The Limits of Price Discrimination with a Bayesian Seller

SUBMISSION 27

We study the limits of third-degree price discrimination when the production cost is Bayesian and private
to the seller, generalizing the seminal work of Bergemann et al. (2015). The rough setup is the following:
A monopoly seller sets different prices for buyers in different “segments” of the market so as to maximize
seller surplus. Different ways in which the aggregate market is decomposed into segments lead to different
welfare outcomes, i.e., (seller surplus, buyer surplus) pairs. When the production cost is Bayesian, the region
of achievable welfare outcomes can exhibit complex shapes beyond the clean characterization by Bergemann,
Brooks and Morris for the case with a fixed cost. We show that with a Bayesian cost, this region coincides with
a proper projection of a polytope defined by a polynomial number of linear constraints, the essential ones of
which correspond to flow conservation in a “discounted” flow network. As a result, we give a polynomial-time
algorithm that computes optimal market segmentations in terms of any linear combination of the seller surplus
and the buyer surplus. En route, we establish the following structural property: Any market can be written as
a convex combination of “extremal markets” in a way preserving the seller surplus and the buyer surplus.
These extremal markets are piecewise equal-surplus with respect to different possible costs, generalizing a
similar notion introduced by Bergemann, Brooks and Morris when the cost is fixed.
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1 Introduction

Price discrimination is the practice where a monopoly seller sets different prices for buyers in
different “segments” of the market so as to maximize seller surplus. The idea is the following: The
aggregate market can be summarized as a distribution F of all buyers’ willingness to pay, i.e., F is
the distribution of a uniformly random buyer’s value. Suppose the production cost is ¢. Without
segmentation, the seller’s optimal strategy is to set a price p* € argmax,,(p — c) - F(p), where
F(p) is the tail probability at p, i.e., the probability that a uniformly random buyer’s value is at
least p.! Nonetheless, if the seller knows that the aggregate market consists of two distinguishable
groups of buyers (i.e., two segments), characterized by distributions F; and F, respectively, then
the optimal pricing strategy is to offer two generally different prices p} € argmax,,(p - ¢) - Fi(p)
and p; € argmax, (p — ¢) - F2(p) to the two segments respectively. The latter strategy is always no
worse, and almost always strictly better, than the former segment-oblivious strategy in terms of
seller surplus. This is but natural — in the latter scenario, the seller makes use of more information,
and extracts higher surplus in return.

Perhaps more curious is the fact that buyers can sometimes also benefit from price discrimination.
Consider the following example: In the aggregate market, 49% of all buyers have a value of 1, and
the other 51% have a value of 2 (denoted by {(0.49, 1), (0.51, 2)} for brevity). The production cost
is 0. Without segmentation, the seller sets a price of 2, leading to a total buyer surplus of 0 in the
entire market. On the other hand, suppose the market is decomposed into two segments: Segment
1: {(0.49,1),(0.48,2)}, and Segment 2: {(0.03,2)}. Now the optimal strategy for the seller is to
set a price of 1 on Segment 1 and a price of 2 on Segment 2, leading to a total buyer surplus of
0.48, contributed by Segment 1. In other words, the example shows that price discrimination can
lead to strong Pareto improvements. In fact, an alternative perspective is to view (optimal) market
segmentation as an information design (Kamenica and Gentzkow, 2011) problem, where a mediator
selectively discloses information about buyers, effectively creating segments, so as to optimize a
certain objective (e.g., a function of the seller surplus and / or the buyer surplus). This perspective
provides further motivation for research on the limits of price discrimination, where the goal is
to understand (in ways elaborated below) all pairs of (seller surplus, buyer surplus) achievable
through segmentation in a given aggregate market. This is the general context of our investigation
in the current paper.

The model: from fixed production costs to Bayesian ones. The celebrated result of Bergemann et al.
(2015) gives a surprisingly clean characterization (henceforth the BBM characterization) of the
limits of price discrimination in the basic setting, where the production cost is fixed and public:
Every welfare outcome, except “clearly impossible” ones, is achievable through segmentation.?
More precisely, assuming (without loss of generality) that the production cost is 0, the region of
feasible welfare outcomes is the triangle induced by the following 3 extremal points:

o Welfare-maximizing, seller-optimal: Full efficiency is achieved (i.e., the buyer buys with prob-
ability 1), and the seller extracts the full welfare. This is trivially achieved by a segmentation
that always reveals the buyer’s value to the seller.

e Welfare-maximizing, buyer-optimal: Full efficiency is achieved, and the seller extracts the
minimum surplus possible, which is the optimal seller surplus without any segmentation.

1As a general convention, throughout the paper, we use F to denote the tail probability of a distribution, instead of the CDF.
This simplifies the presentation both syntactically and semantically.

2We will use the word “segmentation” in two senses: (1) the general practice of creating segments in a market, and (2) a
specific way of segmentation, i.e., a decomposition of a market into a convex combination of markets. When used in the
second, more technical sense, a segmentation is mathematically similar to an information structure or a signaling scheme.
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o Welfare-minimizing: The social welfare is minimized, which is equal to the minimum seller
surplus possible. The buyer surplus is 0.

In particular, the achievability of the latter two points (the nontrivial ones) is established construc-
tively based on a powerful structural property: Any aggregate market can be written as a convex
combination of “extremal markets”, each of which ensures that the seller is indifferent among all
prices in the support of the extremal market. In the context of price discrimination, each of these
extremal markets can be viewed as a segment of the aggregate market. As long as the supports
of these extremal markets all cover the optimal price(s) without segmentation (which is always
possible), the seller surplus must be the minimum possible. Given such a decomposition, optimal
price discrimination essentially becomes a matter of tiebreaking: If the seller favors the minimum
price in each extremal market, then full efficiency is achieved and the buyer surplus is maximized
(point 2 above); alternatively, if the seller favors the maximum price in each extremal market, then
the buyer surplus is 0, and the social welfare is minimized (point 3 above).

In this paper, we investigate the very question asked by BBM in the more general model where
the production cost — or in other words, the type of the seller — is Bayesian and private to the
seller. Conceptual interpretations of this model are manifold: When the segmentation is exogenous,
one can imagine that the mediator who designs the information structure has only distributional
knowledge of the seller’s production cost; when the segmentation is endogenous, one can imagine
that the production cost realizes independently of the segmentation, or even refreshes every once
in a while. As we will see below, this simple and natural generalization leads to a dramatically
richer technical problem.

1.1 Results and Techniques

Achievable Outcomes

— = BBM triangle
—— feasible region
o vertices

Seller Surplus

S

Fig. 1. Landscape of achievable welfare outcomes with a Bayesian seller (5 possible values, 3 possible costs).

The BBM characterization no longer applies. We first seek to answer the following natural question:
Does the BBM characterization generalize to the setting with a Bayesian seller? The answer turns out
to be negative: Among the three extremal points in the BBM characterization, the two nontrivial
ones are not always achievable with a Bayesian seller, and the corresponding “blunt tips” of the
achievable region can exhibit complex shapes (Figure 1 shows such an example). This complex
landscape motivates, and in some sense demands us to take a more sophisticated and algorithmic
approach to the problem. In particular, we will refrain from trying to explicitly characterize all
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extremal points in the achievable region (which appears futile given how complex the region can
be). Instead, our full characterization is implicit through an efficient algorithm that computes an
optimal segmentation in terms of any linear combination of the seller surplus and the buyer surplus.
En route, we also establish and utilize strong structural properties, which we discuss next.

Extremal markets, generalized. Our first structural result, which lays the foundation of all sub-
sequent results in the paper, is the full generality of generalized extremal markets. We show that
any market can be written as a convex combination of certain highly structured markets, which
we also term extremal markets, following BBM — in fact, BBM’s extremal markets are a special
case of ours when the distribution of the production cost degenerates into a single point mass. The
decomposition of a market into extremal markets can be done algorithmically in polynomial time,
in a way preserving both the seller surplus and the buyer surplus. As a result:

THEOREM 1 (INFORMAL VERSION OF COROLLARY 1). Any achievable outcome through segmentation
is also achievable through segmentation into extremal markets, and there is an efficient algorithm
that transforms the former into the latter.

Technically, to establish this result, we need to overcome a number of obstacles that are unique
to the more general setting with a Bayesian seller, compared to the classic one considered by BBM.
To begin with, the right definition of extremal markets is no longer straightforward, since there are
multiple possible costs, and it is impossible to equalize the seller surplus generated by different
prices with respect to all costs simultaneously. Regardless of the form of extremal markets, the
iterative decomposition must preserve, in each step, the seller-optimal prices with respect to all
possible costs simultaneously. At the same time, throughout the decomposition procedure, we must
always make sure that the “remainder” of the market is “essentially similar” to the aggregate market,
again, with respect to all possible costs simultaneously. On top of all this, we must be able to bound
the number of iterations after which the procedure terminates, which, as we will see, can no longer
be done simply by arguing about the size of the support of the remainder market. As it turns out,
the right notion of extremal markets involves dividing the value space into pieces according to
the seller-optimal prices with respect to all possible costs (so the set of all legitimate extremal
markets depends on both the value space and the cost space). Each extremal market is piecewise
equal-surplus, with respect to different costs on different pieces, respectively. Our decomposition
procedure in each iteration constructs a new extremal market to be split off from higher values to
lower ones, where it enters a new phase every time it crosses a seller-optimal price with respect to
some possible cost. We argue that the sets of seller-optimal prices with respect to all possible costs
can only expand throughout the procedure, which implies all the properties discussed above.

(Reduced) fragment decompositions. One particular implication of the above structural result is
that in order to characterize all achievable welfare outcomes, we only need to characterize those
achievable by segmentation into extremal markets. We call such a segmentation an extremal market
decomposition. Note that there is a straightforward LP that allows us to optimize an extremal market
decomposition, where the main decision variables are the weights of all possible extremal markets
in the decomposition. The issue of this LP is that it has exponentially many variables (corresponding
to exponentially many possible extremal markets), and is therefore algorithmically infeasible. This
gives us the following intuition that drives our subsequent results: We need to find a more succinct
representation to capture the essence of an extremal market decomposition, which still allows us to
determine the seller surplus and the buyer surplus induced by this extremal market decomposition.
This motivates the idea of (reduced) fragment decompositions.

Recall that each extremal market consists of multiple pieces, on each of which the market is
equal-surplus. The fragment decomposition of an extremal market is simply the unique way of
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writing an extremal market as a weighted sum of these pieces, each normalized so the “running tail
probability” is 1 (the normalized version of each possible piece is called an (indifference) fragment).
Then, one can naturally generalize this definition to extremal market decompositions: To obtain
the fragment decomposition of an extremal market decomposition, we simply sum up the fragment
decomposition of every extremal market, scaled by its weight in the extremal market decomposition.
The rationale behind fragment decompositions is that if multiple extremal markets in an extremal
market decomposition share the same fragment, then we only care about how much probability
mass in total is put on this fragment — in fact, through a charging argument, we show that the
seller surplus and the buyer surplus induced by an extremal market decomposition are both linear
functions of the weights in its fragment decomposition.

The above result suggests that the welfare outcome induced by an extremal market decomposition
is fully captured by its fragment decomposition, which is much more succinct. Nonetheless, there
are still exponentially many possible fragments, in particular because each fragment is determined
by its entire support, which in general can be any subset of the value space. To this end, we further
consider undominated fragments, whose supports are contiguous subsets of the value space. Each
undominated fragment is determined by the leftmost and rightmost element in its support, which
means there are only polynomially many undominated fragments. We then group all fragments
that are dominated by the same undominated fragment together, where we focus on the total
probability mass contained in these fragments, as well as how the probability is distributed to
the elements in the support of the undominated fragment. We show that these two quantities are
enough to capture the contribution of the entire group to the seller surplus and the buyer surplus.
Such a grouped fragment decomposition is called a reduced fragment decomposition. As a result,
we finally obtain a polynomial-sized representation of extremal market decompositions.

LEMMA 1 (INFORMAL VERSION OF PROPOSITION 1). The seller surplus and the buyer surplus of
an extremal market decomposition are fully captured by, and in fact, linear in, its reduced fragment
decomposition, which consists of a polynomial number of parameters.

Discounted flow networks. Ideally, we would like to optimize an extremal market decomposition
based on its reduced fragment decomposition. However, there is yet another key issue to be
handled: The above chain of arguments establish that every extremal market decomposition can be
summarized by a reduced fragment decomposition, but the converse may not hold. That is, not
every “formal” reduced fragment decomposition (as defined by probabilities on reduced fragments
and how the probability on each reduced fragment is further distributed) corresponds to an extremal
market decomposition. In order to optimize only on extremal market decompositions, we need to tell
which formal reduced fragment decompositions are “feasible”. Below we identify key constraints
that are each necessary for feasibility, and then we argue constructively that these constraints
together are also sufficient.

First, recall that a reduced fragment decomposition consists of two components: the probability
on each reduced fragment, and how it is distributed into each element in the support of the reduced
fragment. Because of the way in which fragments are grouped, the latter “distribution” should
also be stochastically dominated by the undominated fragment (properly scaled), because it is
the weighted average of markets each dominated by the same undominated fragment. This is a
necessary condition of feasibility primarily concerning the second component of reduced fragment
decompositions, which we call proper domination. Next, we derive another condition concerning
the first component of reduced fragment decompositions.

We observe that neighboring pieces in any extremal market are closely related in terms of the
“running tail probability”, i.e., the total probability on values larger than or equal to the smallest
element in the support of a piece. Intuitively, one could view an extremal market as a flow of
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probability from lower values / pieces to higher ones. Whenever the flow passes through a piece,
it leaves some probability within the piece, and carries the remaining probability onward. We
call the fraction of the probability carried onward the discount factor. We show that the discount
factor of a piece is fully determined by the undominated fragment that captures the piece in the
reduced fragment decomposition. Accordingly, we must be able to fit any feasible reduced fragment
decomposition into a discounted flow network, where two reduced fragments are adjacent iff there
exists an extremal markets in which the two reduced fragments are neighboring. Moreover, each
edge going out of a reduced fragment is associated with the discount factor determined by this
fragment. The fact that a feasible reduced fragment decomposition comes from an extremal market
decomposition now translates into flow conservation, i.e., the total flow into a reduced fragment
after discounting must be equal to the total flow out of the same fragment, before discounting. In
other words, a formal reduced fragment decomposition is feasible, only if it can be written as a
flow satisfying proper domination, flow conservation, and other regularity constraints.

We then prove constructively that these condition are sufficient for feasibility. We provide
an iterative depth-first search procedure (similar to the Ford-Fulkerson algorithm for max-flow)
that decomposes any flow satisfying these conditions into a segmentation (not necessarily an
extremal market decomposition), which achieves precisely the same seller surplus and buyer
surplus. Crucially, proper domination ensures that each segment that we construct gives the right
seller surplus and the right buyer surplus, and flow conservation ensures that when the algorithm
terminates, we must have already exhausted the probability on every reduced fragment.

LEMMA 2 (INFORMAL VERSION OF LEMMA 14 AND LEMMA 15). A formal reduced fragment decompo-
sition is feasible (i.e., corresponds to some segmentation inducing the same seller surplus and the buyer
surplus) iff it fits into a reduced flow network constrained by proper domination and flow conservation.

Now we can close the entire loop: If a welfare outcome is achievable, then there is an extremal
market decomposition that induces it, which means the corresponding reduced fragment decompo-
sition fits into the discounted flow network corresponding to the market instance. In other words,
there is a feasible flow that induces this welfare outcome. Conversely, if there is a feasible flow that
induces a certain welfare outcome, then it must be achievable through segmentation, since we can
construct algorithmically a segmentation that induces precisely this welfare outcome. This gives
the main result of the paper.

THEOREM 2 (INFORMAL VERSION OF THEOREM 4 AND COROLLARY 2). The set of achievable outcomes
of price discrimination with a Bayesian seller is precisely characterized by (a proper projection of) the
polynomial-sized polytope induced by the discounted flow network constrained by proper domination
and flow conservation. As a corollary, there is a polynomial-time algorithm that computes an optimal
segmentation in terms of any linear combination of the seller surplus and the buyer surplus.

1.2 Further Related Work

Along the line of work initiated by Bergemann et al. (2015), several results are related to ours to
different extents. Most closely related is the recent result on robust price discrimination by Arieli
et al. (2025). They generalize the work by Bergemann et al. (2015) in another direction: The seller’s
cost is uncertain in a worst-case sense, and the designer’s goal is to minimize the regret, i.e., the
suboptimality against the ideal objective value when the cost is known, in terms of the buyer
surplus. They present an upper bound where the regret is 1/e of the optimal buyer surplus when
the cost is 0, and show that this is tight for a binary buyer. While conceptually related, their result
is not directly comparable to ours, because they consider a worst-case problem, while we consider
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a Bayesian one.> Cummings et al. (2020) study a model where the designer has only a noisy signal
about the buyer’s realized value, which generalizes the work by Bergemann et al. (2015) in yet
another, mostly orthogonal direction. Several other results also build on the work of Bergemann
et al. (2015) and concern optimal segmentation in various settings, including: (Alijani et al., 2022;
Bergemann et al., 2022, 2024; Cai et al., 2020; Fallah et al., 2024; Haghpanah and Siegel, 2022; Ko and
Munagala, 2024; Mao et al., 2022; Munagala et al., 2024; Shen et al., 2018; Strack and Yang, 2025).
The fairness aspect has also received considerable attention (Banerjee et al., 2024; Kallus and Zhou,
2021). These results are further away from ours, both conceptually and technically.

Market segmentation, when induced exogenously, can be viewed as a form of information design
or Bayesian persuasion (Bergemann and Morris, 2019; Kamenica, 2019; Kamenica and Gentzkow,
2011). Most relevant to our study is the algorithmic aspect thereof (Dughmi and Xu, 2016), which
in particular concerns how (and whether it is possible) to efficiently compute optimal information
structures in various settings. Subsequent work has investigated variants of the problem, including
settings with multiple agents (Babichenko and Barman, 2017; Castiglioni et al., 2023; Haghtalab
et al., 2025), approximate best response (Feng et al., 2024; Lin and Chen, 2025; Yang and Zhang,
2024), multiple channels (Babichenko et al., 2022), combinatorial actions (Fujii and Sakaue, 2022),
etc. Our results differ from the above in that we focus on a highly structured problem, where certain
strong structural properties play a vital role and drastically simplify the algorithmic task. Several
technical ingredients of ours, e.g., the notion of (reduced) fragment decompositions and the use of
discounted flow networks, are also novel in the context of Bayesian persuasion, to the best of our

knowledge.

2 Preliminary

There is a monopoly seller selling a product to a continuum population of consumers, or buyers.
Buyers have n possible values V £ (vi)ie[n] With each v; € Ry, where [n] = {1,2,...,n} indexes
the values, and the seller has m possible costs C = (c;) je[m] With ¢; € Ry for the product. Without
loss of generality, we assume that both costs and values are strictly increasing in their index:
0<ov;<--<p;<--<vpand0< ¢ < -+ <¢j < -+ < ¢y We consider a setting with a
Bayesian seller in the sense that the seller’s production cost follows a publicly known distribution,
denoted by G € A(C). We use ¢g(c) € [0, 1] to denote the probability for realizing a cost ¢ € C.

A market F is a subdistribution over the n possible values V, with the set of all market being:*

Zie[n] flo) < 1} :

Thus, a market F € A(V) corresponds to a demand function where the tail mass, denoted F(v) =
220 f(0i) is the demand for the product at the price v.

A(ﬂ/):{feRjV

Optimal price sets. Fix a market F. Suppose the seller with the cost ¢, j € [m] determines a price
p = c; for the market F. Then the seller’s revenue induced by the price p is (p — ¢;)F(p) and the
buyer surplus induced by p is 3,5, (v — p) f (v). We say a price p is optimal for cost c; if the seller’s
revenue satisfies (p —c;)F(p) > (v—c;)F(v) for any v € V. Under the market F, since the optimal
price might not be unique, we further define the optimal price set Q;(F) for each possible cost c;:

Q;(F) £ argmax,., (v —c;) - F(v),

3In fact, Arieli et al. (2025) also acknowledge that “another natural model that might be considered is the Bayesian one”
“We use “subdistribution” here as we allow the total masses of the market F to be less than 1.
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and the minimum optimal price for c;

gi(F) 2 min Q;(F) if max, (v —cj) - F(v) > 0;
! 00 otherwise .

Let q(F) = (q1(F),...,qm(F)) denote the vector of minimum optimal prices for all seller types
in F.> We here collect two properties of optimal price set that will be useful for our subsequent
analysis.

LEMMA 3 (MONOTONICITY OF OPTIMAL PRICE SETS). Fix a market F and a cost c;. When max, (v —
¢;j)-F(v) > 0, i.e., the maximum seller surplus for c; is strictly positive, then max Q;(F) < min Q.1 (F).

LEMMA 4. For any a € [0,1], define oF as (aF)(v) = aF(v) for allv € V. For any market
F € A(V) and its optimal price set Q;(F), it holds that Q;(F) = Q;j(aF).

Seller surplus, buyer surplus, and social welfare. For a specific cost c; and its optimal price set
Qj(F), the seller is indifferent between all prices in Q;(F). Then, if an arbitrary optimal price
pj € Q;(F) is used for each cj, the corresponding (optimal) overall seller surplus is

SS(F)= D i 900 (0= )) - F(p)) .

As for the buyer surplus, different optimal prices for each possible cost may lead to different
buyer surplus. Therefore, the maximum (resp. minimum) buyer surplus, denoted by BS .« (F) (resp.
BSmin(F)), is derived when we choose the minimum optimal price g; (resp. maximum optimal price
r £ max Qj(F)) for each cost c;:

Maximum buyer surplus: BSp. (F) = Zje[m] g(cj) Zquj (v—gq;) - f(v)

Minimum buyer surplus: BSn(F) = Zje[m] g(cj) ZUer (v—rj)- f(o).

Since the social welfare is the sum of the seller surplus and the buyer surplus, we can also obtain
the maximum/minimum social welfare of F as follows:

Maximum social welfare: SWpax(F) = SS(F) + BSpax (F)
Minimum social welfare:  SWpin (F) = SS(F) + BSyin(F) .

Aggregate market and market segmentation. Given a market F, a market segmentation, denoted
by (a4, Fa)ae[p], is @ way of expressing this market as a convex combination of different market
segments, where [D] indexes the segments, (ag)4e(p] € RL are segment weights with 2ide[D] %d =
1, and each segment F; € A(V) is a market over V. The probability mass functions together satisfy

HOEDYE TONETLS

We write F — (a4, F4)de[p] to denote such market segmentation.

Throughout the analysis, we hold a given aggregate market as fixed and identify it by F* € A(V)
with the total mass normalized, i.e., X;c,) f*(v:) = 1.

Given a segmentation (ag, Fg)ae[p], any market-level functional extends to segmentations via
the weighted average. For example, the seller’s revenue under this segmentation (ag, Fg)ae|p] is

SS ((aas Fa)ae[p)) = Z

The definitions of maximum/minimum buyer surplus and the corresponding welfare objectives
follow similarly.

de[D] aq SS(Fd) .

SWhen max, (v — ¢;)F(v) = 0, every optimal price yields zero seller surplus and buyer surplus. Then we set q; (F) = oo.
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3 Full Generality of Extremal Market

In this section, we present our first structural result: the full generality of “extremal markets”, which
lays the foundation of all subsequent results in the paper. The extremal market here is a generalized
version of the extremal market defined in (Bergemann et al., 2015), where the distribution of the
cost consists of a single point mass. We formally define the extremal market as follows.

Definition 1 (Extremal Markets). Suppose q and S satisfy: (1) S = {s1,s2,...,5k}, where s; <
Sg < o < 8k, (2) {qj}; € SU{oo} C {o € V | v 2= g1} U{oo}, and (3) for each j € [m],
¢j < qj < gj+1.° The extremal market F s induced by ¢ and S is the unique market satisfying the
following conditions:’
e For each i € [k] and j € [m] where q; < s5; < Si31 < qjs1, Fgs(si) - (i — ¢j) = Fgs(si41)
(sis1—c¢ j);
e For each i € [n] where v; ¢ S, Fgs(v;) = Fq’5(0i+1).8
Given the definition of extremal markets, the natural question is how we construct it given fixed
a pair of g and S. We observe that F s is the unique market such that, for each j € [m], all prices
in the support S between g; and g;+1 are equally good for cost c;. Then the extremal market can be
constructed naturally through the following procedure:
o First, tentatively put probability 1 at the rightmost position s of the market.
e For i = k — 1to 1, determine the probability at s; by letting s; and s;;1 give the same seller
surplus for cost cj, where j satisfies g; < s; < gj41.
e Normalize the entire market so the total probability is 1.
The definition and construction procedure of the extremal market Fy s implies that the optimal
price set Q;(Fgs) and the minimum optimal price q;(Fys) with j € [m] are formed as follows.

LEMMA 5 (OPTIMAL PRICES IN EXTREMAL MARKETS). Fix q, S and the corresponding extremal
market Fgs. For each j € [m], (1) the minimum optimal price q;(Fqs) = q;, and (2) when q; # oo
(i.e, max, (v — ¢;) - Fgs(v) #0), Qj(Fgs) = [q;,qj+1] N S.

After defining and characterizing our general version of extremal market, we are ready to present
our main result in this section, which connects the extremal markets with general markets: Any
market F supported on V can be written as a convex combination of O(n) extremal markets with
both the seller surplus and the buyer surplus preserved,’ where n is the cardinality of value set V.

THEOREM 3. Fix a market F with seller surplus SS and buyer surplus BS. Then there exists a
segmentation of F into O(n) extremal markets, denoted F = ¥, s atq s Fy s, such that the seller surplus
from this market segmentation is SS, the minimum buyer surplus is at most BS and the maximum
buyer surplus is at least BS. In addition, there is a polynomial-time algorithm that computes such a
segmentation of F.

We design a decomposition procedure (see Algorithm 1) that can preserve the seller surplus and
buyer surplus given a market F to show the existence of such a segmentation. The key idea is that,
through the procedure, we need to guarantee that the monopoly price of each cost c¢; in the target
market F is still optimal in the “remainder” of the market after each iteration to preserve the seller
surplus. By ensuring that the optimal price set weakly expands after each iteration, we can further
preserve the buyer surplus.

®We assume qy+1 = oo for brevity.

"Uppercase letters generally refer to CDFs, defined as the tail probability at every v;, i.e., Fgs(0;) = PrDNFq’S [o > v;].
8We assume Fg.5(0n+1) = 0 for brevity.

°In this paper, the buyer surplus of a market preserved by a market segmentation indicates that the buyer surplus of the
market F is between the minimum buyer surplus and the maximum buyer surplus of the segmentation. In particular, the
buyer surplus in F can be derived by a convex combination of different tiebreaking choices in the segmentation.
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ALGORITHM 1: DECOMPOSEINTOEXTREMALMARKETS(F)

Input: (Possibly unnormalized) market F with its mass function f(-)
Initialize: A decomposition D = {(aq(k),s(k)’Fq(k),S(k) )}szl, where (¢'®),$®)) are computed from the
current F in iteration k.
1: De—0;k—0
2: while F # 0 do
k <« k+1/% Within iteration, we omit the subscript (k) on S, and q for readability. =/
q < q(F); S « the support of F; S «— {s€S:s>q1}.
Consider the extremal market Fs.

Arunout <— minve"\/:fqys(v)>0 %. /% Probability runs out at some v: @runout * fgq.5(0) = f(0) */.

A A

shit < the minimum a such that the minimum optimal price shifts for some cost ¢;: g(F — a - Fgs)
becomes different from q(F).
8: Ags < min{runout, Xshift }
9:  Append (ags, Fgs) to D.
10: F— F—-ags-Fys.
11: end while
12: return D

LEMMA 6. After each iteration of the while-loop in Algorithm 1, the residual market satisfies that
foreach j € [m]
Qj(F) € Qjlags - Fgs) N Qj(F —ags - Fys) -

At the same time, the procedure has at most 2n iterations to make sure the decomposition
procedure terminates properly and limit the number of extremal markets that we get.

LEMMA 7. In Algorithm 1, for any market F, it takes at most 2n iterations to decompose it into
extremal markets.

To argue that the entire procedure preserves both the seller surplus and the buyer surplus, we
only need to argue that in each iteration of the while-loop, for every way to break ties between
different optimal prices in F, there is a way to break ties in ags - Fgs and F — ags - Fy s, such that
the total seller surplus (resp. buyer surplus) in the latter two markets is the same as that in F. This
is a direct corollary of the key properties mentioned above.

Since every general market can be written as a convex combination of extremal markets, for any
achievable welfare outcome (specified by the buyer surplus and the seller surplus) through a market
segmentation of the aggregate market F*, we can find a segmentation into extremal markets to
complete the same task — hence the full generality of extremal markets.

CoROLLARY 1 (FULL GENERALITY OF EXTREMAL MARKETS). Given the aggregate market F*, if there
exists a segmentation (aq, Fq)qe[p] Which induces the overall seller surplus SS and the overall buyer
surplus BS, then we can find segmentation into extremal markets (ag,s, Fqs) such that the overall
seller surplus is SS, the minimum buyer surplus is at most BS and the maximum buyer surplus is at
least BS. Moreover, given any segmentation, one can compute in polynomial time a segmentation into
extremal markets satisfying the above properties.

Extremal market decompositions. Given the full generality of extremal markets, when charac-
terizing or optimizing achievable outcomes, we can focus on decompositions of the aggregate
market into extremal markets. We say a collection of weights o = (ags) is an extremal market
decomposition of the aggregate market F* (denoted by F* — ), iff ). 5 ags - Fgs = F*. We immedi-
ately have the following algorithm for optimizing achievable outcomes: Optimize over all extremal
market decompositions of the aggregate market, which can be done through linear programming,
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since the overall seller / buyer surplus is linear in the weight a4 s of each extremal market in
the decomposition. The issue with this approach is that there are exponentially many possible
extremal markets, which means the LP, formulated in the straightforward way, is of exponential
size. Obtaining a polynomial-time algorithm requires much more effort and new technical ideas,
which we develop step by step in the subsequent sections.

4 Fragment Decompositions

In the previous section, we have transformed the problem from segmentation of markets in any
form into segmentation based on extremal markets. While this reduces the size of the problem space
significantly, there are still exponentially many extremal markets. In this section, we discuss the
structural properties of extremal markets, which eventually enable our polynomial-time algorithm.
We first introduce the notation of indifference fragments and the (unique) fragment decomposition
of an extremal market decomposition in Section 4.1. We show that both the seller surplus and the
buyer surplus induced by an extremal market decomposition are linear in the weights in its fragment
decomposition. Compared with the number of extremal markets, the size of fragments is further
reduced but still exponential. To make it more efficient, in Section 4.2, we further introduce the
undominated fragments and reduced fragment decompositions, which is unique to each extremal
market decomposition. We show that the size of the reduced fragment decomposition is O(mn?),
where n = |V| and m = |C|, and the welfare outcome of the extremal market decomposition and
its reduced fragment decomposition remain the linear relationship.

4.1 Indifference Fragments and Fragment Decompositions

We first introduce the notion of indifference fragments. Intuitively, an extremal market Fys is
constructed by stitching together “equal-surplus” pieces: On the j-th piece (values in [g}, ¢j+1)),
let T := [gj,qj+1) N S denote the support prices in this piece. Then, the tail F(-) is chosen so that
every support price p € T gives the same seller surplus (p —c;)F(p), and keeps Fy s(-) flat between
consecutive support points in T. Definition 2 then extracts the j-th piece and renormalizes it by
wy,s.j i= Fgs(q;), i.e., the “incoming” tail mass when the extremal market first “reaches” the piece.
Equivalently, fragments are standardized local building blocks, and an extremal market is obtained
by stacking these blocks with weights wgs, ;.

Definition 2 (Indifference Fragments). An indifference fragment, denoted Fy s ;, is a market attained
by restricting an extremal market F s to the interval [g;, g;+1) for some j € [m] scaled down by

a factor wgs j, where wgs ; := F;5(q;) € [0,1]. That is, Fys ; is the market whose mass function
satisfies
fas(0)
. » 4j S0 <¢j41,
Jas.j(©) =1 wgs,j
0, otherwise .

If wgs,; = 0, we set f;5; = 0 (e.g., the empty market).

For readability, we subsequently write fragments instead of indifference fragments. As a san-
ity check, for wqs; > 0, the total mass of the fragment F,g; is equal to Y, f;,s, j(v) =1~
Fgs(qj+1)/Fqs(q;). Since g; and gj4+; are optimal prices for a seller of type c¢; in the extremal
market Fys (Lemma 5), we also have Fys(qj+1) - (qj+1 — ¢j) = Fgs(q;) - (g; — ¢;). With this ob-
servation, the next lemma formalizes the following key property of the fragment: After scaling
by wgs,j = Fgs(q;), the j-th fragment is completely pinned down by the two endpoints g;, g;+1
together with the support set T = [gj,q;+1) N S.
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LEmMA 8. Fix a fragment Fy s ; attained by an extremal market Fys. Let T := [q;,qj+1) N S. Then
the fragment Fy s j depends on (q,S) only through (q;, qj+1, T). Specifically, for everyv € T,
¢ 4i—¢ qG—c¢  4i—¢

— q]_ —
() = ——— _ F (v) = —
f;],S,J( ) 0 — C] U+ _ Cj q,S,]( ) v — cj qj+1 — Cj

>

wherevt =min{v’ € TU {qj41} : 0" > v}

Lemma 8 implies that for any two extremal markets F, s and Fy s, for any index j, if we have
4} = 4j, 4}4, = ¢j+1 and T} = T, then one must have Fy5; = Fys;. In light of the above, we give
a succinct parametrization of fragments as follows.

Remark 1 (Succinct Parametrization of Fragments). For j € [m], £ € [n],r € [n + 1], and any set

T CV N [op,0,) with o, € T, we write Fj ¢, 7 (resp. fj 1) to denote the fragment Fg s ; (resp. its
mass function f; s ; ) satisfying

qj=0v, qj+s1=0, SN[og0,)=T,

whenever such a market exists.!’

From now on, we generally write F;,, 1 as the notation of fragments. Note that although the
succinct parametrization implies that the number of different fragments is much smaller than the
number of extremal markets, there can still be exponentially many different fragments because of
the dependency on the support T. We will handle this problem in Section 4.2. One main reason
why we introduce fragments is that they capture the essence (e.g., the seller / buyer surplus) of an
extremal market, or more generally, of an extremal market decomposition. We express any extremal
market as a weighted sum of fragments in a concrete way (defined in the fragment decompositions
of an extremal market) and further sum up the fragment decompositions of every extremal market,
scaled by its weight in extremal market decomposition, to obtain the fragment decompositions of
an extremal market decomposition. The formal definition is as follows.

Definition 3 (Fragment Decompositions). Fix the family of fragments {F;, 7} (as in Remark 1),
where j € [m],f € [n],re[n+1]and T €V N [0, 0,).
(i) Fragment decomposition of an extremal market. Given an extremal market Fy s, a collection
of nonnegative weights w = (wz’zrj) is called a fragment decomposition of Fy s (denoted Fy 5 — w)
iff

(1) for any quadruple (j,¢,r,T) with j € [m], € [n],r € [n+ 1] and T € V N vy, v;),

s _ Fas(q)), v =qj0r =1, T =S50 1q;qj41) 5
JtrT 0, otherwise .

_ . . . o q.S _ _ _ . qS
Note that when ¢ = r, which implies that q; = g;+1, we have Wi = Fg, =Fq,, = W kT

where v = gji2 and T" =S N [gj+1,qj+2), while T = 0.

.S 5
(2) Fq,S = Zj,{’,r,T W]q',t’,r,T . Fj,f,r,T .
(ii) Fragment decomposition of an extremal market decomposition. Let & = (as) be an
extremal market decomposition. We say w is a fragment decomposition of & (denoted & — w) iff

Zq,s ags - Fgs = Z jerr WitrT " Fiert

_ q.S q.S . . = .
where Wy, = 25 ags - W and Wi, 18 the weight of fragment F;,, 1 in the fragment

decompositions of the extremal market Fs.

10This implies that ¢; < v¢ < v, since ¢; < q; < qj1.
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(iii) Fragment decomposition of an aggregate market. Given the aggregate market F*, we
say w is a fragment decomposition of F* (denoted F* — w) iff there exists an extremal market
decomposition & of the aggregate market F* (i.e., F* — o) such that & — w.

Towards a fragment-based linear program. To see why fragment decompositions are potentially
helpful, let us observe that the seller / buyer surplus induced by an extremal market decomposition
« can be determined from the fragment decomposition w of & — in fact, both quantities are linear
inw.

Consider the seller surplus first. If we charge the seller surplus to the specific fragment Fj ;7
with a non-zero weight w; ., in a particular way: w; ., 1 - g(c;) - (v¢ — c;), where g(c;) is the
probability of cost c;, we can get the same seller surplus as the extremal market decomposition.
This is because in any extremal market where the weight of fragment F;,, 7 is not zero in its
fragment decompositions (note that the fragment does not necessarily come from a single extremal
market), it must be the case that v, is one of the optimal prices for cost c¢;, and seller surplus for
this specific ¢; equals F(v;) - g(c;) - (v — ¢;), where F(v,) is the tail probability of v,. As defined in
Definition 3, w; ¢, 7 is the weighted sum of F(v,) in the extremal markets where the weight of the
fragment F;,, 7 is not 0. Given that, the way we charge the seller surplus of F; 7 is equal to the
seller surplus contribution of ¢; in those extremal markets.

Similarly, the contribution to the social welfare of each fragment F; ¢, r is between (3 <j9(cjy) - (v—c )
(ZveT f;"[’r’T(v) . Wj’[’r,T) and (Zj'Sj g(cjr) - (v - cj/)) . (ZyeT f_}’[,r,T(U) . wj,,e’,,T), the former corre-
sponding to the case where the seller, when the type is c;, favors v, to v, as the price, and the latter
vy to ;. The buyer surplus then can be obtained by taking the difference of the social welfare and
the seller surplus. Therefore, we can get the conclusion below.

LEMMA 9. The seller surplus and (maximum / minimum) buyer surplus induced by an extremal
market decomposition « are linear in its fragment decompositionsw (i.e., @ — w).

The above observations hint at the possibility of optimizing achievable outcomes through an LP
of reduced size, based directly on fragments, rather than extremal markets. The high-level idea is
to have weights in a fragment decomposition w as decision variables, maximize some combination
of the seller surplus and the buyer surplus (both of which can be determined directly from the
fragment decompositions), and enforce the constraint that F* — w, where F* is the aggregate
market. However, there are two outstanding issues with this approach:

o The size of the LP, formulated in a straightforward way, is still exponential, since we need at
least one decision variable for each possible fragment, and the number of possible fragments
is exponential in general.

e It is not immediately clear how to enforce the constraint that F* — w in a linear way (without
explicit modeling an intermediate extremal market decomposition, which would blow up
the size of the LP). One tempting idea is to simply require that 2.;, .7 Wj¢rT - Fiort =
F*. However, it is not too hard to construct examples where doing so relaxes the original
constraint by too much, and optimal solutions to the LP no longer make sense.

Next, we deal with the first issue by introducing undominated fragments. The second issue is
discussed in Section 5.

4.2 Undominated Fragments and Reduced Fragment Decompositions

In this subsection, we focus on the issue of exponentially many fragments. Roughly speaking, our
solution is to group fragments that share the same leftmost and rightmost points together, and
represent each group using an “undominated” fragment.
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Fig. 2. Decomposition Procedure (Example): Fix an aggregate market F* with the value set (v;);e[10] (v11 = o)
and a cost set (c;)je[3]. Part (a) shows that the aggregate market is decomposed into 2 extremal markets
{Fgi.5 tk=1,2 Weighted by ag, s, respectively. For each extremal market Fy, s, , the solid line indicates the
corresponding value is in their support set and g ; stands for the minimum optimal price of the cost c;.
Part (b) shows the fragment decomposition of each extremal market, where Fj,, r is the fragment with
non-zero weight Wij. Here v, = q; j, vr = gij+1 and T = S; N [ovg,0,). Part (c) shows that, specifically, both
Fi, 7.510[v1,07) and Fi, 7.5:N[v1,07) are stochastically dominated by the undominated fragment Fi17, finally,
Part (d) demonstrates the reduced fragment decomposition, where their weights are grouped together.

Definition 4 (Undominated Fragments). We define a fragment F;,, 1 to be an undominated
fragment it T =V N [vy, v,). Thus, given the value set V and the indexes ¢ and r, the support set
T is uniquely determined. We simply denote the undominated fragment by F; .

This immediately implies the following upper bound on the number of possible undominated
fragments and the first-order stochastic dominance between fragments and undominated fragments
that share the same index j, £ and r.

LEMMA 10. There are only O(mn?) possible undominated fragments.

LEMMA 11. Fix j € [m], ¢ € [n] andr € [n+ 1] such thatc; < v, < v,. Let Fj ;.1 be the fragment
with the support set T € V N [vg,0,). Then Fjy, 1 is first-order stochastically dominated by the
undominated fragment F; ¢, (in tail order), i.e., for anyv, Fj ¢, 1(v) < Fj,,(0).

An example of two fragments dominated by a common undominated fragment is shown in
the right part of Figure 2: The horizontal bars denote the supports of the two fragments. As the
figure shows, both fragments are dominated by the tail mass corresponding to the undominated
fragment with the same (j, £, 7). Below we argue that in a fragment decompositions, such fragments
can be grouped together with some additional bookkeeping, such that the “reduced” fragment
decompositions still preserves the essence of an extremal market decomposition.

Definition 5 (Reduced fragment decompositions). We define the reduced fragment decomposition
as follows:

(i) Reduced fragment decompositions of a fragment decomposition. Given a fragment
decompositionw = (wj,, 1), a collection of nonnegative weights x = (xj¢,) je[m].ce[n],re[n+1] With
a collection of nonnegative weights z = (zj¢.i) je[m].c.ic[n],re[n+1]> denoted by the pair (x, z), is
called a reduced fragment decomposition of w (denoted w — (x, z)) iff

X; =Z w; Vi tr; oz ~=Z w; - f; v;), Vit ri,
Jibr TCV[op0,) T s V] Jibrii TCV[op0,) j.er,T fj,l’,r,T( i), Vi

where f},[,r”]‘(l}i) is the mass function at v; of the fragment F er T
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(ii) Reduced fragment decompositions of an extremal market decomposition. Let & = (ay,s)
be an extremal market decomposition (a convex combination of extremal markets). We say (x, z) is
a reduced fragment decomposition of & (denoted @ — (x, z)) iff there exists aw such thatw is a
fragment decomposition of & (i.e. @ — w) and (x, z) is a reduced fragment decomposition of w
(e, w — (x,2)).

Given a reduced fragment decomposition (x, z) defined above, we observe two key properties.
Fixing the index j, £ and r, the sum of (z; ¢, )ic[n] €quals to x; - scaled by the factor (v,—v,) /(v,—c;)
since x; ¢, stands for the tail mass of the undominated fragment F; ;, whereas z;,,; stands for
the point mass in the fragment. Moreover, since any fragment Fj,,7 with T € V N [v,,0,) is
first-order stochastically dominated by the undominated fragment Fj;,, the market constructed
by (zj¢r.i)ic[n] is also dominated by the undominated fragment F;,, scaled by x;,. We call these
two properties together proper domination of fragments.

LEMMA 12 (PROPER DOMINATION). Let (x,z) be a reduced fragment decomposition of w, denoted
w — (x,2), where x = (xj¢r)je[m) te[n]re[n+1] ANd Z = (Zjer.i) je[m], ticn]re[n+1]- Fix j, £ and r
such that c; < vp < v,. Let F]'.’,{’r be the induced market with mass function fjfé,,r(vi) =2Zzjerii € [n].
Then for allv, we have F5, (v) < Fj¢r(0) - Xj¢r, i€, 7, is first-order stochastically dominated by
scaled fragment xj ¢, - Fj,, (in tail order). The total mass also satisfies

2 P
. Zjeri = *Xjer -
ie[n] o —c; 7

Observe that all fragments dominated by the same undominated fragment contribute the same
amount to the seller surplus. So, we can merge the contribution of all fragments dominated by the
same undominated fragment, and determine the total contribution using the primary component x
of the reduced fragment decomposition. Moreover, the maximum / minimum social welfare can
be determined in a similar way. Instead of counting the contribution of each fragment separately,
we count the total contribution of all fragments dominated by the same undominated fragment at
once, using the secondary component z of a reduced fragment decomposition. Therefore, when we
charge the seller surplus and the buyer surplus in a concrete way, which is linear to (x, z), we can
preserve the welfare outcome induced by the extremal market decomposition «.

ProrosiTioN 1. The seller surplus and (maximum/ minimum) buyer surplus induced by an extremal
market decomposition « are linear in its reduced fragment decomposition (x, z) (i.e., & — (x,z)).

Chains of decompositions. Slightly abusing notation, we denote a chain of decompositions by
F* - a — w — (x, z). We also write sub-chains of the above, which means there exist intermediate
objects such that the complete chain of decompositions is legitimate.

5 Feasibility of Decomposition by Flow Conservation

Now we only need to handle the final issue: enforcing F* — (x, z) by linear constraints. In fact,
we will show how to accomplish a slightly weaker goal, which is still sufficient for our purposes:
enforcing that there is a way to segment the aggregate market F* (not necessarily an extremal market
decomposition) such that the seller / buyer surplus is the same as what is induced by (x, z). We
show that this can be done by setting up a discounted flow network over undominated fragments
(x, z) satisfying proper domination, and enforcing flow conservation. In this section, we first give
all constraints of the discounted flow network and introduce the flow variables y. We show if the
aggregate market can be decomposed into the reduced fragment decompositions, i.e., F* — (x, z),
then there exists flow variables y such that (x,y, z) satifies the flow conservation (Section 5.1).
We next show the sufficiency of these constraints: If a triple (x,y, z) satisfies all constraints of
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the discounted flow network, then it is feasible (i.e., we can find a market segmentation of the
aggregate market F* such that it induces the same seller surplus and the maximum/minimum buyer
surplus as (x, z)). We prove the existence by designing an algorithm to construct a specific market
segmentation (Section 5.2).

After this, we can close the loop to get our main result of the paper: The discounted flow network
formulation precisely characterizes all achievable outcomes through market segmentation.

THEOREM 4. Fix an aggregate market F*. The following two claims are equivalent:
e There is a way to segment F* such that the overall seller surplus is SS and the overall buyer
surplus is BS.
o There exists (x,y, z) satisfying the exact composition, flow conservation, and proper domination,
whose induced seller surplus is SS, whose induced minimum buyer surplus is at most BS, and
whose induced maximum buyer surplus is at least BS.

Proor skeTcH. For simplicity, suppose that we want to maximize the buyer surplus through
market segmentation. Suppose that the maximum buyer surplus possible is B*. The full generality
of extremal markets implies that there is an extremal market decomposition & whose induced
maximum buyer surplus is B*, which can further be turned into (x,y,z) satisfying the exact
composition and flow conservation. As a result, there exists (x, y, z) whose induced maximum buyer
surplus is B*. Conversely, take any (x*, y*, z*) satisfying exact composition, flow conservation, and
proper domination, whose induced buyer surplus is B** > B*. There is a procedure that transforms
(x*,y*, z") into a way to segment F*, whose induced buyer surplus is B**, which cannot be larger
than the maximum buyer surplus B* achievable through segmentation. As a result, B* = B**. O

We have proved the equivalence of the discounted flow network (x, y, z) constrained by proper
domination and flow conservation and market segmentation in terms of seller surplus and buyer
surplus, and there are O(mn?) undominated fragments. Therefore, we have an LP of polynomial
size which captures all achievable welfare outcomes. This implies a polynomial-time algorithm.

COROLLARY 2. Given the aggregate market F*, there exists a polynomial-time algorithm to optimize
the achievable seller/buyer surplus.

5.1 Discounted Flow Network

Connectivity and discount factors. So far, we have been discussing how an extremal market
decomposition can be broken into pieces to form a (reduced) fragment decompositions. From now
on, we will turn to the other direction, i.e., how to recover an extremal market decomposition
(or more accurately, something similar) by sticking fragments back into extremal markets. Below
we will focus on undominated fragments, but essentially all the claims generalize to arbitrary
fragments.

First, observe that two undominated fragments (jy, £1, r1) and (ja, £, r2), where without loss of
generality j; < j,, can possibly come from consecutive pieces in a single extremal market iff j; +1 =
Jj2 and ry = £,. When this happens, we say (ji, £1, 1) connects to (ja, £2, r2), denoted by (jy, £1,r1) =
(J2, £2, 72). Repeatedly applying this property, m undominated fragments (ji, &1, 71), - - -, (ms fms 'm)
can be combined into an extremal market iff (ji, £1,71) = (jo, 2, 72) = ... = (s b 'm)-

The next natural question is regarding the proportion of probability we need to put into each
fragment when combining them into a single extremal market. Given all m fragments that each
connect to the next one, it is easy to determine the proportion of probability in each fragment:
consider the extremal market defined by q = (#1, %, ..., fn) and the entire V as the support. In
order to produce « - Fyy, clearly we need a - Fyy(£;) units of Fi, ¢, @ - Fy v (£;) units of Fig, .,
etc. The real question is: can we determine the relative proportions of two consecutive fragments
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Fig. 3. Feasible Discounted Flow Network (Example): Fix the same aggregate market F* as in Figure 2. Part
(a) demonstrates in a feasible discounted flow network, how the fragments F;,,, where ¢ € [n],r € [n + 1],
connect and how the probability "flows" from one fragment to another discounted by the discount factor.
In Part (b), each fragment’s total mass is further decomposed into the variables (zj.i)ic[n] (only non-zero
variables are displayed) and it satisfies the exact composition: 3’ ; ;. zjrri = f*(2;). Part (c) shows how the
market segmentation is constructed by the flow network (Algorithm 2). Note that F; and F, are not necessary
to be extremal markets.

locally, without knowing the other ingredients of the extremal market to be formed? The answer
turns out to be positive: the ratio between the probabilities in two consecutive fragments (j, £, k)
and (j + 1,k,r) is always the same in all extremal markets that contain both fragments.

LEMMA 13. Let Fys be an extremal market, andw be a fragment decomposition of Fy s (i.e., Fgs — w).
Consider two consecutive fragments Fj k1, and Fjiikr1,,, Where v, = qj, vk = qjs1, 0 = Qa2

T; =SN1[qj,qj+1) and Tjx1 = SN [qj+1,9j+2). Then whs Jw?

S .
ko Ty Wik T depends only on j, £, and k.

Remark 2. We define the ratio between two consecutive fragments in the fragment decompositions
of any extremal market Fy s as discount factor, denoted

wq’s
j+Lkr T U —Cj

djck = = ,
st Wq,S Uk —¢j
J.bk.T;
where w?® _ and w®® are both positive
Jit.k,T; J+LEr. T :

Discounted flow networks. Now we are ready to define discounted flow networks, which capture
how probabilities on different fragments in a (reduced) fragment decompositions can be combined
into a way to segment the aggregate market, and define the surplus induced by the discounted flow
networks.

As illustrated in Figure 3, there are edges from one undominated fragment (j, £, k) to another
(j + 1,k, r) iff the former fragment connects to the latter. Moreover, there is a discount factor d i ek
associated with each edge. On each edge, we further set up a variable y; 1 ,, corresponding to
the probability “flowing” from F ek to F 'i+1k,r» Which is “discounted” in the process (see further
explanation below). Given the aggregate market F*, we translate the constraint that F* — (x, z)
into the following families of linear constraints:
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e Exact composition of aggregate market: for each i € [n], f(v:) = X,/ Zjer.i-
e Outgoing flow conservation: for each undominated fragment F;,, with k < n, xj, =
2rY jbk,r B
e Incoming flow conservation: for each undominated fragment Fj,1k,, Xjs1kr = 2 Yjokr *
dj,l’,k- _
e Proper domination of fragments: for each undominated fragment Fj;,, X, y<p, Zjori <
Fj,,e,r(v) - xj¢r for all v. The total mass satisfies 3¢, 2j.e.ri = (0r —00)/(0r = ¢j) - Xj 0
If we get a reduced fragment decomposition (x, z) of F*, then the proper domination is already
satisfied (Lemma 12) and we can always find the corresponding flow variable y.

LEMMA 14. Given the aggregate market F*, if F* — (x, z), then there exists y such that (x,y, z)
satisfies exact composition and flow conservation.

Definition 6. Fix a reduced fragment decompositions (x, z), where x = (xj¢,)je[m],e.re[n] and
zZ = (2Zjeri)je[m)tric[n]- We define the seller surplus induced by (x, z), denoted SS ((x, z)),

SS((x2) =, 9(e)) - (=) Xjer (1)

the maximum (resp. minimum) social welfare induced by (x, z), denoted SWp.x ((x, 2)) (resp.
SWhin ((x,2))),

Maximum social welfare: SW.x ((x,2)) = ijr Zj’<j Zie[m) g(cjr) - (vi—cj) - zjeri
Minimum social welfare: SWpi, ((x,2)) = ijr Zj'<j Zie[”) g(cjr) - (vi—cj) - zjeri-

Moreover, the maximum buyer surplus induced by (x, z) is BSmax ((x,2)) = SWmax ((x,2)) —
SS ((x, z)) and the minimum buyer surplus induced by (x, ) is BSyin ((x,2)) = SWpin ((x,2)) —
SS ((x, z)).

5.2 Market Segmentation from Reduced Fragment Decompositions

We claim that any (x, z) can be turned into a segmentation of the aggregate market F* (which is
similar to an extremal market decomposition, as explained below), if there exist a flow y, such
that (x, y, z) satisfies the constraints of the discounted flow network. We prove the existence by
constructiion: The core idea is to repeatedly find augmenting paths and turns each path into a
weighted market that is “essentially extremal”. The procedure is described in Algorithm 2.

To see why the procedure works, we first observe that the the triple (x, y, z) satisfies all constraints
(exact composition, flow conservation, and proper domination) throughout the execution of the
above procedure.

Lemma 15. Let (x(V,y™M), 2D be the input reduced fragment decomposition to Algorithm 2.
For each outer iteration t executed by the algorithm, let (x(”l),y(”l),z(”l)) denote the tensors
obtained from (x(’), y®), z(t)) after applying the updates in Lines 23-25. Then, for every such t, the
triple (x(**, y(*+1 2+ satisfies the constraints (outgoing/incoming flow conservation, fragment
composition, and proper domination) as long as (x(t), y®, z(t)) satisfies the same constraints.

Since flow conservation remains valid throughout the execution of the above procedure, as long
as x # 0, there exists a complete path (assuming in iteration t) from the leftmost layer of the flow
network to some fragment to the right where ;) =n+1(j () is the final value of j in iteration
t), which implies Vi, = qje1 = where all the weights of undominated fragments (x; )

flowing through and the flow variables (y; ¢k ,) involved are strictly positive. This means we must
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ALGORITHM 2: SEGMENTMARKETBYREDUCEDFRAGMENTDECOMPOSITION((x, ¥, 2))

Input: Reduced Fragment Decomposition (x, y, z)
Initialize: A market segmentation of ¥ = {(otm,F((il> )}, of the aggregate market F*.
1: Fe—0,t«0.
2: while x # 0 do
te—t+1
4 /* Within each outer iteration t, we omit the superscript (t) on i; and p; for readability. */
5: Choose any (i1, iz) such that xy;, i, > 0, let p; « x14,,i,.
6 je1
7.
8
9

while ij+1 <ndo
/% When iji1 =n+1, then gjiy1 =vp4y =00 */

: Choose any ij; such that yji;i;,;,i;,, > 0.
10: if yj’ijvij+1’ij+2 <pj then
11: for j' =1tojdo
12: Pyt < P Yidpiperipee /i
13: end for
14: end if
15: P+ (_pj'dj’ij,ij+l‘ /* dj’ij’ij_'_l is the discount factor we defined in Remark 2. */
16: je—j+1.

17:  end while
18: j(’) «— j. /% j®) is the final value of j in iteration ¢, so that ij,...
=o00. */

sLj(r)4q are chosen and

0;
i)

Zjijijy1.iPj

19: Create a new market Fy, where for each i € [n], fz(v;) = Zje[j(t)] ./* Since the flow variable

Xjijiijn
y >0, the incoming flow conservation (proved in Lemma 15) implies x >0 as well. */
20:  a® <—p1(t); F;” — Fg/a®).
2. F e FU{(@? F))
22:  forj=1toj® do

23: Xjijijer € Xjijije ~ Pj

. e st
24 if j # j*) then Yjijijevijee < Yiijijenijee — Pj-
25: fori=ijtoiji; —1do

3

26: Zjijipnd < Zipijeni — @ 'ﬁ; ' (09).
27: end for
28: end for
29: end while
30: return F

be able to find an augmenting path. Therefore, when the procedure ends, all the weights of the
reduced fragment x; ;- and flow variables y; ,x » become zero.

CoOROLLARY 3. Algorithm 2 stops iff the remaining x = 0.

Also, observe that the new market F; constructed in each iteration of the above procedure
satisfies: ¢(Fy) = (vi,, iy - - - Vi (1> 0% 00), and in fact, for each j € [j¥], {vi;, 015, ) € Qj(Fa) C
[vi;,vi;,,]. This implies that the seller surplus and the maximum/minimum buyer surplus in the
new market F;, weighted by «, is precisely the change in the seller / buyer surplus induced by
(x,z). Summing over all iterations, we see that the above procedure turns (x, y, z) into a way to
segment the aggregate market F* while preserving the seller / buyer surplus.

LEMMA 16. Given the aggregate market F*, if (x,y, z) satisfies the exact composition, flow conser-
vation, and proper domination constraints (depicted as the discounted flow network), then there exists
a way to segment F* (as Algorithm 2), which induces the same seller surplus and maximum/minimum
buyer surplus as (x, z).



Submission 27 19

References

Reza Alijani, Siddhartha Banerjee, Kamesh Munagala, and Kangning Wang. 2022. The limits of an information intermediary
in auction design. In Proceedings of the 23rd ACM Conference on Economics and Computation. 849-868.

Itai Arieli, Yakov Babichenko, Omer Madmon, and Moshe Tennenholtz. 2025. Robust price discrimination. Games and
Economic Behavior (2025).

Yakov Babichenko and Siddharth Barman. 2017. Algorithmic aspects of private Bayesian persuasion. In 8th Innovations in
Theoretical Computer Science Conference (ITCS 2017). Schloss Dagstuhl-Leibniz-Zentrum fiir Informatik, 34-1.

Yakov Babichenko, Inbal Talgam-Cohen, Haifeng Xu, and Konstantin Zabarnyi. 2022. Multi-Channel Bayesian Persuasion.
In 13th Innovations in Theoretical Computer Science Conference (ITCS 2022). Schloss Dagstuhl-Leibniz-Zentrum fiir
Informatik, 11-1.

Siddhartha Banerjee, Kamesh Munagala, Yiheng Shen, and Kangning Wang. 2024. Fair price discrimination. In Proceedings
of the 2024 Annual ACM-SIAM Symposium on Discrete Algorithms (SODA). SIAM, 2679-2703.

Dirk Bergemann, Benjamin Brooks, and Stephen Morris. 2015. The limits of price discrimination. American Economic Review
105, 3 (2015), 921-957.

Dirk Bergemann, Paul Duetting, Renato Paes Leme, and Song Zuo. 2022. Calibrated click-through auctions. In Proceedings
of the ACM Web Conference 2022. 47-57.

Dirk Bergemann, Tibor Heumann, and Michael Wang. 2024. A Unified Approach to Second and Third Degree Price
Discrimination. In Proceedings of the 25th ACM Conference on Economics and Computation. 1188-1188.

Dirk Bergemann and Stephen Morris. 2019. Information design: A unified perspective. Journal of Economic Literature 57, 1
(2019), 44-95.

Yang Cai, Federico Echenique, Hu Fu, Katrina Ligett, Adam Wierman, and Juba Ziani. 2020. Third-party data providers ruin
simple mechanisms. Proceedings of the ACM on Measurement and Analysis of Computing Systems 4, 1 (2020), 1-31.

Matteo Castiglioni, Andrea Celli, and Nicola Gatti. 2023. Public bayesian persuasion: being almost optimal and almost
persuasive. Algorithmica 85, 9 (2023), 2885-2921.

Rachel Cummings, Nikhil R Devanur, Zhiyi Huang, and Xiangning Wang. 2020. Algorithmic price discrimination. In
Proceedings of the Fourteenth Annual ACM-SIAM Symposium on Discrete Algorithms. SIAM, 2432-2451.

Shaddin Dughmi and Haifeng Xu. 2016. Algorithmic bayesian persuasion. In Proceedings of the forty-eighth annual ACM
symposium on Theory of Computing. 412-425.

Alireza Fallah, Michael I Jordan, Ali Makhdoumi, and Azarakhsh Malekian. 2024. The limits of price discrimination under
privacy constraints. arXiv preprint arXiv:2402.08223 (2024).

Yiding Feng, Chien-Ju Ho, and Wei Tang. 2024. Rationality-robust information design: Bayesian persuasion under quantal
response. In Proceedings of the 2024 Annual ACM-SIAM Symposium on Discrete Algorithms (SODA). SIAM, 501-546.
Kaito Fujii and Shinsaku Sakaue. 2022. Algorithmic Bayesian persuasion with combinatorial actions. In Proceedings of the

AAAI Conference on Artificial Intelligence, Vol. 36. 5016-5024.

Nima Haghpanah and Ron Siegel. 2022. The limits of multiproduct price discrimination. American Economic Review: Insights
4, 4 (2022), 443-458.

Nika Haghtalab, Mingda Qiao, and Kunhe Yang. 2025. Leakage-Robust Bayesian Persuasion. In Proceedings of the 26th ACM
Conference on Economics and Computation. 1018-1018.

Nathan Kallus and Angela Zhou. 2021. Fairness, welfare, and equity in personalized pricing. In Proceedings of the 2021 ACM
conference on fairness, accountability, and transparency. 296-314.

Emir Kamenica. 2019. Bayesian persuasion and information design. Annual Review of Economics 11, 1 (2019), 249-272.

Emir Kamenica and Matthew Gentzkow. 2011. Bayesian persuasion. American Economic Review 101, 6 (2011), 2590-2615.

Shao-Heng Ko and Kamesh Munagala. 2024. Optimal price discrimination for randomized mechanisms. ACM Transactions
on Economics and Computation 12, 2 (2024), 1-37.

Tao Lin and Yiling Chen. 2025. Generalized Principal-Agent Problem with a Learning Agent. In International Conference on
Learning Representations. https://openreview.net/forum?id=LqTz13JS2P

Jieming Mao, Renato Paes Leme, and Kangning Wang. 2022. Interactive Communication in Bilateral Trade. In 13th Innovations
in Theoretical Computer Science Conference (ITCS 2022). Schloss Dagstuhl-Leibniz-Zentrum fiir Informatik, 105-1.

Kamesh Munagala, Yiheng Shen, and Renzhe Xu. 2024. The Limits of Interval-Regulated Price Discrimination. arXiv preprint
arXiv:2406.06023 (2024).

Weiran Shen, Pingzhong Tang, and Yulong Zeng. 2018. A closed-form characterization of buyer signaling schemes in
monopoly pricing. In Proceedings of the 17th International Conference on Autonomous Agents and MultiAgent Systems.
1531-1539.

Philipp Strack and Kai Hao Yang. 2025. Non-Discriminatory Personalized Pricing. arXiv preprint arXiv:2506.20925 (2025).

Kunhe Yang and Hanrui Zhang. 2024. Computational aspects of bayesian persuasion under approximate best response.
Advances in Neural Information Processing Systems 37 (2024), 134430-134458.


https://openreview.net/forum?id=LqTz13JS2P

Submission 27 20

A Missing Proofs in Section 2

Proor oF LEmMA 3. Given the market F and the cost c;, we denote the largest element in the
optimal price set by r; (r; = max Q;(F)) and the smallest element in the optimal price set by /;
(I = min Q;(F)). Given r; and I, which are the optimal price of c¢; and c;,; separately, we have

F(rj) - (rj = cjs1) < F(lj+1) - (Liv1 — cj1) (2
and
F(rj) - (rj—c¢;) 2 F(Lis1) - (L1 — ¢j) - 3)
We can further derive that
Cj+1° (F(lj+1) - F(rj)) < lj+1 : F(lj+l) —rj: F(rj) <cj- (F(lj+1) - F(rj)) .
Since ¢; < cj41, then F(lj11) — F(r;) < 0. Let us discuss the potential value of F(l;4;) and F(r;) in
these two cases.

o If F(lj+1) = F(rj), the assumption max,(v — c;) - F(v) > 0 indicates that F(r;) > 0, then
F(lj+1) > 0 as well. Combining with Equation (2) and Equation (3), we can derive lj,; =7,
then

max Q;(F) = min Qj; (F) ;
o if F(lj;1) — F(rj) <0, we have r; < [j,, then

max Q;(F) < minQ;4(F) .

Therefore, we have proved the monotonicity of Q;(F). O

ProoF oF LEMMA 4. Given a fixed & € [0, 1], Qj(aF) = argmax, (v — ¢;) - aF(v) = argmax, (v —
¢j) - F(v) = Q;(F). We conclude the lemma. O

B Missing Proofs in Section 3

Proor oF LEMMA 5. We separate our proof based on whether q; = co or q; # co.

When g; = oo, it satisfies v; ¢ S,Vv; € {v € V : v > ¢;}. Therefore, we have F(v) = 0 for all
v € {v eV :v>c;}, we could derive that the maximum seller surplus of c; is 0. Therefore, the
optimal price set is Q;(Fys) = {v € V : Fys(v) = 0} and the optimal price g;(F) = q; = oo.

When g; # oo, if we prove for any s € [g},q;+1] N S,

Fas(s) - (s—cj) =Fgs(vi) - (vi —¢j), v€[qjq+1] NS,
Fus(s) - (s —¢j) > Fgs(v;) - (v; —¢j), v ¢€l[gj,qj+1]1 NS,

then we prove the optimal set Q;(Fys) = [}, ¢j+1] NS and the minimum optimal price q;(Fgs) = q;.
The first equality can be easily observed from the definition of the extremal market. For the
inequality, fix j € [m]. For any v ¢ [q;, q;j+1] N S we discuss three cases:
e if v € [gj,qj+1]. Since v ¢ [gj,qj+1] NS, v ¢ S. Therefore, Fy5(v) = Fgs(v"), where
ot =min{v’ € S: v’ > v}, therefore,

Fes(0) - (v =¢j) = Fas(0") - (0= ¢j) < Fas(0™) - (0" —¢) ;

e if v > s: we assume v € S without loss.!! We would like to prove for all k € [j + 1 : m], it has
Fgs(s) - (s —cj) > Fys(v) - (v = ¢j),Yo € (qk, Gk+1] N S (recall that gp,4q = c0). We prove it
by induction:

HIf y ¢ S, either Fgs(v) = 0 or we could always find a v;4x € S such that Fgs(v) = Fgs(v*) # 0, in which case
Fys(v) - (v=c¢;) < Fgs(v") - (0" = ¢;).
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(1) Given k = j + 1 and v € (gj4+1,qj+2] N S, such equality Fys(qj+1) - (gj+1 — ¢js1) = Fgs(0) -
(v = ¢j4+1) holds.
Since v > gj+1 > ¢j41 > ¢j > 0 and the function h(c) = (v —¢)/(gj+1 — ¢) is increasing in ¢

. 0—=Cj 0—Cj .
with ¢ < gj41, then —2"— > ——_ We can derive that
qj+1=Cj+1 qj+1—Cj

Fq,S(CIjH) : (Qj+1 - Cj) > Fq,S(U) (v - Cj) .
Thus, given s € [g;,gj+1] NS, we can prove that
Fgs(s) - (s—cj) > Fgs(v) - (v —cj) .
(2) Suppose given k > j + 1, it has Fgs(s) - (s —c¢j) > Fgs(0) - (v —¢;), Yo € (gk, qk+1] N S, we
prove it also holds for k + 1. Given v € (qk+1, Gk+2] N S, we have
Fq,S(QkH) (1 = k1) = Fq,S(U) (0 = Ck41) -

F—Ck+1

- r—c;
> 1and cg4q > ¢j > 0, we have ——£L > J_ Then
Qk+1~Ck+1

Qk+1—Ck+1 qk+1—Cj

Similarly, since

Fus5(qr+1) - (qrs1 —¢j) > Fgs(0) - (0 —¢;) .
Since we know
Fq,S(s) “(s— cj) > Fq,S(qu) : (Qk+1 - cj) , Vse [CIj,q_j+1] ns.
Thus, given s € [g},gj+1] NS, we can prove that
Fgs(s) - (s—cj) > Fgs(v) - (v —cj) .
Thus, we can prove that for the inequality holds for all s € [g;,¢j+1] N S,v € [g},qj+1] NS
and o > s;
e ifv < s:weassumeo > ¢jandov € S without loss.!! We would like to prove forall k € [1, j—1],

it has Fys(s) - (s —¢;) > Fgs(0) - (v —cj), Vs € [g},qj+1] N S,v € [qk, Gk+1) N S. We prove it

by backward induction:
(1) Given k = j — 1, for every v € [gj-1,9;) NS we have

Fgs(qj) - (q; —cj-1) = Fgs(0) - (0 —cj-1),

. . . 0—Cj1 ) ) v—Cj_1 v—cj
based on the first identity. Since 0 < o= < land0 < cj_; < ¢j, we have eyt
Then

Fas(q;) - (qj —¢j) > Fgs(v) - (v —¢;) . (4)

Thus, given s € [g},gj+1] NS, we can prove that
Fus(s) - (s—c¢j) > Fas(v) - (r — ;) .
(2) Suppose given k, it has Fys(s) - (s — ¢j) > Fgs(v) - (v —¢;), Yo € [qk, qk+1) N S, We prove
it also holds for k — 1. Given v € [gx-1,qx) N S, we have
Fgs(qr) - (qr — ck-1) = Fgs(v) - (v = ck-1)

imilarly, sin < Z&1 < 1and0<crq <c; have 2=%=1 5 2=% Then
S arly, since 0 P and 0 < ¢p_g ¢j, we have o — = R e

Fas(qi) - (qk —¢j) > Fas(v) - (v —¢;) .
We have the assumption that
Fas(s) - (s —¢j) > Fas(qi) - (qx —¢j). Vs € [g). 411 NS.
Thus, given s € [g;,gj+1] NS, we can prove that
Fgs(s) - (s—cj) > Fgs(qr) - (g — ¢j) > Fgs(v) - (v —¢cj) .
Therefore, we conclude that the inequality holds for all v ¢ [g;,gj+1] N Sand v <.
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In summary, when g; # oo, both the equality and inequality hold. Therefore, the optimal price set
Q;(Fgs) = [gj,q;+1]1 NS and the minimum optimal price q;(Fys) = q;. O

ProoF oF LEMMA 6. In the algorithm we assign q; = ¢;(F) and recall that Lemma 5 proves
qj(Fgs) = g;, so these three notation stands for the same value. We denote them as g; in the
remaining proof to simplify the notation. We discuss c; in different cases and in each case we prove

Qj(F) € Qj(ags - Fgs) and Q;(F) € Qj(F — ays - Fys) separately.

Suppose max,(v — c;) - F(v) = 0. The optimal price set of c; in the market

Qj(F)={veV:(v—-c;) F(v) =0}.

For any v > cj, since F(v) = 0, then v is not in the support set of F; thus, v ¢ S. Then for any
v > cj, it has Fgs(v) = 0. We can get the optimal set of ¢; in the extremal market

Qj(Fgs) ={v €V :(v—cj) Fgs(v) =0} .

We just need to prove if F(v) = 0, then Fgs(v) = 0. When F(v) = 0, it implies for any " > o,
F(v") = 0 also holds; thus, F; s(v) = 0 also holds. Therefore, for every v € Q;(F), we can derive
v € Qj(Fys), which proves Q;(F) C Q;(Fys).

Since for every v > ¢, 0 < (v —c;) - (F(v) — atgs - Fg5(0)) < (v —c¢;) - F(v), max,(v—c;) - (F(v) =
tgs - Fqs(v)) = 0 also holds. Therefore,

Qj(F—oags-Fgs) ={veV:(v—-cj)- (F(U) —ags ~Fq,5(v)) =0}.
If F(v) =0, then Fys(v) =0, and thus F(v) — ags - Fg,s(v) = 0. Therefore, for every v € Q;(F), we
have F(v;) — ags - Fgs(v;) = 0. We can derive that Q;(F) € Q;(F — ags - Fgs).

Suppose max, (v —c;) - F(v) > 0. Part 1: we prove Q;(F) C Q;(ags - Fys). Since max, (v — c;) -
F(v) # 0, we have g; € S. Due to the monotonicity of Q;(F), we have max Q;(F) < min Q4 (F) <
gj+1 (considering g;4; is either min Q.1 (F) or oo). Therefore, Q;(F) C [q;, ¢j+1]. For any value
ve{v €V :v €q,qj].0 ¢S}, F(v) = F(v*), where 0¥ = min{o’ € S : v’ > v}.'? The seller
surplus of ¢; when setting price as v is (v — ¢;) - F(v) = (v —¢;) - F(0*) < (v* —¢;) - F(v"), which
shows v is not the optimal price of c;. Therefore, if the value v € {v" € V : v’ € [g,q;+1],0" ¢ S},
which is not in the support set S, v; ¢ Q;(F) as well. Therefore, Q;(F) C [q;, qj+1]1 NS = Q;(Fys).
We conclude that Q;(F) € Q;(Fys).

Part 2: we prove Q;(F) C Q;(F — ays - Fys)-
Recall that g; € Q;(F) when the optimal seller revenue is not 0, for any s € S, if s € Q;(F),
F(gj)(qj = ¢j) = F(s)(s = ¢j),
if' s ¢ Q;(F)
F(gj)(gj —cj) > F(s)(s —¢)) .

Since q; € Q;(F), we also know that given ags € [0,1],forall s € Q;(ay,s-Fys), it has Fgs(q;)(q;—
¢;j) = Fys(s)(s — cj). Thus, we can derive that if s € Q;(ags - Fys)

(F(qj) —ags - Fgs(q;))(q; —¢j) 2 (F(s) — ags - Fgs(s))(s —cj) , (5)

where the equality holds if and only if s € Q;(F).
We discuss different cases of « in the while loop.

121f »* does not exist, then F(v) = 0.
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e Case 1: @ = 0frunout < Ushift- Then all the minimum optimal prices g;, where j € [m], remain
them same. Thus, q(F — ags - Fgs) = q(F). This indicates that q;(F) € Q;(F — ags - Fgs)
since we have proved that for all s € Q;(F)

(F(q)) — aqs - Fqs(q;))(q = ¢j) = (F(s) = ags - Fgs(s))(s —¢)),

we conclude that s € Q;(F — ays - Fys), Vs € Q;(F). Thus, Q;(F) € Q;(F — ags * Fys).

e Case 2: @ = shift < Qrunout. This indicates that some minimum optimal price(s) q;, where
Jj € [n] have been shifted.
We prove it by contradiction. Assume that for a specific cost ¢j, Q;(F) € Q;(F — ags - Fys)
and max, (v — ¢;)F(v) > 0. Equation (5) shows that if there exists an element s € Q;(F) and
s ¢ Qj(F-ags-Fys),all elements s € Q;(F) satisfies s ¢ Q;(F—ags - Fys). This indicates that
there exists a s* such that s € Q;(F — ay,s - Fygs) and (F(s) — ags - Fgs(s)) (s —¢;) < (F(s*) -
ag,s - Fgs(s*))(s* —c;) Vs € Q;(F). This further implies s* € S and F(s*) — ag,s - Fg,5(s*) > 0.
We discuss the possible s* by considering different cases:
- Suppose s* € [g},g;+1] N S. From Equation (5), we know that Vs € Q;(ays - Fgs)

(F(gj) — ags - Fqs(qj))(qj — cj) 2 (F(s) — ags - Fgs(s))(s = ¢;),
and Q;(ags - Fqs) = [q),gj+1] N S, therefore, it is impossible that s* € [g;,q;+1] N S.

- Suppose s* € (gj+1, +0) N S. We would like to prove for all k € [j + 1, m] it has (F(q;) -
ags - Fqs(qi))(q; —cj) > (F(s) — ags - Fgs(s))(s — ¢;),Vs € (qk,qk+1] N S, therefore,
s* & (gj+1, +00) N S. We prove it by induction.

(1) Given's € (gj+1,qj+2] NS € Qju1(ags - Fgs) and F(s) — ags - Fgs(s) > 0,'* according to
Equation (5),

(F(qj+1) - qu,SFq,s(q]'+1))(q]’+1 - cj+1) > (F(s) - qu,SFq,S(S))(S - Cj+1) >
and

(F(q;) — ags - Fq5(q;))(q; —¢;) = (F(qj41) — ags - Fgs(qj+1))(gj+1 —¢j) -

i _ . e . ) STOn o STC
Since s — ¢j41 > gj41 — ¢j+1 > 0 and cjiq > ¢j > 0, we observe that T~ Do
F(qj+1) — ags - Fqs(qj+1) S _STCw S s—cj

F(s) —ags -Fgs(s)  — qjs1—c¢je1 qjr1—¢j

Then we can derive that for all s € (gj+1,qj+2] NS
(F(qj) — aqs - Fgs(q;))(q; — ¢j) = (F(qj+1) — ags - Fgs(qj+1))(gj+1 — ¢j)
> (F(s) —ags - Fgs(s)(s —¢j) .
(2) Suppose given k, it has (F(q;)—ags Fqs(q;))(gj—c;) > (F(s)—aqs-Fgs(s))(s—c;), Vs €

(qk> qk+1] N S, we prove it also holds for k + 1.
Given s € (qk+1, k+2]1 NS C Qpr1(ctgs - Fgs) and F(s) — ags - Fgs(s) > 0, then we have

(6)

(F(qi+1) — ags - Fqs(qre1)) (qrer — crs1) 2 (F(s) — ags - Fgs(s))(s = cky1) -

S—Ck+1 S—¢j 0
Qk+1—Ck+1 qk+1—Cj

Similarly, since s — cx41 > k41 — Ck+1 and cg41 > cj, we have
Then

(F(qr+1) — g5 - Fgs(qis1)) (i1 — ¢j) > (F(s) — ags - Fos(s))(s —¢;) .

3We are only interested in s* that satisfies F(s*) — ags - Fqs(s*) > 0.
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Therefore,

(F(q;) — ags - Fgs(q;))(q; —¢;) > (F(qj+2) — ags - Fq.5(qj42))(qj42 — ¢;)
> (F(s) — ags - Fgs(s))(s —¢j) .
For all s € (g, +00) N S, we have
(F(qj) — ags - Fgs(q;))(q; —¢j) > (F(s) — ags - Fgs(s)) (s —cj) .
That implies we could not find s* > g;4; such that (F(q;) — ags - Fss(s))(q; —¢;) <
(F(s*) = ags - Fgs(s)(s" = ¢)).
- Suppose s* < q;. We assume s* > c¢; without loss, then
Fas(s)(s — ¢j) < Fgs(q;)(qj —¢j), Vs € (cjq;) N S.

Given s € (cj,gqj) N S, we define a function

(@) = (F(q;) — ags - Fgs(qj))(qj —¢j)
I (F(s) = tgs - Fgs () (s — ¢)

We also assume that F(s) —ag s-Fgs(s) > 0,". Since Fys(s) > Fy5(q;) > 0 the monotonicity
of thg functionFcan be discussed in different cases for different s:
s If 2500 < F((qu)) , g(a) is non-decreasing when « increases continuously from 0. There-

Fq,S(s)
fore, g(a) > %ﬁ’;;ﬁ)j) > 1. This shows for any a, (F(q;) — ags - F4s(q;))(q; —¢j) >

(F(s*) — ags - Fgs(s))(s — c;) holds.
Fgs(q;)) F(q;)

*IFse > T

increase a continuously from 0 till we find oy s satisfying

(F(q;) — ags - Fgs(q;))(q; — ¢j) = (F(s) — ags - Fgs(s))(s —¢j) ,
for some s € (c;,q;) N'S. When this occurs, it triggers the 2(b) since g;(F — a* - Fys)
changes to s and « stops increasing. Therefore, it still satisfies for all s € (cj,q;) NS
(F(qj) — ags - Fqs(g;))(qj — ¢j) 2 (F(s) — ags - Fgs(s))(s —¢j) .
Thus, we could not find a s* € (cj,q;) N S such that (F(s) — ags - Fgs(s))(s —¢j) <
(F(s*) = ags - Fgs(s*))(s* = c;) for any s € Q;(F).
Since we can not find s* € S satisfying the condition we give, that indicates that Q;(F) C

Qj(F —ags - Fys).
Combining Q;(F) € Qj(ags - Fgs) and Q;(F) € Q;(F — ays - Fys), we complete the proof. O

g(«) is monotonically decreasing from %ﬁ’;ﬁf) > 1. When we

ProoF oF LEMMA 7. There are two conditions that could trigger a4 s stopping increasing. We
analyze the number of iteration for those two cases of a separately:
o if @ = Arunout < Ashife: Probability runs out at some v: g5 - fg.5(v) = f(v) for some v € V, it
could happen at most n = V| times;
o if @ = dspift < Qrunout: In iteration k = 1,..., K, we denote the targeted market as F (k) the
extremal market as Fq(k)’s(k) and its corresponding weight as U 5k - Then F(V « F. For a
specific c;, where its seller surplus in the original market max,(v — ¢;) - F(v) # 0, assume q;
shifts at iteration (ji, ja, . . ., jk;» jk;,, ), Where the iteration j,,, is when q; becomes co. Since
q; = oo also satisfies the first case ( probability at some values runs out), it is not counted in
the current situation. Then K; the number of shifts of g; before becoming co. This implies
throughout iterations k € {ji, jz, . . ., jk; }, the seller surplus of all ¢;; where j” < j satisfies

max,(v —cjr) - F®) (v) > 0. Due to the monotonicity of Qj-1(F),
max Q;_1(F®) < min Q;(F®)), Vk € {ji, jo,.... jx; } -
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Recall that we prove the optimal price set weakly expands in Lemma 6, we have

Qj-1(F) = Qi (FY) €. Qe (F99))
Then in all iterations k € {ji, jz, ..., jk; }, maxQ;_1(F) € Qj_l(F(k)) always holds and
further
max Q;_1(F) < maij_l(F(ij)) < mian(F(ij)) .
Therefore, the number of iteration K; is bounded by
K; < |[max Q;_1(F), min Q;(F)) V| .

Summing over all j, we can derive that the upper bound of the total number of iterations
ZjKj < Zj |[maij_1(F),mian(F)) N (V| <|V|=n.

Combining these two situations, we can prove that it takes at most 2n iterations to decompose a
market F into extremal markets. O

ProoFr oF THEOREM 3. We prove that the decomposition procedure described in Algorithm 1 is
a way to construct F and it preserves both the seller surplus and the buyer surplus. In iteration
k = 1,...,K, we denote the targeted market by F5) the extremal market by Fq(k)’s(k) and its

corresponding weight by Aqo) s F! « F. Therefore, we could decompose F into Zle Ago s -

Fq(k)’s(k) and K < 2n since Lemma 7 have proved that there are at most 2n iterations.

The seller surplus and buyer surplus is preserved in the decomposition procedure. Recall Lemma 6
we have

Q;(F®) c ; (“q<k>,s(k> ‘Fq<k>,s<k>) NQ; (F(k+1)) :
Then given the market F,

Q;(F) ¢ m Q]( gt sk Fgoo, 5(k>) ﬂ QJ( 75, 5(k>) :

ke[K] ke[K]
Since the procedure ends when the remaining market is zero, for v € V, it satisfies
F(v) = Zkem agk) st + Fauo g0 (0)
and
fo) = ZkE[K] gt sk * fgto g0 (0) -
If we choose optimal price yi; for cost ¢; in F, then y; > ¢; and y; € Q;(F). Thus,
Hj € Qj(Fgw sw), k=1,2,....K.

This indicates that we can choose pi; as the optimal price for each extremal market Fq(k)’s(k), k=
., K to get the seller surplus SS(Fy ) = X; 9(c;) - (1j — ¢j)Fqm g0 (1), where g(c;) is
the probability of c;. Then the seller surplus of F, denoted as SS(F), is

SS(F) = ) 9(ej) - (j = ¢) - Fluy)
= Zj g(c;) - (uj—cj) Zke[lq g sk - Fao g0 (1)
= ZkE[K] gk 5(k) Z g(cj) - (pj = cj) - Fyo s (1)
= Zke[ g0 stk SS(Fgo g0 -
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Similarly, the buyer surplus of F, denoted as BS(F), is
BS(F) = ) g(ep) )5, (o =) f(o)
= Zj g(cj) Zvi>l—lj (vi — pj) Zke[K] ago) sk * fgtor g0 (01)
= Zkem At (k) Zj g(cj) ZWW (01 = pj) - foo s (02)
= ZkE[K] g s+ BS(Fuo sx)) -

We conclude that the convex combination of extremal markets F = Zke[ K] %0 500 F(;ks) preserve
both the seller surplus and the buyer surplus. O

C Missing Proofs in Section 4

PRrOOF OF LEMMA 8. Given a Fy g ; obtained by an extremal market Fy s and the corresponding
cost ¢;, define wgs ; := Fgs(g;) and T := S N [gj, gj+1). Assume wgs ; > 0.1 It satisfies (q; — ¢;) -
Fgs(qj) = (v —cj) - Fgs(v) Yo € T U {qj41}, according to Lemma 5.

Foranyo € T, we find v* such that o* = min{v” € TU{q;41} : 0" > 0}, fy5(0) = Fy5(v) —Fgs(v™).

fas@) _ Fas(@)  Fas(@") _gi-¢; qi-¢
Wgq.,S,j Fq,S(qj) Fq,S(qj) 0—=Cj vt — Cj

fq,s(U) =

Thus,
qj=¢  9i=¢
V=€ g1

Fosi@ =) fs(®) =

We observe that Fys ;(v) and f;5(v) are uniquely determined by g;, gj+1 ¢;, and v. Therefore,
the fragment Fy g ; is determined by the triple (g;, gj+1,T). O

Proor oF LEMMA 9. Seller surplus induced by «. Given an extremal market F, s in an extremal
market decomposition & = (ag4s) and a specific cost cj, the contribution to the seller surplus is
ags - g(c;) - (qj — ¢j) - F(gq;). According to the fragment decomposition of the extremal market
defined in Definition 3, w?,’t,s’rj =F(q;) whenv, = qj,0, =qjs1and T =S N [q),gj+1)- Othervsiise, 0
Then we can charge the seller surplus induced by the pair (Fgs, c;) to the specific fragment Fj 1

S
?,f’r’T, where v, = qj,0, = qj4y1 and T =5 N g, gj+1).
Therefore, we can define the seller surplus contribution of the quadruple (j, ¢, r, T) induced by

each extremal market Fy 5 as ags - g(c;) - (v —¢;j) - W;'Z,’zr,T' Note that the contribution is 0 when

. . S
either v, # gj or v, # qji1 or T # SN [q}, gj+1), since w}]’(,,r’T =0.

The overall seller surplus of &, denoted by SS(«), is
SS(a) = qus Zj ags - 9(¢j) - (g = ¢j) - Fgs(q;)
= Zq,s Zj,l,r,T ags - 9(cj) - (qj —¢j) - W}I,’er
= D e 9D (=) 3 agswly g

= 3 60 =) e

We can prove that the seller surplus SS(«) is linear to w.

with the number ags - g(c;) - (gj —¢;) - w

™)

4\When wg,s,j = 0, it indicates that Fy5(q;) =0, thus, T = 0.
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Buyer surplus induced by «.Since the buyer surplus of the extremal market decomposition e,
denoted by BS(«), is the difference between social welfare SW () and seller surplus SS(«), we
prove that the maximum/minimum buyer surplus is linear to w by proving the maximum/minimum
social welfare is linear to w. For social welfare, if we choose optimal price yig s, ; for cost c; in the
extremal market Fg s, where yigs; € Q;(Fgs) =S N [q;,qj+1], then

SWia) =3 caqs ) gle) D, (@) fys(o).

We get maximum social welfare when g5 ; = q;, which is the minimum optimal price, for each
cost in all extremal markets. The maximum social welfare is equal to

Wanax(@) = ) cags ), 9(e) ), (0=¢)) fys(0).

Fix an extremal market Fg s in extremal market decomposition & and a specific cost c;, then the
contribution to the maximum social welfare is

@5 9(e) D, (0= fys(@)

= ags - g(cj Z v—cj)- v
Dy @as 9N D (0=6) < fys(0)
- 9.5 F
h Zj'Zj % g(Cj) ZZIET]-/ (U - Cj) ’ Wj’,[_)-/,rjz,’l_‘)-/ : f},’[j/srj/,Tj/ (U) >

where v, = gy, vy, = qj+1,and Ty = 50 [qy,qj+1) for each j’. Then we charge the social

welfare to each fragment Fj/ ¢, ,, 7, where j* > j, with the amount ags - g(c;) ZyeTj, (v —cj) -
9.5
j')[j':rj':j}/

‘f;‘/’(j,,rj,,]‘j, (v). This can be expanded for other (j’,¢,r,T) where v, # qj» or v, # qjr41

q.S

orT # 5N [qj,qj+1) since Wi = 0 and the social welfare charged is 0. Thus,

— 9.5 ;
aq,S ) g(cj) ZUZQJ‘ (U B Cj) . ﬁ],S(U) - Zj'Zj aq,S ' g(cj) Zl,r,T ZveT(U - cj) : Wj',l,r,T ' fi’,f,r,T(U) >

Now we consider the social welfare charged to each fragment F; ;, 1. Given a quadruple (j, ¢, 7, T),
we sum over the social welfare induced by all extremal markets Fg s and cj, j* < j, the value is

2as j<j s 9(cir) Toper (v —cjr) fierr(0) - WZ’Zr,T' Therefore, we can rewrite the maximum
social welfare as

— F 9.5
SWmax (@) = Zj,f,r,T Zq,s Zj’sj %s - 9(cy) ZvGT(v =) ferr(0) - YjerT
— F )
= Zj,t’,r,T Zj’sj ZUET 9(ej) - (@ =cp) frert(0) Zq,s %S Wierr ®)
- th’rT Zj’<j ZveT 9(ej) (0 =€) farr(®) - wiert -

Thus, SWpax (@) is a linear combination of w. Since BSyax (@) = SWhax (@) — SS(&), BSyax (@) is
also linear to w.
Similarly, we get minimum social welfare when g 5,; = ;41 for each cost in all extremal markets:

SWanin (@) = > ags ) 9(e)) ) (0=¢)) fys(0)
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Fix an extremal market Fys in extremal market decomposition & = (ay,s) and a specific cost c;,
the contribution to the minimum social welfare is

@5 9(e) ), (0= 6) fys(0)
- Z >+l ags - g(cj) ZvK Vs —¢j) - fgs(v)
- Zj’zjﬂaq’s'g(cj) ZUETj U_CJ) W't’/r/T/ ity ()

where Ve =qjs Vry = et and Ty = SN [gj,qj+1) for each j’, ¢;;. Then we charge the social

welfare to each fragment Fj"[j,!rj,!]"j, where j* > j + 1, with the amount ay s - g(c;) ZUeT]_, (v=cj)-
q.S

wj,’[,j/!rj/’le 'f;‘/’[j,,rj,,Tj, (v). This can be expanded for other (j’, ¢,r,T) where £ # qj» or r # qjr4; or

. q.S
T #SN|[qj,qj+1) since Wit

Ggs 9(e) Y, 0= fys@) =) agseg(en) Yo L @) Wi frenr (@),

When we consider the overall minimum social welfare charged to each fragment Fj, 1, we
sum over the social welfare charged from all extremal markets and cj., j* < j (strictly less than),

. = S .
the value is X\ s X< ags - 9(cjr) Xoer(© —cj) - fierr(0) - W}],[,r,T' Therefore, we can rewrite the
minimum social welfare as

SWinin (@) = Zj,(,r,T Zq,s ijj %s - 9(cy) ZUET( —¢) - fierr(©) - w Wi, t’rT
- Zj,[,r,T Zj’<j Zuerg(cj') (=) fier(®) Zq,s %q.s W;]:’t’,r,T ©)

- Zj,t’,r,T Zj’<j ZUGT gey) - (@=cj) - fierr(®)  Wierr -

Thus, SWpnin (@) is a linear combination of w. Since BS iy (@) = SWhin (@) — SS(&), BSyin (@) is
also linear to w. ]

= 0 and the social welfare charged is 0. Thus,

PRroOF OF LEMMA 10. According to the definition of undominated fragment F; ;,, where j € [m],
¢ € [n] and r € [n + 1], there are at most O(mn?) possible undominated fragments. O

ProoF OF LEMMA 11. Given a fragment F; ¢, T, recall the tail function of the fragment in Lemma 8,

_ Uy —Cj Up —Cj
Frvr(o) = 229 279 e,
[ Uy —Cj

The undominated fragment F .o, s also a fragment with the same j, £, r, while its support set is
YV N [v,0,). Thus,
Uy —Cj Uy —Cj

Fjer(v) = - Yeevnluo).
U—Cj Ur—Cj

Since T € V N [vg,0,), given v € V N [y, 0,) it has two cases:
eveT, thenFjg,T(v) = J[r(l))
ev¢T, thenFJ”T(v) = J[rT(U ) = J“(v ) < FJ“(U) where v* = min{o’ € T N [0, 0,) :
v’ >0} B
Therefore, we can prove that F 'j.e.r first-order stochastically dominates F e T ]

3If o* does not exist, it indicates that Fj ;1 (0v) =0 < Fj ¢ (0).
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PrOOF OF LEMMA 12. Recall that the fragment F;,, has support on {v; : i € [£,r)} and the
induced market Fi[!r’s support is the subset of {v; : i € [£,7)}. Moreover, for v > v,, both sides are
0 and for v < v, both sides equal their total masses. Therefore, it suffices to prove the inequality for
v =v; withi € [£,r). Then forany i€ [£:r),

F?, (v;) = Z Zipyir
J,f’,r( i) irelir) SO

:Zi’E[i:r) Z Wiert - fierr(or)

TCVN[og,0)
ZTQ(V('][U{’Ur) JbrT velir) f},t’,r,T( i)
= Wierr - Fj ;) .
ZTQW“[W,UV) JtrT J,f,r,T( i)

We invoke the domination relationship between the fragment F; ., and the reduced fragment

Fj¢r in Lemma 11 to get

Wjert * Fiorr(0; SZ WiorT * Fior(0i) =%jor - Fior(0) .
ZTQ(VH[U(,U,) JtrT J’[’r’T( l) TCVN[ovs,0r) J.tr,T J,f,r( 1) Jbr ],t’,r( 1)

Thus, for any i € [ : r) , it has Fi[!r(vi) < xj¢r - Fjrr(v;). Therefore, the induced F%,, is weakly

dominated by the fragment F;;, scaled by x; .
According to the definition of fragment F;,, r (in Definition 2), the point mass fj,7(v) = 0
when v ¢ [v;,0,). Then

P T ST S
Zie[n] JiAor,i ie[n] TCVN[ono,) 'j.br, T fj,g,r,T( ,)
Zie[[:r) ZTQ(VO[W,W) enT * fiernT(00)
= w; . 0;
ZTQ(VQ[U{,Z),«) Jser.T ZiET f},f,r,T( l)

2 e
= Wigrr - (1— —2
TCVN[opor) JHEr oy —¢j
Uy — Uy
= " Xjer -
O —Cj
We complete the proof. O

Proor of ProposITION 1. Fix an extremal market decompoisition a. Let w = (wj,, 1) be its
corresponding fragment decomposition and (x,z), where x = (xj,,) and z = (zj,,;), be the
reduced fragment decomposition. According to Lemma 9 and Equation (7), the seller surplus of
fragment decomposition induced by « is linear to w. Specifically, the seller surplus SS(er) =
2jerr9(ci) - (v = ¢j) - Wjerr. Since the fragment Fj’[’r”]‘ is defined only for T € V N [vp,0;)
by Remark 1; otherwise, F; ¢, 7 is not defined and w; s, 7 does not exist, the seller surplus SS(a)
equals

SS(a) =D, 1 9(e) - (=) wient
= Zj,{’,r 9(ej) - (e = ¢j) ZTQW\[W,U,) WitrT (10)
= Z”J g(cj) - (ve—cj) Xjer -

We can prove that SS(«) is linear to x.
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For the maximum social welfare, according to Lemma 9 and Equation (8), the maximum social
welfare induced by « is linear to w, and specifically,

SWmaX(a) = ijrT Zj’ﬁj ZveTg(Cj’) : (U - Cj') ' f_}',t’,r,T(U) *Wjer,T
- Zj,f,r ZTQWD[W,W) Zj’sj Zie[f:r) g(cjr) - (0i = cj) fierr (Vi) - Wierr
= Zj,f,r Zj’sj Zie[t’:r) 9(ejr) - (vi —cy) ZTQW\[W,U,) fierr (@) - wierr

- Zj,&r Zj’ﬁj Zie[[:r) gley) - @i=cj) - zZjeri-

In the second step, fix an index triple (j, ¢, 7), the fragment F o7 is defined only for T € VN [o,,0,)
by Remark 1. Given a support set T € V N [v,,0,) , when i € [£:r) buto; ¢ T, the mass at v; is
zero. Thus, we can expand v € T to v; € {v; € V : i € [£,r)} without changing the equality in the
second step.

Therefore, the maximum social welfare is linear to z. Moreover, the maximum buyer surplus
BSmax (@) = SWhax (@) — SS(«@) is linear to (x, z).

Similarly, the minimum social welfare SW i, (@) is linear to w in Equation (9), and specifically

SWanin(@) = DD D g 9 (@) frarr (@) - wignn
- Zj,{’,r ZTQ(VG[U{,Ur) Zj'<j Zie[{’:r) g(cj’) (0i = Cj')fjlf’,r,T(vi) “WjerT
- Zj,t’,r Zj’<j Zie[m) g(ey) - (vi —cy) ZTQ(VO[U,,UV) fierr 1) - Wierr

- Zj,t’,r Zj’<j ZiE[fzr) glej) - ©i=cp) Zjeris

which is linear to z. Therefore, the minimum buyer surplus BS i, (@) = SWiyin (@) — SS(«) is also
linear to (x, z). )

(11)

(12)

D Missing Proofs in Section 5

Proor oF THEOREM 4. Suppose the segmentation («, F) induces the overall seller surplus
SS and the overall buyer surplus BS. In light of Corollary 1, there exists an extremal market
segmentation (s, Fgs) such that the overall seller surplus SS(e) =SS, the buyer surplus satisfies
BSmin(@) < BS < BSpix(@). We can decompose « into fragments with weight w (@ — w
as in Definition 3) and further find the reduced fragment decomposition (x,z) (¢ — (x,z) as
in Definition 5) such that the proper domination (Lemma 12) is satisfied. In Proposition 1, we
proved the seller surplus and (maximum / minimum) buyer surplus induced by an extremal market
decomposition « are linear in its reduced fragment decomposition (x, z). If we charge the seller
surplus and the maximum/minimum buyer surplus as Definition 6, then

SS((x,2z)) =SS(a) =SS,

and
BSmin((x,2)) = BSmin(a) < BS < BSpax(@) = BSmax((x,2)) .

Moreover, Lemma 14 proves the existence of y such that (x, y, z) satisfies exact composition and flow
conservation. Therefore, we can prove if the segmentation exists with seller surplus SS and buyer
surplus BS, then the reduced fragment decomposition (x, y, z) also exists satisfying SS((x, z)) = SS
and BSyin ((x,2)) < BS < BSmax((x, 2)).

Suppose there exists (x,y, z) satisfying constraints with induced seller surplus SS((x, z))
and maximum/minimum buyer surplus BS,,x((x, 2)) or BSyin((x, z)) defined in Defini-
tion 6. Lemma 16 shows that there exists a way to segment the aggregate market F* which induces
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the same seller surplus and maximum/minimum buyer surplus as (x, z). Then this proves the
existence of segmentation with the overall seller surplus SS such that SS = SS((x, z)) and the
overall buyer surplus BS such that BSin ((x, 2)) < BS < BSpax((x, 2)). We complete the proof. O

PrOOF OF LEMMA 13. According to Definition 3, wj k1, = Fgs(vr) and wiy k15, = Fgs(ok)-
Since both v, and vy are optimal prices for c; in the extremal market Fgs, (v — ¢;) - Fgs(ve) =
(vk —¢j) - Fgs(vx). Then

9.5
VistkrT  Fas(u) e —c;
.5 C Fus(o)  op—cj
Wik, as(©0) ok =
Therefore, w;i,, ... /w5, depends only on j, £, and k. O

ProOF OF LEMMA 14. Since F — (x, z), there exists & = (ags) andw = (wj,7) such that a
chain of decompositions by F — & — w — (x, z) exists.

Exact composition. Fix j € [m] and £, r € [n]. For eachi € [£,7), zj¢ri = Xrcvnfone,) WitrT
f}’[’r,T(Ui), where f;"[’r’]‘ is the mass function of the fragment F .0, and wj e 7 is the corresponding
weight in fragment decomposition. By Remark 1, the fragment Fj, 1 is defined only for T C
V N [vg,0,). Then

flo) = ZLU’T Wiert * fierr(vi) = Zj,” ZT;Vm[u[,u,) Wiert - fierr(vi) = Zj,&r Zjeri -

The exact composition is proved.

Outgoing flow conservation. Fix j € [m] and ¢,r € [n]. Recall x; ¢ defined in Definition 5
and wj i 7 defined in Definition 3,

Xjek = ZTjQWﬁ[vp,vk) Wj’f’k’Tj
= Z Z g s * w‘.]’s
TyCVnlogor) Ldgs  T7 TILkT;
= Z Z Ags * wq’s
T;CVnlop,or) 4.5:q;=00,qj+1=06,SN[0p,06)=T; P JbkT;

9.5
= a, TW.
Zqﬂsxljzvaqj’ﬂ:vk @S " YjekSnlop0c)
q.5

Wj+1,k,r,Sﬁ[uk,v,)
=2 Do Dy a8 T
q.5:9;=0¢,qj+1=0k r qj+2=0r dj,t’,k

95
= , W s
Zr Z%S:fljzvt”qjﬂ:Uk,qj+2:Ur a5 Jbk.SN[ve,0)

q.S . . = . oy
where Wik, 1S weight of Fj ;. 7, in fragment decomposition of the extremal market Fy .
. S .
Given T; € V N [vg, vg), WZ[,k,Tj =0 when g; # v, or gj+1 # v or T; # S N [vg,0). Thus, in

the third step, for each T; € V N [v,, vx), we can consider the pair (g, S) in the set {(g,S) : q¢; =
V¢, ¢j+1 = Uk, Tj = S N [vg, vg) } only. In the forth step, when we sum over all T; €V N [vg, vg), we

can get the set {(q,S5) : q; = vs, qj+1 = vx} for the pair (g, S) since S C V. In the fifth step, we
w? w‘?’s

J+LkrTj J:bk T}’
each extremal market (g, S) that satisfies q; = v¢, ¢j+1 = vk. Thus, in the last step we sum over all
possible r and only consider (g, S) that satisfies q; = v, gj4+1 = vk and gj42 =0,

invoke the discount factor d;j g = where v, = ¢j41 and Tj4; =S N [o, 0,), for
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Incoming flow conservation. Similarly, fix j € [m] and ¢,r € [n]. For xj,1 4,

X = W .
Jj+Lk,r § Ty SVl o.0r) J+LkrTjy

— E q.S
= (04 cW;
q:5:qj+1=0k,q j+2=0r S J+LkrSN[og,0,)
9.5
= [ d'[k W
Zq’55qj+1=0k,qj+2=0r Zt’ qu:z;( 9 Jots Jobk.SN[ve,0 )

S
= d; E ags - w .
Z[ J.tk q.5:9=0¢,9j+1=0k,q j+2=0r @S Jstk.SN[ve,0)
Therefore, if there exists a and w such that we can find a chain of decomposition F —Sa—-ow—

(x,2) (ie, F — (x,2)), and we define y;,r, = Zq»s:qj:U(:qj+1:Uk:qj+2:Ur 9 js fksﬂ[lll o)’ then
it satisfies the outgoing flow conservation x;,x = >, yj ¢k and the ingoing flow conservation
Xj+ikr = 2edjek - Yjekr- The outgoing flow conservation and ingoing flow conservation are
proved. O

S W

LEMMA 17. Fix an iteration t of Algorithm 2. Assumepit) > 0. For each j € [j*)] (where j) is

the terminal value of j set in Line 18 of the algorithm), let ij(.t) denote the index i; selected in iteration
t. Then

(@)
(t) pj
Fa o) =G5 -
2l
Moreover, for every j € [j*) —1],
(t) (t) d
Pjr1 = Pj 10,40
Proor oF LEMMA 17. For each i € [n] f(t) (0;) = L% o) (t) /x(t) here
. Ja T G Ajelj W] o 0 0> W
ST Jody i
ot —p(t) We observe that z;;,;.,,; =0if i ¢ [ 10 J(i)l) Thus,
t t
E ) = ), 110
iz
(t) (1)
_ Z 1 Fimipeni Py
- ®
1>1([) Jelit] Jhijraijra
()
L by S
@ W ADAO
el % AL ieli@a )
(t) U.(1) U.(1)
_ 1 by ’jfﬂ ljf (t)
G t) —c. (1) (1)
( jeliiorX (, 400 tjfil €j Tty
Y
o 0,0 — 0,0
— t Jl+1 j’
B a(t Z P V. —Cj .

Now we would like to prove 2

deduction.

Jelji®]

()
eljj1 Py

j'+1

. (Ui(t) - Ui(t))/(vi(t) -cjy) = ( ) We prove it by
7+ 7 7 +1
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(1) When j = j®), since v. (o =ocoando) < oo,
j(l)+1 j(t)
u. i) — 0,0 U,(g)) —Cjn
(O N s S AN () i V= pt .
p _p-(z)'(l_ )—P-m’
— . Jj
0] Ui([) Cj J 0. o) Cj(z)
J €l 7741 L)
() _ (1) (t) () _
(2) assume Zj,e[jﬂzj(t)]pj, . (vi;pﬂ - vi;p)/(vij(_f)ﬂ —-cj) = Pjs1- Since pj+1/p =dji i, =
v —Cj
J
Vijyy =€’
W e T
t L1 Jo_ Lj+1 t t
Z A ’—+P]+1 p; -
U.(r) —Cj/ v(z) —CJ
Jelji®] i L

Therefore, F<t) (vm) =)0, j e [[].

In Algorithm 2, there are two places to initiate and update p +1, we initiate p} +1 = p}(t) . dj [0 1)

in Line 15, and we (might) update p and p(t) with the same coefficient in line 12. Thus, it keeps
the relationship

(¥) (@)
Piv1 =P; ]<r) i

We complete the proof. O

Proor oF LEMMA 15. We denote the remaining fragment decomposition variables at the begin-
ning of iteration t by x*) = (x](-’tzr), y® = (yj(.t[)k r) and z(*) = ( ) ) According to Algorithm 2,
in Line 23,

Jtr

(t) () _ () (:)
x(f‘rl) — Xjer —Pj s [_lj T =1
() otherwise ,

J.br?
in Line 24,

(t) (1) _ @) ) (),
(t+1) _ ) Yjenr —Pj > =i k= LT =1
J.bkor T t)

Lk otherw1se ,

and in Line 25,

(t) (t) _ (t) (t) (1) (1)
o —{ Jobrsi —a Ja (01), =it r=0,1 €li j ]+1)

z ) =
Jobri (t) ;
e otherwise ,
where zj(. ) refers to the value index i ; for the cost j in iteration t.

Outgoing flow conservation. Assume that (x®),y*), z()) satisfies the outgoing flow conser-

+1) .

vation. Given the index j, ¢, k, then x =2 y(t) . We discuss the value of x\"*) in different

J.bk,r {’ k
cases:



Submission 27 34

e when f = l] ) and k = ")

j+1°
(¢+1) _ (t) (¢)
Xiek =Xjiok " P

— (t) (t)
- Zy]lkr

(t) () N
Z y]t’kr ][kl(t) pj

()
r=#l]+2

z (t+1) (t+1)
y]fkr f,k,i(.t)
() j+2
r;tljJrz

_ (¢+1)
_Zy]é’kr >

e when ¢ # l( Vork # 1(+)1, for all r € [n], it satisfies y(;kl)r = yj(t[)kr Thus,

(t+1) _ (t) (1) (t+1)
xj,[,k ]t’k Zy_/[kr Zy][kr'

Therefore, (x(*+1, y(t*1) z(+1)) gatisfies the outgoing flow conservation if (x), y(), z(!)) satisfies
it.
Incoming flow conservation. Similarly, assume that (x“ ) y(t ) z(t)) satisfies the incoming

(t) (t+1) .
flow conservation. Given the index j, k, r, then x L =2 yj [kr d; ¢ x. We consider x Xj 1y D

different cases:

_ () _ ()
owhenk-z} andr = l]+2’
LD (@) (t)

j+Lkr T Tj+1,6k p]+1

= 2 ¥yeke bex =0y o g

Zy]fkr ][k+y ,r'dj,i;”k p] (')k
(t)

_ (t+1)
Z ]t’kr djek +y A0 e dj,ij.”,k
#z(.”

_ (t+1)
Zyjfkr Jfk’

for all ¢ € [n], it satisfies y(t;]:)r = y](.?k .- Thus,

x(t+l) _ (t) Z Z (t+1)
j+Lkr ]+1kr y]t’kr J[k_ y]t’kr J[k

Therefore, (x+1, y(t*1) z(t+1)) satisfies the incoming flow conservation if (x(*), y*), z(")) satisfies
it.
Proper domination. Assume for ¢, it has ;¢ 29 = (or —00)/(vy = cj) - Given

owhenkqﬁz 0rr¢1+2,

1€ ”] SRAN] jt’r
je i1,
e when ¢ # i](.t) orr # lj(+)l, both zj(t;rlz = z](.f[)’ri and x(”l) = xj(t{)r, thus 2ic(n) z](t;rlz =

(0 —00)/(0r — ;) - x5,
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_ (1) -(8)
e when f = l] and r = l]+1,
(t+1) _ (t+1)
Z Zieri = Z Zjori
ie[n] i€[t,r)
= > (0= e £ @)
ieltr)
¢ t
= Z ](g)“ a® Z fd( ) (05) .
ie[er) i€[tr)

In Lemma 17, it is proved that cht) (v¢) = Fg(lt) (UA(_t ) = (t)/p(t) and p;i)l pjt) dj¢r. Thus,

the sum of probability mass Zie[[lr)ﬁ;t)(v,-) (p(t) p](i)l)/p(t) (t) (1 - j”)/pm.
Since 1 —dj,r = (v, —v)/(vr — cj), then

(t+1) _ (t) () YU~
sz,f,r,i_ Z jt’rt pj o —¢j

i€[n] ie[tr)
Uy — 0
_r 4 (x(t) _p}(_t))
Oy —Cj
O —0p (t+1)
= — - X.
oy — Cj J.tr

Therefore, when it holds for t, it also holds for t + 1.
Assume that given ¢, for any i € [n], 2 < Fjer(0) - Xipr ) Fort + 1, given j € [,

Jbri —
b o ¢ 5 bt 5, a2 ) 2B
e when¢ = 11( andr = z(+)1,accord1ng to Line 19 and Line 20,f ) (0;) = (t) Zieljn] 2 2 )(t) y
] ]+1
(t)/x(t)(o ROR When i ¢ [i(t) 1(1)1)
Sy olj
(t+1) (t) = (t+1)
=0<F; .
z} l(t) l;i)l i zj l(z) lﬁz ; = j,t’,r(Uz) x;
(1) (1)
When i € [i; ]+1)
(t) (t)
(t)( ) SRAN] p]
v ) (2)
D1 Xier
(t+1) (t) (t) ) ;. (1) _ () ;. (1) (t) (t+1) _ (1) ) _
Thus th’rl_zjfrl JRAN] P /]g,r—(l—Pj /xj,fr) Z][”andx]” ]t’r pj

(1=p" /0 - x\Y)_ Both are scaled by the same coefficient. Then

Xjer Jlre
p(f) (£)
(t+1) _ J (1) J (t) _ (t+1)
Ziori =1~ =05 o | Fieri = 1- ) “Fier (o) - Xier = Fier (01) - Xjer
b Xier

Thus, when the domination relationship holds for t, it also holds for ¢ + 1.
Therefore, if (x (#) y®) Lt )) satisfies the constraints: outgoing/incoming flow conservation, frag-
ment composition, and proper domination, (x(”l), y(”l), z(”l)) also satisfies all. O

ProoF oF COROLLARY 3. It is clear that when x = 0, Algorithm 2 stops. What we need to prove
is when Algorithm 2 stops, x = 0.
We prove it by contradiction, which means we stop the procedure either we can not find x; ;, ;, > 0

but for some j > 1, ithas x;;,;,,, > 0; or we can not find y;;,,,,.i,,, > 0 for a specific j when x # 0.



Submission 27 36

However, we proved that the incoming and outgoing flow conservation are always satisfied in each
iteration in Lemma 15, which indicates that if x; , > 0, we can always find outgoing flow and also
the corresponding v, i, .i;,, > 0 forall j;ify;;;i.,,.,,, > 0, we can always find its incoming flow
and also has yj i, .i;,, > 0 for all Jj' € [j]. thus xy;, ;, > 0. These contradicts our assumption.
Therefore, when Algorithm 2 stops, x = 0. O

Proor oF LEMMA 16. We denote the remaining fragment decomposition variables at the begin-
ning of iteration t by x(*) = (x(t) ) and z(*) = (z(t) ). According to Line 23 of Algorithm 2,

J.br,i
MO (t) (t) O
D ) ek —pyh E=hh k=i
Jitk J(?k, 0therw1se ,

where i) refers to the corresponding or i; calculated in iteration t of Algorithm 2. According to

Line 25 of Algorithm 2,

(t+1) _
ki T

Jibk,i ]+1’
()

it otherw1se .
725

{() —a® 0, 0= k=i

We first prove in each iteration ¢, the seller surplus (SS(Fy))) and maximum/minimum buyer
surplus (BSmaX(F(y)) / BSmin(Fg(lt))) of cht) weighted by a?) is equivalent to the change in seller
surplus and maximum / minimum buyer surplus induced by (x, z).

The change in seller surplus and maximum / minimum buyer surplus induced by (x, z).
The seller surplus induced by (x(*), (")) is SS ((x(*), 2(")) = Yier9(ci) - (ve=cj) xj(t{,)r according
to Definition 6. Therefore, the change in seller surplus of iteration ¢ equals to

55 ((x2) ") - 55 (%, 2) ") = Z glej) - (or—cj) - xif, = > glej) - (e =) - xfi!
J.br
— N. ()
= Z g(cj) - (0,0 —¢j) - p; s
jeli®] ’
where j(*) refers to the corresponding j when the while loop (Line 7 to Line 17) ends in iteration t.

The maximum social welfare charged by (x(*), 2(") is SWiax ((xV,21)) = 3 1, X ircpj1 Diepen (0=

cjr)- z]( [)r according to Equation (11). Therefore, the change of maximum social welfare of iteration

t equals to
SWnax ((x: z)(t)) = SWhax ((x; Z)(Hl))

Z Z Z g(cjr) - (vi—cjr) - z](t{,)”—z Z Z g(cy) - (vi —cjr) - zj(t;rl?

Jtrjeljlieler) Jbr jreljlieler)

Z Z D1 glep) - (i—cp) @ £ (),

17 el et

When we consider the social welfare for the cost c forall je[j,j] andi € [1(t) : (t) /) it has

the corresponding social welfare g(c;-) - (v; — cj/) - a(t) 'fd(t) (v;) contributed. Therefore,

Winax (1:2)*)) = SWanax (2. 2V ) =0 37 glej) D (0i=ep) - £ (0.

Jelit®] izij_,”
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Similarly, the minimum social welfare charged by (x(*), 2(") is SWpnin ((xV,2))) = 3, ¥ ircpjo1] Diefer) (@

cjr) - z! ; {” according to Equation (12). Therefore, the change in minimum social welfare of iteration
t equals to

SWhiin ((x, z)(t)) = SWhin ((x’ Z)(Hl))

> Z D gler) - @i—ep) 2 =3 DTS glep) - (@i—ep) -2

Jbr jrelj-1]ie[tr) Jbr jrelj-1]ie[tr)

Z Z Z glcy) - (v —cjp) a1 (y)

JeLW1 =1 e i),

When we consider the social welfare for the cost c forall je[j/+1,j] andi € [ 10O ](i)l) it

has the corresponding social welfare g(cj/) - (v; —¢jr) - alt) . ]fi( )(vl) contributed. Therefore,

SWnin ((x,2) ) = SWanin (2,200 ) =@ 37 glej) D (=) £ (w0) -

Jeli] i>i't)

Seller surplus and maximum/minimum buyer surplus of each constructed market F 2

Since we have already proved Fst) (vi},)) = t)/p(t) we discuss the CDF of v; for i € [i; i J(i)l)

(t)
1
(t)( l) J(-;—) Z f(t) (Uz
Py ielii

t)
(1) opt
P]+1 1 23 l<f)’lj<fll v D;
=5t X w2 ——

2 reliil) R B AR

(1) z.

Pl L Z e P
==5+ 2 o

X 56 (0
Py zezz(t))pl Pt S

p(_f) V) — Cj

_J . J 1 Z(t)
L0 Now - () }; (00
(2) Cj Joi:
Lis1 / x] <t) (l) 16[11([)) A

In Lemma 15, we have proved that the fragment domination preserves, then %, _ A9 0% (t) ®

lJ+1 R

F D0 (v;) - x! (z) 0 forallie€ [ i (t)) Moreover, combining Lemma 8 and the deﬁmtlon of
Jii Jj j+1

undommated fragment Fj [0 0, We have
oL ol

0.ty —Cj 0.ty —Cj
i i
F __J J (1) (1)
Fj,f,r(vi) = - s i€ [ j ]+1)
ZJ,'—Cj Ui(t) —C]'
J+1

Then

() U.(r) —Cj
P i J
F(t) (Ul) < (l ( - )) l [ (t) (t))
P

> Uj+1
) Ui —Cj J J
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() p(t) () p(t)l p(z> V() ~Cj -

. _ j _ i+ _ j j . . t

Since F;" (v,0) = =7, and F, (Ui(t))—%—%-ﬁ,forallje '],
J Py J+1 Py 1 i /

j+1
B @) =) S B 0) - (o0 —¢p), i€ 157,501,

and the equality holds when i = ij(.t) ori= i](.i)l. Thus, Fa(lt) is (weakly) dominated by Fy s, where

q= (vi;g )jerjv] and S = (v;)ie[n]- Indicates that {viy), Ui;‘i)l} CO; (F(;f)). When we use Ui;z) as the
price for cost c;, the seller surplus of the constructed F; equals
py”
SS(F") = D 9(es) - (o0 =) - Fy (00) = > g(e)) - (0,0 =€) ﬁ :
J j 1

Therefore, the weighted seller surplus a(*) - SS(F‘Y)) =2;9(cj)- (Ul.y) -cj) -p;t) equals the change
of the seller surplus SS ((x, z)*)) =SS ((x, z) **1)) induced by (x, z).
Due to the monotonicity of the optimal price set Q; (Fy)) (Lemma 3), we infer that v, is the
minimum optimal price and v, is the maximum optimal price for cost ¢; in the constructed market
j+1
Fa(lt). Thus, the maximum(or minimum) social welfare is attained when we apply v, (or Ui(-t)l) as
J J+

the price for cost c;,

SWinax(Fy)) = > glej) D (@i=cp)- ;7 (@) 5

jej® izi"
SWanin(Fy) = D7 g(ep) Y @i=c))- £ (0) .
jej® izi;i)l

Therefore, the weighted maximum social welfare a(*) - SWmaX(Fg(it)) equals the change of maxi-
mum social welfare SWinax ((x,2) ) = SWinax ((x, 2) **)) induced by (x, ), and the weighted
minimum social welfare a(?) - SWmin(F{y)) equals the change of the minimum social welfare
SWinin ((x, z)(t)) = SWin ((x, z)(”l)) induced by (x, z). Then, the weighted maximum buyer sur-
plus a®) - BSmaX(Fy)) =a®). (SwmaX(F;t)) - SS(F(Y))) equals the change of the maximum buyer
surplus BSmay ((x,2) ) — BSmax ((x, 2)**1)) induced by (x, z), and the weighted minimum buyer
surplus a(*) - BSmin(Fg(lt)) =a. (SWmin(Fg(lt)) - SS(FOY))) equals the change of the minimum
buyer surplus BSmin ((x,2)*)) = BSmin ((x,2) “*V)) induced by (x, z).

Since Algorithm 2 stops iff x = 0 (as in Corollary 3), we can finally conclude that if we segment
the aggregate market F* with Algorithm 2, the seller surplus and The maximum / minimum buyer

surplus of the segmentation (a(*), F{;t)) are equivalent to the seller surplus and maximum / minimum
buyer surplus induced by (x, z). O
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