
Then for all items ¢, c¢(z}) < c(22). Moreover, for every buyer i, r;(z1) < r;(22).

Proof. We only need to prove the first part of the lemma, i.e., for all ¢, c¢;(z}) < ¢;(22). Once we
show this, the second part follows almost directly. Indeed, suppose that a buyer i received some
quantity of item ¢ in 22, then whatever item she receives in z! has to have a marginal that is smaller
or equal to that of t. We know that the marginal cost of ¢ in z! is not larger than that in 22.

We now proceed to prove our main claim by contradiction, suppose for some item t, c;(z}) >
ct(2?). Since the marginal cost function is monotone non-decreasing, this must mean that z} > 22.
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Now let us construct the following graph G’ = (S, E’) where S is the set of all items. We say
that there is a directed edge from item ¢; to t9 if 3 some buyer ¢ such that

ztl( i) > zt (7) and 222(2) < zfz(z)

In simple terms, this means that ¢ is receiving more amount of ¢3 and less of ¢; in 22 than what
she received in z!. This also means that 7 is receiving non-zero amounts gf t1 in 2! and t9 in 22
Now, look at item ¢. Since the total allocation of this item is smaller in 22, this must mean that
there is at least one buyer ¢ who is sending less flow on ¢ in 22 as compared to before. However,
the total demand of 7 is only larger in z2, which means there must be some other item ¢; to which
she is sending more flow than before. This implies that (¢,¢1) € E'.

Suppose that S; represents the set of items that are reachable from ¢ in G’ including ¢ itself.
We have already shown that S; has at least one item other than ¢. Our first claim is that all the
nodes in S; have a marginal cost in 22 that is no larger than the marginal cost of ¢ in the same
allocation. To show this consider an edge (¢1,t2) where both the items belong to S;. By definition,
there must be some buyer who has access to both these items and is sending non-zero flow on 3
in z2. Since is a min-cost allocation, it means the marginal cost of t5 in 22 cannot be larger than
that of t;. Applying this transitively from ¢, all nodes reachable from ¢ must have a marginal cost
smaller than or equal to c;(27).

Similarly, for (t1,t2) € E’, both belonging to S, some buyer has non-zero flow on t; in P!
and this must imply that ct(zt) < ¢, (24,) for all 1 € S;. Using these inequalities regarding the

marginal costs in 21 and 22, we get for all t; € S,
2 2 1 1
e (27,) < alzp) < alz) < cnlz,). (3)

What this means is that for all the items in Sy, the incoming flow is larger in 2l as compared
to 22. Suppose that B} is the complete set of buyers who receive non-zero amounts of the items in
St in 21, Our final claim is that every buyer in B} receives more or equal amount of the items in
S, in 22 as compared to z1. That is for buyers in B},

S < Y 220

t1E€S t1E€St

Notice that for any buyer 7 if this is not true, then there must exist at least one ¢; € S; which
she receives more in z! than z2. However buyer ¢’s total demand has increased in z2 but the
consumption f_rpm St kias decreased and so there must be some t3 outside of S; to which she sends
more flow in 22 than z!. But this means that there must be an edge from #; to t3 and so t3 € Sy,
a contradiction.

Now, we are ready to prove our main result. Recall that V¢, € .S;, ztl1 > 2,521. Since for all t1 € Sy,

the incoming flow in z! can only come from the buyers in B}.

o= > w0

t1€S: i€B} t1€S;

PP

i€B} t1€5¢

SZZfl

t1E€St

<> 4.

t1€S;
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This is a contradiction. O

Corollary A.2. Consider two price vectors p and ];7 such that ];7 > p for every component. Let
(P, Z,9) be a solution in which x is a best-response demand vector to prices p, and ¥ is a min-cost
flow with demand Z. Let (p',2',y") be the similar solution for prices p'. Then, for every t, either

yr <yi orce(ys) = ce(y3).

Proof. Higher prices imply that the demand vector is smaller. This allows us to apply Lemma
and the rest follows due to these being min-cost flows. O

Corollary A.3. Consider an instance (B1US, E1) where the buyers have a demand vector 2 and
the corresponding min-cost flow is zl Let (Bo U S, E1 U E3) be another instance with By C By and
Ey only has edges between Bs \ By and S. Let 22 be some dem(md vector for this instance and 22

18 the min-cost flow for this demand such that 22 dominates , t.e., Yi € By, f > xi. Then for
allt € S, ci(wt) < cr(z).

Proof. We can simply reduce the first instance to another instance where the set of buyers is Bs,
edges F1 U Es but the demand for the additional buyers is zero. Now, the corollary reduces to
Lemma 2.3 O

Lemma A.4. (Flow Partition Lemma) Consider an instance (B, S) with buyer demand ¥ and
corresponding min-cost flow . Suppose that BT C B and let Z(B™) denote the demand sub-vector
for this subset and §j(B™) be the min-cost flow for this demand sub-vector alone (i.e., when the
buyer set is B ). Then, we can partition the total cost as

C(@) = CFBM) + (C@ - CHEBM)) .
Moreover, the following must be true

1. Vt, either y(BY) < y; or c;(ye(B?)) = ci(yr).

2. Yieppn )T > Yies ) (e — v (B™) > 3,6 (Cilye) — Cely(B™))).

Proof. The partitioning of the cost is a trivial result (just add and subtract C;(y;(B*)) for all t).
Moreover, Point 1 in the second part of the lemma follows almost directly from Corollaries and
[A2] So, we only focus on proving point 2.

Now for any given ¢, suppose that y; > y:(B"). Then, by the convexity of C; it follows that
Ci(yr) — Ce(ye(BH)) < eo(ye) (e — ye(BH)). If yp < y(BH), then we know that the marginal cost
is the same at both these flows. Therefore, Cy(y;) — Cy(ye(B™)) = ci(ys)(ye — y:(B™)). Summing
this up over all ¢, we get one half of Result (Point) 2.

Now,

2w = we(BM) =3 Jenluue = 3w (B)
—Z” )i th(yt)zyt(BH)(i).
i€B 1€B

Note that y;(B)(i) > 0 only for i € B and only if i is receiving non-zero amount of item ¢ in
7(Bf). This means that i has an edge to ¢ and therefore in ¢/, r;(7) < ct(y:). Therefore, some flow
rearrangement gives us

S alnBM)6) = 3 S r@w BT @) = 3 nili)ai(B7).

t €B t ieB i€ BH
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And so we finally get

Do)y —w(BM) <Y ri@ai— Y ri@w,

t i€B ieBH
which gives us Point 2. O

Proposition A.5. (Ignoring Profit Propostion) Consider any price vector p > p* componentwise.
Let & be the corresponding B-R buyer demand and let i be the min-cost flow for . Then, for any
desired subset By of the buyers B,

m =Y pwi—CH) = Y pi— C{HB)),

i€B 1€By

where §(B1) is the min-cost flow for the reduced demand by only the buyers in By.

That is, we set the demand to be zero for all buyers outside By and compute the min-cost flow
for the same instance.

Proof. Since the price dominates p*, z* has to dominate 7, i.e., increasing price on all items can only
lead to a drop in buyer demand. Applying Lemma we get that for all i, ¢;(y:) < (yf) = pf.
Now applying the flow partition lemma (Lemma , we get,

m o=y pixi— CH(B)) + Y piwi — Y ri(§)zi.

1€EB1 i¢Bl ’i¢Bl

But we know that 7;(7) < r;(y*) = pf < B;. Therefore, the second term in the above inequality
is non-negative and the first term is a lower bound for . O

Appendix B Proofs from Section 3

In this section, we will consider a market where every buyer’sﬂ inverse demand function \;(x) has
a monotone hazard rate and the same value of X;(0). Formally,

Assumption There exists some A% > 0 such that for every buyer i, \;(0) = A\,

Proposition The Unit Demand Pricing problem in large markets with MHR, Inverse Demand
and Uniform Peaks (A;(0) = A™%* for all ¢) is NP-Hard even with zero production costs.

Proof. We just sketch the proof here since the general idea is the same as the hardness proof in [15].
Consider an instance of vertex cover. Reducing this to our problem, there is one buyer for each
vertex and r buyers for every edge e such that r = |[V| = n. Moreover, there is also one item in S
for every vertex of the original instance All vertex buyers have unit demand with valuation 2, i.e.,
Ai(z) =2 for x < 1 and 0 otherwise. All the edge buyers have the following M H R inverse demand
function \;(z) = 2 — x. The vertex buyers have access only to the corresponding vertex item and
the edge buyers have access to items corresponding to its two end points.

First, it is not hard to see that the maximum profit from the set of r buyers for an edge is r
(each of these can give only a max profit of 1 when p = 1). Next, in any solution of our problem,
the items whose prices are less than 2 must form a vertex cover of the original graph. Moreover,
the price of these sellers is at most 1+ % Say you are given some solution where there are k nodes

!We use buyer and buyer type interchangeably from now on.
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priced below 2, then the profit of this solution is at least 2(n — k) + k 4+ mr, where m is the number
of edges. This is obtained by pricing all these nodes at 1. Next, the profit of this solution is at
most, 2(n — k) + k(1 + 5-) + mr. Now, it is not hard to show that any optimal solution must be a
minimal vertex cover. O

Recall our notation from Section p_’;, x_’;, y_’;C is the solution returned by Algorithm |1 for a given
value of k.

Properties Regarding the Stopping Criterion

The following simple lemma shows that for a fixed value of k, if there are two items and the one
with the larger marginal cost meets the stopping criterion, then the other must also satisfy the
condition.

Proposition B.1. Consider two itemst, t' at the same price p and let §j be some min-cost allocation
such that ci(y:) < cp(yp). If t' satisfies the stopping criterion, then t must also satisfy the stopping
criterion.

Proof. The proof follows from a rearrangement of Equation The stopping criterion for ¢ can
also be written as
/\ma:r; S kp — (k — 1)Ct’ (yt’)'

The term in the RHS is in turn no larger than kp — (k — 1)c(y¢), which implies that ¢ also satisfies
the stopping criterion. ]

Our second proposition compares the prices of items in the solution returned by our algorithm
for two different values of k. We say that vector @ > b iff each element of @ is not smaller than its
corresponding element of b.

Proposition B.2. Suppose that ki, ks > 1 are two values of the stopping parameter with k1 > ka.
Then, pk2 > pk1 and zF1 > k2.

Proof. Notice that the initial prices p* are independent of k. This means that whatever be the
value of the stopping parameter k, an item enters the active set at the exact same value of the
active price. Also, note that when an item becomes finished, all the buyers having an edge to this
item must also be finished (or else why is it not using this item?). Suppose that during Algorithm
for k = kg, the items become finished in the order O = (t1,%2,13,...,tg|), breaking ties arbitrarily.

2

Then, clearly pfl < pfj <...< pffs‘. Assume by contradiction that ¢ is the item with the smallest

index in O such that pf? < pi'.

Consider the run of Algorithm [1| for k& = k; and let A(p’?) be the buyers and items in the
active set when the active price is p;*. Clearly ¢ belongs to the set but does not meet the stopping
criterion yet. We claim that for any buyer i € A(p,’fz), for the state of Algorithm (k: = ko) at active
price pfz, i belonged to the active set. Moreover, all the items in A(pr) must have been active for
the same active price but k = ko. Therefore, applying Corollary comparing the contents of the
active set at k = k1 and k = ko, we conclude that the marginal cost of ¢ at k = k1 cannot be larger
than its marginal cost for & = ko at the same active price. Therefore, it is not hard to see that for
k = k1, t must satisfy the stopping condition at active price pr. O

Price-Hierarchy: The next proposition is a trivial observation from the definition of the algo-
rithm, which we state without proof. It states that at a given active price p, the price of items in
F(p) are no larger than p and the items in I(p) cannot be smaller than p.
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Proposition B.3. Suppose at some given active price p, ti,t2,ts3 are three items such that t; €
A(p), t2 € I(p) and ts € F(p). Then,

Py, (p) < Py (p) = p < Pi,(p).

We now establish some easy invariants that hold during the course of our algorithm. In par-
ticular, we show that there can be no edges between buyers in Br(p) and items in S4(p) or Sr(p)
and between buyers in B4(p) and items in Sg(p).

Proposition B.4. At any active price p, the following must be true

1. Suppose user i belongs to Br(p) and item t € Sa(p) ort € Sp(p). Then, there cannot be an
edge between user i and item t.

2. Suppose user i € Ba(p) and item t € Sp(p). Then, there cannot be an edge between user i
and item t.

The invariants indicate a natural hierarchy in the partitions as shown in Figure [1| Users who
are inactive can only have edges to items that are inactive. Users that are active can only have
edges to items that are active or inactive.

Proof. We prove these invariants by contradiction. First, suppose that for some ¢ € Bj(p) and
t € Sa(p), (i,t) € E. Since i is inactive, this must mean that every item t' that i used in the
optimum solution must have an initial price cy(y;,) > p, where p is the active price. But since
t € Sa(p), this must mean that at some p’ < p, the active price must have been equal to the initial
price ¢;(y;) of the item t. So, ¢;(y;) is smaller than cy(y;;) where ' is some item used by ¢ in the
optimum solution. Thus, if ¢ had access to t, then we could have shifted an infinitesimal amount
of flow to ¢t and reduced the cost of the optimum solution, which is a contradiction. The proof for
the case when t € Sp(p) is similar since if a item is finished, then it must have been active at some
lower price.

For the second invariant, assume that there is some ¢ € B4(p) and item t € Sp(p) such that
1 has access to item t. Let p’ be the price where ¢t met the stopping criterion and was transferred
to the finished set. If at this price, ¢ used ¢, then by definition, 7 would have also been added
to FINISH. This means that either i € B(p’) or ¢ did not send any flow on item ¢t. i € B(p')
contradicts the first invariant. Now suppose, t’ is some item that was allocated to user i at active
price p’. Then since we computed a min-cost allocation inside the active set, ¢y (v (p')) < cr(y:(p'))-
However, by Proposition ' also meets the stopping criterion and thus ¢ would have also been
transferred to FINISH, a contradiction. O

Lemma |3 Suppose that some item t belongs to the active set at two different active prices p;
and po Wlth p1 < p2, then ¢ (ye(p1)) > ct(ye(p2)).

Proof. Let’s begin by considering the set of items and buyers in the active set at price p, i.e.,
buyers B4(p2) and items S4(p2). Suppose that the demand of only these buyers at price po is ac2
and their correspondlng allocations from the items in S4(p2) are y2 By definition, y2 is a min-cost
flow for 22 for the sub-instance (Ba(p2),Sa(p2)). Moreover for every item t € Sa(p2), ¥? = yi(p2)
(same allocation as when the active price was p2).

Now, consider the same set of buyers and items as above but when the active price was p;.
Define a demand vector ! such that for every buyer i in Ba(ps), 1 = zi(p1), i.e., that buyer’s
demand when the active price was p;. Let the corresponding min-cost allocation for this demand
using only the items in Sa(p2) be yl.

In summary,
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° (xé, yé): For Active buyers at po, their total demand when the active price is po and allocation
using only the items S4(p2).

. (x_i, y_i): Same set of buyers and items as before, but with the corresponding buyer demand
when the active price was p, i.e., z;(p1).

Clearly z! dominates 72 and therefore from Lemma it is clear that

c(yt) > a(y?) = clye(pa)).

So all we need to show now in order to prove the lemma is ¢; (1 (p1)) > ci(yi)-

Let the buyers in B4(p1) N Ba(p2) be By and items in Sa(p1) N Sa(p2) be Si. Now, in y_i, the
flow from the items in S; only reaches the buyers in B; (other buyers in B4(p2) were inactive at
that price). But in the actual solution of our algorithm at active price pi, the items in S; may have
flow to By and other buyers in B4(p1). We now define two new demand vectors

o Let x_i(Bl, S1) be sub-demand of 21 from the buyers in B corresponding to their allocations
from S; in y!. The allocation on ¢ € Sy is still y;.

e Let 23 be defined for every ¢ as follows: :L'? is the total allocation for every buyer when the
active price was p; but only from the items in S7. The allocation on t € S! is y;(p1).

Since 23 > 21 for all the common buyers, we can apply Corollary and get c;(ye(p1)) > ci(y}).
This completes the proof. ]

Proposition For any given item ¢ and fixed k, the stopping condition must be obeyed at
equality. Formally, suppose that ¢ meets the stopping criterion at an active price of p, then

p = elln(p)) = T (X" ~ (o))

Proof. We first claim that for every item ¢ in the active set at an active price of p, lime_,o ¢ (y:(p —
€)) = ct(ye(p)). First assume that no new item joins the active set at the price p. In a sufficiently
small neighborhood around the price p, the contents of the active set cannot change. Moreover,
for the restricted instance consisting only of the items and buyers in A(p — €), 7(p — €) is always a
min-cost flow since the algorithm specifically computes a min-cost flow for the active set.

Applying Lemma to the restricted instance provided by A(p) where all the active items are
priced at p, we have that lim._o c;(y¢(p —€)) = c(y:(p)). Now, we know that for all p— e < p, item
t does not meet the active criterion and therefore

p—e—alulp =) < 1 (O™ = clulp - o).

Applying the limit ¢ — 0 to both sides of the above inequality, we get the desired result. Indeed,
if instead of equality, we had a strict inequality, then that would imply a jump discontinuity in
ct(ye(p))-

Now, what if some new item ¢’ joins the active set at price p;? By definition, this would imply
that, ¢y (yy (p)) = p. Then, it is clear that we still have a min-cost flow at p because for any other
item t” in the active set, ¢y (yp7(p)) = p. The same proof is therefore still applicable. O
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We now show the proof of the main bound of 1.877 on the revenue returned by our algorithm.
Theorem Algorithm [2] returns a 1.877 approximation to the optimal profit, i.e., if 7* is the
profit of the optimal solution and 7 is the profit of the solution returned by Algorithm [2| then

7.[_*
m

Proof. We will now provide lower bounds on both m; and 7y as returned by Algorithm [2] and show
that for any instance, one of these is close enough to the optimal profit #*. First some notation:
we partition the buyers into sets B¥ and B” such that for the buyers in BH the minimally priced
1tem available to them in p"i”t is not smaller than that available to them in p\[ i.e., ¢ such that
pyr S pl‘[ We already know due to Lemma that all buyers in BY have s S D5 .-

Let us denote by 29Pt the minimum-cost flow corresponding to the buyer demand qopt (since
the optimum allocation y"?"t may not be a min-cost flow). Since the minimum cost flow always
costs lesser than or equal to any given allocation, it is okay to compare our solutions with an upper
bound on the optimum which is,

T < Z _opt opt th(zopt).

i€B teB

Now we apply the partition lemma (Lemma [A.4)) to the envy-free profit maximizing solution
with B as the desired subset. Let z°Pt(B™) be the respective min-cost flow for only the demand
due to buyers in BY in the profit maximizing solution. We then have,

w3 B - BT |+ [ N aMa - (Cot) - e BT)) | @)

- icBH icBL
(5)

As shown above, we have decomposed the profit into that due to B and due to B” respectively.
For convenience, we will refer to the left term above as 7°P*(B*) and the right term as 7°P*(B¥),
then we have shown that 7* < 7°!(BH) + 7°P*( BL). We now show a simple claim on the marginal
costs of buyers in B and B”.

—

Lemma B.5. 1. For alli € BH  ry(2P(BH)) < ry(29Pt) < r;(yVe) < ri(y%).
2. For alli € BY, n(z‘;?”t) < ri(y?).
3. Yiepn ri(y)al" = C(zo7(BH)).
4o Yiepr ra()a? > (C(z7) — C(zP(BM))).

Proof. Define y¢(BH) and y\f (BH ) to be the min-cost flows for the demand corresponding only
to the buyers in B in z¢ and x\/é respectively. Since for ¢ € BH,pOpt > p‘/E > p§, we have

opt < ac\f < zt. Applying Lemmaﬂ glves us the last three terms of the first result. Corollary.
gives us that r; (zoPt(BH)) < (z(’pt)

For all i including the buyers in BL, z? t < x$ since popt > p¢. So applying Lemma to the
optimum solution and z¢, we get the Second result
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Now for the third result. Consider 3, pa 7i(y¢)x{*". As per the first result, this is not greater
than >, pu ri(20Pt(BH)) 2" = ¢,z (BH)) 2" (BH). By Convexity arguments, the last term is
clearly an upper bound for C(zoPt(BH)).

For the final result, we begin with the observation (from Point 2) that

§ _é opt > E Zopt opt.

i€eBL i€BL

From Lemma we know that >, pr m(z"?’t)xfpt > > es(Culzy Py — Cy(2P(B™M)), which com-
pletes the result. ]
Stopping Condition Related Properties

Finally, we rewrite the stopping conditions for all buyers i, for k = e and k = /e respectively and
show a simple lemma based on this.

1 1

D; = g)\ + (1 — g)"f’i(y )-
7\/5 1 mazx 1 Y,
Py = =N (1 — —=)r(yVe).

T (L )

Lemma B.6. For all i, i > L5+ (1— L)ri(y?).

Proof. Multiplying the rewritten stop condition for k = /e with \/, we get fpf = %)\m” +(L-—
1

e

f)ri(y\/é). From Lemma [B.5| we get that this quantity is no more than 1\™ 4+ (7 Dyri(y?).

e

Substituing 2(A™® — r;(y¢)) = pf — r;(y°) gives us the desired result. O

Lower bound on 7: Profit at kK =¢

We now begin with the main proof by showing a lower bound on 7;. Recall that 7 is the solution
where all items are priced at pf. First, we apply Lemma with (p_é, ze, y_é) as the first solution
and the optimum solution as the second. Following this, we apply the flow partition lemma to
Sies Oz Pty with BH as the subset.

=€ _.€

i€eB

> pia - C)

ieB

= > pa" = CER(BM) + 3 pa™ — (C() — O (BM)),
i€BH i€eBL

m1: Profit due to buyers in BY
Now consider the first term above corresponding to the buyers in B¥. We apply the rewritten
stopping condition to get the following lower bound,

> B - o (BY) = Y <1Am” +(1- 1)7“1@"’)) 27— C(zo7(BM)).

e e
icBH i€ BH
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From Lemma (Point 3), we get ;g (1 — L)ry(@®)z” > (1 - %)(C(zi}t(BH))). And so,
we get a final lower bound on the profit due to the buyers in B

> e - CA(BM) = Y TN — Ol (B)

ieBH 'LEBH
1 ¢ opt H
> | 30 ey - cimBh)
ieBH
lﬂopt(BH)
(&

m1: Profit due to buyers in B
We move on to the profit due to the terms in BY and apply Lemma

e opt_ Zopt _C/(zo0t(BH f\/ _ 1 ro(08) ) 2P (C(500t) — O (zont (BH
> Py )—C (2P (B"))) = Z< + (1 \/é) i(y )) i —(C(z1)=C(2P(B™))).

’L
i€eBL i€eBL \[

Applying the final claim in Lemma [B.5, we get that (1 — ﬁ)n(y_é)x?pt > (1- ﬁ)(C’(zo_f”t) -

(2

c (z‘?pt(BH )))- Now we are in a position to get a final lower bound for the profit due to the terms
in B-.

=D A = (C(=m) — C e (BM))).

i€eBL

\Y

%\H

Z e opt (251315) _ C(Zgi)t(BH)))

i€eBL

zjé szp P (C(z00t) — C(27(BMT)))
:\}Ewopt(BL).

Recall that 7Pt (BH) 4 7°PY(BY) > 7*. Our final bound for 7 reads as follows

—

1 1
> opt BH opt BL )
Mo (BY7) + 7@7T (BY)

Lower bound on my: Profit at £ = /e

Now we move on to my which is the profit due to the solution returned by our algorithm for k = \/e.
Notice that for the buyers in B¥, the demand in this solution is larger than the demand in the
optimum, whereas it is smaller for the buyers in BY. It may be possible that by increasing the
price from the optimum solution for some buyer in B, we lose most of her flow and thus we may
not be extracting any profit at all from these buyers. \})ur first main claim leverages a property of

> 1 opt

MHR functions to show that for every buyer in BL, , i.e., due to the price increase, the

drop in the buyer’s demand cannot be larger than a factor of two

Consider the function f(z) = \i(x) — r;(yV¢) for any i € B*. Recall that due to the definition
Ve

of best-response demand, we have that \;(z ‘[) = p,; . Thus, we know from the stopping con-

dition that f(0) = /ef(z; 6). We also know from Lemma. that Vvef(z§) > f(xz/g) This is
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true because r;(y¢) > r;(yve) for all i. Therefore, applying the property of MHR functions from
Lemma, we get the desired claim that x‘[ > %x > a7 . Now apply Lemma to the

solutions (p\/ zve y\/ ) and (p ot gopt z"pt) with a = 4. We get the following lower bound for the
profit when k = /e:

> 3 par - oGmBh) | g [ S A - o) - o)

icBH icBL

We will refer to the above two terms as m2(B*) and m2(B¥).

7ot Profit due to buyers in B:
Clearly since a = 0.5, we immediately have that mo(BY) = 0.57°P(B%). Therefore, we only need
to focus on bounding 7o (B) in terms of 7°P!(B*), which we do below.

7ot Profit due to buyers in BY:
So we now exclusively focus on the profit due to the terms in B¥.

Using the rewritten stopping condition, we see that for all i € BH, ;5;[ i@)\m‘m + (1 -

ﬁ)n’(y\/g). But we also know that n(y\%) > ri(zgi’t) > ri(z‘;;’t(BH)) due to Lemma Getting
back to mo, we have

BTy = 3" pYal — (2ot (BT))

i€eBH

1 1 - -
> AT (1= — (2 (BH)) ) 2P — C(2o0t(BM)).
> (# 7 )

Notice that S pu ri(29PH(BE)a = 3, ci(22P/(BH))2PH(BH) > 3,06 Ci(zP/(BH)). So
cancelling (1 — %) from the costs, we get

\ V

(Y At oz (BM)))

ZGBH

(moP(B™M)).

v

pigolls

Therefore, our lower bound on 7y is ﬁ(w”pt(BH)) + (7P"(B")). Recall that moP!(BH) +
7PY(BY) > 7* and

—

™2 (xB) + S (x(B1).

®

Some basic algebra gives us that

1
) > > *~ 0. *,
min(my, mo) > 4\/5—(2—1—6)7T > 1.8777T 0.537

This completes the proof. O
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B.1 Efficient Implementation of the Algorithm

Lemma [4.2] The following invariants hold during the course of the above Algorithm.
L. For any j, B(j) U Sa(j) = Ba(P(j)) U Sa(P(j))-

2. For any j, all the items in Sg(j) meet the stopping criterion in the interval [P(j — 1), P(j)]
during the course of Algorithm

Proof. We show this by induction on j. Clearly at j = 1, no item meets the stopping criterion since
since P(1) = ¢(y;). This means that the first invariant is also true trivially. Suppose that the
invariants are true up to iteration j — 1. Notice that at the beginning of iteration j, we compute a
min-cost flow for the items and buyers in Ba(j — 1) U Sa(j — 1).

Assume by contradiction that at j, 3t € Sg(j) that does not meet the stopping criterion in the
interval [P(j — 1), P(j)] in the algorithm. We carefully introduce more notation,

e Let S%.(j) be the subset of Sp(j) of all the items that do meet the stopping criterion in the
interval during the course of the algorithm.

e Consider the set of buyers and items belonging to the active set at both P(j — 1) and P(j),
i.e., they did not meet the stopping criterion in the desired interval. Let B¥9(j) be the set of
such buyers and S%9(5) be the set of such items. It is not hard to see that B*9(j) C Ba(j—1)
and S¥9(j) C Sa(j — 1). Moreover, S¥9(5) U S7.(j) = Sa(j — 1).

e Let 2%9(5) be the demand of the buyers in B*9(j) at price P(j) and let yalg( /) be the
corresponding min-cost flow using only the items in S%9(j). Indeed, in algorithm |1} the
buyers in B%9(j) are only using the items in S%9(j) at active price P(j).

Now, it is not hard to see that no buyer in B9(j) has an edge to any item in S%(j) (Recall
Figure |1 ' Define the demand vector #/(j) as #(j) but counting only the flow sent to items in
S49(5). For all buyers in B9(j), x}(j) = z;(j). Now apply Corollary for the following two
instances:

1. (BY(j),8%9(5)) with demand x%9(j) and flow y“lg(j)
2. (Ba(j —1),5%9(5)) with demand #'(j) with flow being 7(j) but only for the items in S%9(j).

(4)
Since t € S¥9(j), this means that c;(y 19y < ¢4(y(5)). But we already know that ¢ did not meet
the stopping criteria at P(j), i.e

P) — ') < (7 = ('),

And so, t could have not met the stopping criteria in %(j), which is a contradiction.

The second invariant follows almost immediately. We know that the items that reached the
stopping criterion in Algorithm [I| in (P(j — 1), P(j)] constitute Sg(j). Let Br(j) be the corre-
sponding buyers who also became finished along with the items in the same interval but in the
original algorithm. Clearly, Bp(j) C Ba(j — 1) as per definition. Clearly, these buyers have edges
to at least one item in Sp(j). Now suppose that the binary search algorithm has found a price p
where item ¢ exactly meets the stopping criterion and suppose that some buyer i € Bp(j) who has
an edge to this item has not been removed yet. Since we only compute min-cost flows, either this
buyer is using ¢ or some item with a marginal cost equal to that of ¢, say ¢. Indeed, t'’s marginal
cost cannot be smaller than that of ¢ because that means that ¢’ would have been removed first.
Therefore, we also remove ¢ and along with it buyer i. O
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Theorem B.7. The algorithm in Section[] returns the same solution as Algorithm[1] for any value
of k.

Proof. We just need to show that every item ¢ has the same price in the efficient algorithm as it
does in p_’;. We show this inductively on the set of distinct prices in p_’;. Let S, be some set of items
priced at p in that vector and let B, be the buyers using these items. We only have to show that
in the efficient algorithm, these items have the same price and these buyers are also using only the
items in S,. Suppose that p € (P(j — 1), P(j)] for some j. We know that B, C Ba(j — 1) and
Sp C Sa(j —1) as per Lemma [4.2]

Now as per the binary search algorithm, we would be searching in an interval (p, P(j)] such
that for the active price strictly between p’ and p, no item would meet the stopping criterion. Also
note that the buyers in B, have not been removed at this stage of the binary search because they
do not have edges to any items that finished before price p. Therefore, we know that the binary
search converges up on price p and at this point we have to remove both item B, and S,, items
not in S, cannot meet the stopping criterion and have to have a marginal cost larger than those in
Sp. So buyers in B, must only be using items in S), because this is a min-cost flow. O

Appendix C Proofs from Section 4

All our results in this section depend on a parameter A defined as follows

A= 28
)\gun

In addition, we require a slightly stronger assumption on the cost functions than just convexity.
We call a production cost function Cy(x) doubly convex if its derivative ¢;(x) is also convex with
¢¢(0) = 0. Surprisingly, without the doubly convex assumption, we show that this problem admits
no good approximation algorithm. Our starting point for this result is still Algorithm |1 However,
since A" is no longer uniform for all functions, we redefine the stopping condition as follows.

Definition New Stopping Criterion(pe, yi, k)

b= auly) = T8 = () ()

The above change introduces a new element into the analysis of the algorithm: an item that
is inactive may already satisfy the stopping criterion if their initial price c:(y;) = p; > Ag*"". The
following two statements summarize the final prices of various items according to the new stopping
condition.

1. For any item ¢ whose initial price pj > A7*", its final price when the algorithm terminates is
also pf = pr.

2. For any item ¢, whose initial price pj < )\B”i”, its final price when the algorithm terminates
still satisfies,

1 .
o = alyh) = L 08 = alh)).

Algorithm [1] therefore still returns an envy-free allocation that is also a min-cost flow for the
buyer demand. The analysis from Theorem can be easily extended to this case by dividing
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the graph into two components based on whether p; > )\8"” or not. As usual denote the solution
returned by Algorithm (1 for k& = e as (p¢, ¢, y¢). Now consider the definition of the following price
vectors p(j) for j =1 to j = log(A). Assume w.l.o.g that A is a power of e.

(Price Vector) p(j) : pi(§) = max(pf, e?~IATI). (7)

Note that we can think of p? as §(0), since p§ > e !AT*" due to the stopping condition. Let Z(3)
be the corresponding best-response buyer demand to p(j) and ¥(j) be the envy-free allocation that
minimizes the total cost in the space of all envy-free allocations. We later show that () is actually

a min-cost flow for Z(j). With this definition, our algorithm becomes simple, see Algorithm

Algorithm 3 (O(log(A),4)-Bicriteria approximation algorithm
1: Let w(0) be the profit of (p?, 2%, ye).
2: Let m(j) be the profit of the envy-free solution (p(5),Z(j),7(5)).
3: Let SW(0) be the social welfare of (p¢, ¢, y¢).
4

: Find the smallest j such that 7(j) > %(#{ES%A))

) and return the corresponding solution.

We show our main theorem after proving that for every j, #(j) is actually a min-cost flow.
Claim C.1. For all j between 1 and log(A), §(j) is a min-cost flow for the demand Z(j).

Proof. For a given 7, look at the prices. Items are priced at either e’ _1)\8”” or at p§ if pf > e’ _1)\8””.
The solution is envy-free by definition. So divide the buyers and items as follows: let S¥ be the set
of items with price higher than e/~!A\J"" and let B be the buyers using these items. Define S*
as the items with price e/~ \Z" and B* as the corresponding buyers using these items. Now, for
a solution to be a min-cost flow, all buyers should be sending flow on the items with the smallest
marginal cost available to them.

By definition, we have two min-cost sub-flows: 1) buyers in B* are using the cheapest possible
allocation using only the items in S*, by definition; 2) the same is true for B¥ and S¥, this is
because for these entities, both the prices and the allocation are exactly the same as in p¢, 2, y¢.
So as was the case before, we only need to consider cross-edges. Moreover, since the solution is
envy-free, there can be no edges going from buyers in B to items in S*. What about the reverse
case, can there be a buyer i in BY and an item ¢ in S¥ such that c;(y:(5)) = ci(y§) < ri(7(5))?

Consider S* and B, but in our first solution y?. Recall that these items must have a price
smaller than or equal to e/ ~IAJY" in p¢. Clearly, since our solution is both envy-free and a min-cost
flow, it is clear that buyers in B can only receive allocations from S” in our solution. Moreover, no
buyer from B has an edge to items in S”. Finally, by definition, the buyers in B have a smaller
demand in #(j) as compared to z¢. Therefore, applying Lemma for the reduced sub-instance
(B, SL), we get that r;(#(4)) < r;(y¢) for any buyer i in BL. But since »¢ is full min-cost flow, it
is true 7;(57(4)) < cs(y§) for any t that i has an edge to including items in S*. This completes the
proof. W O

Theorem For any instance with MHR Demand and Doubly Convex Costs, Algorithm
returns an envy-free solution which has a O(log A)-approximation to the optimal revenue and

which also guarantees ith of the optimum welfare.

Proof. As with our proof of Theorem the approximation factor depends very crucially on
non-trivial lower bounds we show for the optimal prices popt.
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Lemma C.2. The price of every item t in the profit-mazximizing solution pO?’t s at least its price
m p_é.
The proof is somewhat similar to that of Lemma so we will only sketch the relevant details.

Proof. First, as per the new stopping condition (Equation @, there are two types of items in the
solution. Those whose initial prices are larger than /\6’”” (type A) and items whose prices are
smaller than or equal to AJ"" (type B). Recall that for every item in type A, its price p§ = p;. But
we know from Lemma that in the revenue-maximizing solution, the price of any item is at least
its price in p*. This means that for all type A items, it b> pf. So, we only need to worry about
the type B items.

Assume by contradiction that in the optimal solution some items (from type B) have a price
strictly smaller than their price in p_é. Let S,.in be the subset of such items with the smallest
price (call it pmin). As per Lemma 3 tymin € Smin, such that ¢;(yf) < ¢ (y"). Construct
the graph G’ as in the proof of Lemma [3.5/ and define the sets S. and Bl . accordingly. The
only additional observation we need for this case is that S;gm cannot include any type A item since
Pmin < pfmm < )\glmv

The rest of the proof is extremely similar to what was shown in Lemma Since p§ > Pmin,
tmin cannot satisfy the new stopping criterion (k = e) based on its price and allocation at OPT.
Moreover, for every other t € S;;m, its price is pPmin and marginal is at least as much as that of
tmin. Therefore,

0, 1 mn 0,
Pmin = (") <~ = (™)) ®)

Consider increasing the price of only the items in S*. and recomputing the min-cost flow for

the buyers in B for any p. We define the quantities p™ and &(p) exactly as mentioned in the

proof of Lemma Let p_jr be the full price vector when items in S;gm have a price p™ and other

items retain their price in OPT. Also, define the corresponding best-response demand 2+ and
envy-free allocation yi.

Our main claim is the following: the profit at (pl,azl,yl) is larger than the optimal profit
which is a contradiction. The proof proceeds in the exact same manner as that of Lemma By
definition, for all p smaller than p*, no item meets the stopping criterion in Equation @ We remark
that if some item meets the stopping condition above at price p™ at all, then it must be the item(s)
whose marginal cost equals é(p™) (See Propostion [B.1)).

Once again, we can bound the difference in profits as with Lemma and make the claim
that for all 4, (\(z7) — é(pT))z — Ni(a?") — &(p™))2z?" > 0. Define f;(x) = \i(z) — &pt). The
only property required to show the claim that we make is f(0) > e f,(acj) But, from the stopping
criterion, we know that

1
e

Q|

A5 = &(p)) < = (Ni(0) = &(p™)).

Indeed, the above inequalities are true because for all i, A;(0) > )\gnm. The rest of the proof
follows. W O

pt—é(ph) <

We are now ready to prove our main theorem, that the solution returned by Algorithm [3] gives
us a good fractlon of both revenue and welfare. We know that in pOPt every item is priced between
its price in p® and A0, ie., the latter being the largest valuation any infinitesimal buyer may
hold for the items. Next, deﬁne 29Pt t0 be the min-cost flow for the buyer demand 2%t since yOPt
is envy-free but not necessarily cost minimizing.
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Finally every j, define SW(j) to be the social welfare of the solution (p(j),Z(j),%(j)). Let =*
be the optimal profit and SW* be the welfare of the social welfare maximizing solution. We show
our result using two small lemmas, which we state first and then prove after showing how this leads
to the main result.

Lemma C.3. SW(0) > n* (the optimal profit) and SW(0) > 1 SW*.
Lemma C.4. For all j, SW(j) —SW(j+1) <4.5-7(j).

We show how these lemmas lead to the main theorem and then prove the actual lemmas.
First, we show that Algorithm [3] must return at least one such solution which satisfies the desired
lower bound on the profit. Summing up Lemma from 7 = 0 to j = 1+ log(A), we get that
SW(0) <453, m(j). If the algorithm does not return even one such j, then it means that for
every j,

1 SW(0)

2 x4.51+log(A)

7(j) < (9)
Summing up, we get SW(0) < £SW(0), which is not true since then 7(0) would be returned by
the algorithm. Thus, the algorithm must return some solution. Suppose that the index j returned
by the algorithm is j*. Then, by definition every j < j* must satisfy Equation(15).
The revenue bound in the bicriteria result is trivial to see because SW(0) > 7* and our solution
satisfies

1 SW(0)

™) Z 5 50 log(a))”

Now, consider the following quantity,

;
SW(0) = SW(j") = > SW(i—1) = SW(j)
=1
Rt
< Z 4.5 m(j (Lemma [C.4))
= W)
< 452 2 4.5( 1+10g(A))
< §SW(0) (* < 1+ log(A)).

So, SW(0) — SW(j*) < $SW(0), which implies that our solution’s social welfare SW (j*) is at
least half of SW(0) which is one-fourth of the optimal welfare by Lemma We now prove the
small lemmas.

(Proof of Lemma

We know that in the revenue-maximizing solution, every buyer’s demand is smaller than in ze.
Also recall that 2t is the min-cost flow for the demand x°Pt. Let S W(m"pt Opt) be the welfare of
the profit maximizing solution. It is not hard to see that SW(x"pt y"Pt) > 7", because the value
of every infinitesimal buyer is at least the price that she is paying. The costs are the same in both
cases. Next, recall that,

SW :I:OPt Opt < Z/ x)dx — C(zgi’t).
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We can write S W(O) as follows (recall that \; is decreasing as = increases and so the minimum
value in the interval ; Pt t6 x¢ is Aj(z¢), which in turn is the payment by the buyer).

Z / z)dz — C(y°)
W, 7) + 3 / L Ail@)de = (CF) = C(=)

> SW (299t yort) +ZA (zf — 27") — (C(yF) — C(2°P1))

%

=SW (@t i) + 3 S g (af — ™) — (C(5F) = C (=)

Now, create a new instance with buyer set B U B’ such that there is one buyer 7’ in_)B/ for
each buyer ¢ in B With access to the same set of items. Consider the demand vector z2 such
opt

that for all ¢ € B, :L‘ =z’ " and for i’ € B, ZL'Q, = xf —z; . Let the corresponding min-cost

flow be yﬁ Clearly y and 3¢ must have the exact same total allocation on all items. On the
other hand, notice that the min-cost flow of just the demands of buyers in B is exactly z°Pt.
Therefore, we can apply the flow partltlon lemma (Lemma E for buyers B and B’, and obtain

that C(y¢) — C(z7t) < 3., rep T (yz)(ivf — ).
Moreover, we know that p? > p*, and so for all 7, r;(y?) < p; < p§. Therefore, for all 7', ry(y?) =
ri(y8) < p¢. Therefore we know that the term C(y&) — C(z°Pt) is at most Yien Tir(Y?)(@§ — m?pt) =

S () (2§ — 2%y < pe(as — ). Therefore, the second term in the lower bound for SW(0)
above is non-negative and we can bound SW(0) as

SW(0) > SW (a7, yoit) > 7,
as desired.
Next, we need to show that SW(0) > %SW*. This proof is exactly identical to the bicriteria

result we showed in Theorem Notice that the only requirement for the theorem was that for
all 4,

M) = i)
— " <. (10)

To show that this still holds, consider f;(x) = X\;(z) — 7;(y®). This function is MHR and at

x = xf satisfies f;(0) > efi(z§) by the stopping condition. So, by Lemma Equation is valid
here as well. Notice that for any 4 whose price is larger than A\J", f;(x§) = N\i(z§) — ri(y®) = 0

since all of its items were inactive throughout the runtime of the algorithm. [

(Proof of Lemma |C.4): SW(j) — SW(j+ 1) < 4.57(j)
Recall that for all 4, z;(j 4+ 1) is no larger than x;(j).

i ()
SWG) =W+ =3 [ N@de —(©@0) - 0@ + 1)
<37 Mali + D)aild) 5 + 1) = (C@) ~ C@ + 1)

< Z iz (5 +1))zi(j) — CH(7)).
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The last inequality is true because it just states that the profit made at 7(j+ 1) is non-negative,
ie.,
S X+ D)z +1) =Y pi(i+ D +1) = CHG + 1))
i i

Now, look at the profit 7 (7).
= D_pii)wili) = C(HH)).

We claim that for every i, p;(j) is at least 1X;(2;(j+ 1)) = p;(j +1). This is true by definition
of the price vectors, because we are increasing by at most a factor e. By definition, p;(j + 1) =
max(p¢, e/ \g¥M). If p;(j + 1) = p¢, then the price at j' iteration is also the same and so the %
factor is trivially true. Otherwise, p;(j) = max(p¢, e/ ~IAJU") > el ~LI\pin = %ﬁf Therefore, we are
now ready to complete our bound.

SW(G) = SWG+1) 3+ Dai(g) = CG0))
() - Z ( )wz(J) - C73))

Our next and final claim is that C(i(j)) < 0.5(3,c5 Pi(j):i(J )) For any doubly convex func-
tion, Cy(z) < 0.5z - ¢4(x). Moreover, we know that since Z(j) < =*, 7(7(5)) < rs(y*) < (). All
these identities simply come from the fact that reducing demand can only lead to a reduction in
marginal cost. Therefore, we have

j(j)) <0.5 Z c(ye(9))ye(5)
=05 ri(g(5))e;

i€B

<0.5 Zﬁi(j)fﬁz‘(j)

i€B
Consider the ratio between the difference in welfare to the profit:

SW(G) = SWG 1) _ 2 epi(h)rid) — C4))
(J) — i pili)ai() — CH))

It is not hard to see that the RHS is largest when C(4(j)) = 0.5 >, pi(jyzi(j), and so W <
2e — 1 < 4.45.

C.1 Complexity Results

The following complexity results hold for our problem without the uniform peak assumption.
Proposition

1. There cannot be a O(A¥)-approximation algorithm for any k > 0 for UDP in Large Markets
with MHR Inverse Demand and Convex Costs (instead of doubly convex) unless NP C
DTIME(n(°9°™)) for some constant c.
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2. There is no constant factor approximation algorithm for our UDP problem in large markets
with MHR inverse demand and doubly convex costs unless NP C DTIM E(n{°9°) for some
constant c.

Proof. The reductions are from UDP-UV, i.e., the unit demand pricing problem in small markets
with uniform valuations and unlimited supply. It was shown in [4] that this problem is log'~¢(| B|)-

hard to approximate for any constant ¢ > 0, unless NP C DTIM E(n(logeln)), where ¢ is some
constant that depends only on e. Fixing some value of € > 0, this implies that UDP-UV cannot
have a constant factor approximation algorithm unless NP C DTIM E(n{°9°™), where ¢ is now a
constant (since we have fixed some € > 0). Therefore, we will show both our hardness results above
by proving that the statement would indicate a constant approximation algorithm for UDP-UV.
(Statement 1):

Assume by contradiction that 3 a O(AF) approximation algorithm for some constant & > 0. Then,
we show that for UDP with uniform valuations and unlimited supply, there must exist a 2¥ constant
factor approximation algorithm. Consider some instance of UDP-Uniform valuations with buyer
set B’ and items S’. Suppose that the maximum buyer value is v,,4, and minimum buyer value is
Umin > 0. Consider the following linear transformation on the buyer values,

N(z) =1+ —2

for z < 1.

vmaa:

Define an instance of our problem with one buyer type ¢ for every buyer i € B’. The inverse
demand function is uniform as defined above. Moreover, the item set coincides with S but now
having the cost function Cy(x) = z for every single item. Look at the demand functions: A" = 2
and A" > 1. Therefore, A = 2 and we can always obtain a 2¥-approximate solution for this
instance. We show that this gives a 2F-approximate solution for the original UDP problem as well.

Consider any solution p,Z, ¥ of our problem. Assume w.l.o.g (see proposition that every
buyer receives an integral amount of one single good, i.e, y;(i) = 0 or 1 for every i. Consider the

following price vector p_é defined as

p% = Umax(pt - 1)

We claim that the revenue of (p_é, &, ) for the original U DP-UV problem is exactly the revenue
of our solution scaled by a factor vy,q,. First, we show that the allocation is envy-free for these new
prices. It is not hard to see that the transformation is linear and so the order of prices is maintained
for the items, which means that every buyer’s cheapest item set remains the same. Next, suppose
buyer i is sending flow on item t for our solution. Then,

pr <1+ Ui

= p? < ;.

Umax

So the flow is definitely feasible. The profit of our solution is Y, (peye—Ce(y)) = >, ((pr—1)ys =
>t v (DFY)-

So this is just a scaled down version of the profit of the UDP problem. Therefore, every solution
of our problem can be converted to a solution of UDP with scaled profits. It is not hard to see that
the same is applicable for the reverse direction as well and so the optima must coincide. So, any
2k_ Approximate solution for our problem must retain this factor for the original UDP as well. B
(Statement 2):

This follows directly from our reduction in Propostion [2.1] as a constant factor approximation for
our problem would indicate a constant factor approximation for UDP-UV as well. O
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Appendix D Some more properties of minimum cost flows

Lemma D.1. Consider two buyer demands 2l and 22 where 22 > 21 and the corresponding min-
cost flows are 2zt and 22. Then, the following provides a bound for the difference in costs

D(Cued) = Cula)) = Do) — o).

t

Proof. The proof follows from Corollary We know that for ¢, either 22 > 2} or ¢;(22) = ci(2}).
Therefore, we can write for all t, Cy(22) — Cy(2}) > ci(21)(22 — 21). So we have,

D (Cil) = Cul=) 2 Y ez = Y ale)a =Y alzh)zd = Y rilzhal.

t t t t i€l

The last equation is simply a rearrangement of flow from the items to the buyers. Now, consider
any buyer i and item t such that 22(i) > 0. We know that c;(2}) > 7;(z!) because the latter
represents the minimum marginal cost of any item i has access to. This gives us Y, c;(24)z2 >

Y icB m(z_i)x?, which completes the proof. O

Lemma D.2. Consider a price vector p_i and a corresponding solution (x_i,y_i) which is a best-

response envy-free allocation such that y_i is also a min-cost flow to the demand zl. Let p_é be
another price vector such that there is at least one item whose price in p? is smaller than its
price in pl. Let (x2,42) be an envy-free allocation for p?. Then, 3t € S, such that p; > p? and

cr(yr) < ee(yi)-
Note that qu need not be a min-cost flow for the demand 2.

Proof. What the lemma says is that at least one of the items whose price in p_é is smaller than the
price in p! has a marginal cost that is larger or equal in the B-R, E-F allocation corresponding
to p2. Intuitively this is not hard to see because reducing the price leads to an increase in the
allocation. - .
Consider the set of all items whose price in p? is strictly smaller than its price in p! and let

Smin be the subset of such items with the smallest price, Sy = {t|t € arg mimptl1 p?, (p?l)} Let

Bl . be the set of buyers who receive non-zero amounts of the items in Sy, in y_i. Finally, let
DPmin b€ the price of all the items in Sy,p. .

We claim that for any buyer i in Bl . | their entire allocation in y2 can only come from the items
in Spyin. If this is not true, the only other possible case is that the buyer is receiving allocation
fgom some other item ¢ not in Sy, but still priced at py,,. But by definition of Qmin, t’s price in
pl is not larger than p;,;, which means ¢ cannot have an edge to such a ¢ (or else y! could cease to
be envy-free).

Now construct the following reduced demand vectors 2B and 2R for instances with the full
buyer set but the item set is reduced to Sy,;,. For buyer ¢, lel is the total amount that buyer ¢
receives only from the items in S),;,. This is zero from some buyers and non-zero for buyers in
Bl

in Dy definition. Let yﬁl be the exact same allocation as y_i but only for the items in Spn.
Since y_i is a min-cost flow, the sub-flow on the items in S,,;, for the given demand must also be
one of minimum cost. _ -
Similarly define zf2 as the flow sent by buyers only to the items in S,,;, and yf2 as the
corresponding allocation on these items. Since we have shown that the the buyers in Bl . use

min
these items exclusively, this means that Vi € B} o = {L‘ZQ > a:ll > mfl. Moreover, since all the

min’ i
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items in Sy, are priced at p.,i, and the allocation is a min-cost, E-F allocation, it means that for
items at the same price, we have a min-cost flow.

Now, using (xﬁl,yﬁl) and (xl_%2,y§2) as inputs to Lemma we get that for all ¢ € Sy,
ci(yt) < ci(wi)- O

Lemma D.3. Consider two price vectors p and p where_p2 > p and their corresponding best-
response buyer demands 2! and z2. Suppose that 21 and 22 are the corresponding min-cost flows
for these demand vectors. As long as for all t, we have that p} > ci(2}) and p? > ci(22), then it
must be true that:

>_piwi = Culep) 2 ) _piaf =) Cilz).

i€EB tes i€B tes

Proof. Note that these allocations may not be envy-free. The left part of this inequality is exactly
the profit of the solution, but the right parts uses prices p! with the allocation and demand x2, 22.

Remember for all i € B, xl > 3:2 Applying Lemmaﬂ 2.3|and Corollary - A.2| for these two demand
vectors, we can say that for any item ¢, either z} > 22 or ¢;(z}) = ¢;(22). Therefore, in both these
cases, it is easy to show that Cy(z}) < Cy(22) + ci(24) (2} — 22). Using this in the LHS of the main
lemma inequality, we get

S el - Y O = Sk - S G + (zwm} ) - Yl - >) )

i€B tes i€B tes i€B teS

If we can show that the second term in the RHS that has been parenthesized is non-negative,
we are done. Recall that for every i, r;(z!) is the marginal cost of any item being used by i in z1.

We also know that pjl > ri(:c_i) by our assumption. Consider the quantity Y, ¢ ci(2}) (2} — 27).

STl =Y ah? = riahal =3 ez

tesS tesS i€B tesS

The above equation is simply via a rearrangement of the allocation from the items to the buyers.
Now, we claim that >, cqci(2f)2f > Y icp rl(ml)xi. Look at the all the items t Where user i’s
allocation z? turns up in the vector 22, We claim that for all such items, ci(zt) > ri(z ) This has

to hold because z! is a min-cost flow and therefore for any other item ¢ that ¢ has access to, its
marginal cost has to be greater than or equal to r;(z1!).
Therefore using this in Equation

Z@l(le—l’?)—zct(zt f—27) >Zpl x} — x? Zrz(zi)(xl—x2)

i€B tesS i€B 1€EB
1 2
= § —ri(2)) (@ — 27)
i€B
>0.

The above term is strictly non-negative because because p} > r;(z ) and x} > x? for all i. This
completes the proof. B O

Lemma D.4. Let G be a bipartite market and let Z(p) denote the corresponding best-response buyer
demand vector when all the items in the market have a price of p. Let Z(p) denote the min-cost
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flow at this demand. Then, for any given p and item t, its marginal cost is left continuous at p.
Formally,

lim ¢ (2(p — €)) = cr(2(p))-

Proof. Assume by contradiction that for some ¢, lim._,o c:(2:(p — €)) # ct(2:(p)). We have already
shown that as the price increases, the marginal cost cannot increase in Lemma [2.3] Therefore, this
can only mean that lime o ci(2:(p — €)) > ct(z(p)). The monotonicity of the margmal cost also
means that for every other item t', lim._q ¢y (2¢(p — €)) > cp(z4(D))

Consider any user i, it is not hard to reason out that z;(p) must be continuous. Formally,
lime_,0 z;(p — €) = z;(p). This holds because A;(x) is continuous and differentiable. So, we have the
following,

tZ,W) = ;xxﬁ) = ;gg%xi(ﬁ— 6) = gg%;xi@— 6) = gg%ztjzm— €).

Now the claim is that the last term in the right hand side of the above equation is strictly larger
than ), zv(p). This is true because for every t', the limit of zy (p — €) is greater than or equal to
zp (p) and for item ¢, this inequality happens to be strict. This is a contradiction and therefore, the
marginal cost at the item has to be continuous. O

Lemma D.5. Let (p,%,2) be a gwen solution where T is a best-response demand to p and Z is

the corresponding min-cost flow. Let (p xb zb) be some benchmark solution for the same instance.

Suppose that BY is the set of buyers to whom the minimum priced item available in pb s not

smaller than that in o and BY = B\ BY. Moreover, there is a fraction o < 1 such that for all
b Then, consider the following quantity,

. pL
buyers in B~, x; > ax;.
T = E pix; — C(Z
i€B

If we denote by Z_E(BH) the min-cost flow for the demand zb but only for the buyers from BH | then

> Z pil — C(z_l;(BH Z Dix ) Ct(zb(BH)))

i€eBH i€BL

Recall that we are only looking at prices obeying 7, p_i’ > p* (Assumption . The above term
deserves careful attention. For the buyers in B, the price is from j but the demand and allocation
are from the benchmark solution. For the other set of buyers, both the price and the allocation are
from the benchmark. Also notice that Z or 20 may not be envy-free and therefore, m is the profit
that the seller makes at the cheapest (non-envy-free solution), given the price and the demand.

Proof Notice that for the buyers in B¥, # dominates zb and for the buyers in BY, # domlnates

b,

Therefore, in order to get an allocation only in terms of b for the buyers in BY and b
for quers in BY, we need to show that the profit due to the additional demand from & — 2t and
T — aab for the respective buyer sets is non-zero. This can be done via the flow partition lemma
by creating dummy buyers and reallocating this flow to them.

Construct a new instance with a set of buyers By U Bs, such that for every ¢ € B, there is an iy
in By and 75 in By with access to the same set of items as . Now construct a new demand vector

2/ such that for all i € B, ;= x? and for the corresponding iy € B, xf, = x; — 2%, Similarly
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Vi € BE, Ty = awf and for the corresponding iz € Ba, 7}, = x; — ozxf. The min-cost flow for 2/
must coincide with 2. Moreover, look at the demand from the buyers in By, i.e., el (B1), let the
corresponding min-cost for this demand alone be Z(Bj).

Applying the flow partition lemma for this new instance and with B; being the desired subset
of the total buyer set. We get,

C(2) = C(3(B1)) + (C(2) = C(Z(B1))) < C(Z(B)) + Y ri(2)al,

12€ D82

The last term above comes from the fact that the marginal cost faced by every io must be equal
to the marginal cost faced by the corresponding i in Z. We slightly abuse notation here since we sum
over io, but the marginal cost is that faced by ¢ in 2, where is is the corresponding buyer to that ¢
in By. Moreover, since 2* dominates 7, by the weak price lower bound condition (Assumption ,
this implies r;(2) < p;, giving us,

C(2) - CEB) < Y riD)af, < Y by,

i9€ B> i2€ B>

Now dividing up the term 7 into the two buyer sets, we get

r=3" gl —CEB)) + 3 pil, — (C(E) - C(E(By))

11€8 12€D8>
_ - _
> E pixi, — C(Z(B1)) g Diy, E DiTy,
i1€B1 12€ B2 i2€ B2
§ pl 11 - Z Bl))
11631

Now consider the allocation Z(B;). Bj is merely a repetition of the buyer set B but with a
different flow on the buyers, namely :L’f on the buyers corresponding to B¥ and ozxi? on buyers
corresponding to BY. We can once again use the flow partition lemma to this flow with B¥ (or
rather the elements in B; corresponding to B¥) as the desired set. Notice that the min-cost flow
with only the buyers from B having flow of T = 2? must indeed coincide with z_l;(BH ). Therefore,
we can further sub-divide the profit as,

7> S gl —cGEBM) |+ [ Y past - (C(EBY) - C((BT)))

i€ BH i€BL

> > mal = CEBM) |+ | a D pial — (C(EB) - C(H(B™)))

ieBH ieBL

We are almost done with the proof. The terms for B coincide with what we are required to
prove. We only need to get an « factor out of the terms in BY. That is, all that remains is for us
to show the following;:

—

C(Z(By)) — C((B™)) = a(C(zh) — C(H(BT))).
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Let’s recap what these allocations actually mean.

2 All buyers sending 2?
Z(B;)—Buyers in B sending z%, buyers in BY sending aa?

z_é(BH )—Buyers in B sending z?, buyers in BY sending zero

Suppose, we denote by 27 the demand vector where all buyers in BY are sending xi-’ units of

flow and rest 0 and similarly by $_L, the demand vector where all buyers in B are sending xﬁ-’ units
of flow and the rest are sending 0 flow. Moreover, for any of these demand vectors, define M C/() be
to the cost of the min-cost flow for that demand vector. What we need to show can be simplified
as

(MC (28 + azl) — MC(z1)] < a[MC(zH + zL) — MC(xH)].

First, it is not hard to argue that MC is a convex function of the vector demand & since all
items have convex production costs. Moreover, for any convex function C' and positive a,x and
0 < a <1), the following is true.

Cla+z)—Cla) - C(a+ ax) —C(a)
a+r—a ~  atar—a
Simplifying the denominators and cancelling  from both of them tells us that C(a+az)—C(a) <

a(C(a+x) — C(a)). So, we can easily extend this property to convex functions of vector inputs,
thereby showing

(MC(zH + azl) — MC(aH)] < a[MC(zH + 2L) — MC(zH)).

Appendix E Some properties of MHR functions

Lemma E.1. Let f(x) be any non-increasing function of x with a monotone hazard rate. Let c(x)
be a non-decreasing function such that the function f(x) — c(x) is non-zero in the interval [0, x).
Then f(x) — c(x) also has a monotone hazard rate in this interval.

Lemma E.2. For a non-increasing monotone hazard rate inverse demand function A(x), the in-
verse N1 (p) is uniquely defined at all prices other than p = \(0).

Lemma E.3. Let f(x) be a non-increasing non-negative function with a monotone hazard rate,

i.e., % is non-increasing. Let T > 0 be a point satisfying % > Z. Then f(0) < ef ().

Notice that since f is non-increasing, f(0) is the maximum value of the function.

Proof. Consider the function g(x) = In f(x). Differentiating this gives us,

)
7@

g'(x)
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Recall that since f(z) is non-increasing, its derivative cannot be positive. Integrating ¢g(z) from Z
to 0 gives us

/
/ f () .
f(z)
"I @),
9(0) — g(%)
v : F@)
f(0) /x ()]
In—+= = dx
f@ Jo o flo)
T | £/( 5
< [l
o [f(@)
Py
@)
f(@)
21
<r—
z
=1.
The first inequality is due to f being MHR, and the final inequality comes from the fact that
% > Z. So, we have In ;gg)) < 1, which gives that f(0) < ef(Z). O

Lemma E.4. Consider any non-increasing MHR function f(x). Let x1 < zo be two parameters
such that
f(0) = Vef(z1) < ef(x2).

Then, xo < 2x1.

Proof. From the proof of Lemma [E.3] we know that for any MHR function, the following is true.

flo), [P,
o= [y 12)

First, let o = 0 and = ;. We know that for all = € [0, z1], O

log(]{((xol))) _/Dxl f/((;)”dx

“|f ()]
— lo e §/ dzx
g(\f) 0 f(x1)
L [f'(2)]
- — <z .
2 = fn)
So, we have x; > 2 {CIVI, VAN go back to Equation with g = 21 and z = 29. We know

[ (z1)]
that in the interval = € [z1, 23], |f((x))| > ‘J;((xl))‘. Applying this,

fd, (@I,
f<x2>)‘/m o)

=tz [l

>(z9 — 1)

log(

—

1
2
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So we have (zg —x1) < %“{/((le))l <

x1, which completes the proof that zo < 2z,. B ]

Lemma E.5. Let f(x) be a non-increasing monotone hazard rate function and let xo > x1 be two
points in its domain. Then, the following must be true

1. If z1 satisfies i :m))l > L 2o then x1f(z1) > 2 f (22).

2. If xo satisfies m <L 25 then xof(xe) > x1 f(x1).

Proof. The starting point for both these results is what we already showed in Lemma [E.3] Define
g(x) to be log(f(x)). Then using the same idea as in Lemma we get

fa). [ )
log(fm))‘/m @) ™

Statement 1:
For all z in [x1, z2], the following is true,

F@)] _ f)] 1
f@) = f@) S o

Therefore, we can bound the ratio between f(z1) and f(z2) as,

tog(L17Y, 2/362 @)l

f(z2) L f(x)
1
>(x9 — 901);1
- .
T
Therefore,
fla) | (@-n 22

flz2) — zy

The last inequality is strict because for any a > 1, e*~! > a.

Statement 2:
For all z in [z, z2], the following is true,
@l 1f)l 1
f(2) flz2) ™ @

Therefore, we can bound the ratio between f(z1) and f(z2) as,

log(117Y, S/xz (@)l

f(x2) . flz2)
<(wg — 961)i
I
T m
Therefore,
fley) _ o= _ 22
flx2) — 1
The last inequality is strict because for any 0 < o < 1, ae! = < 1. O
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