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Introduction

The incentive compatability! constraints of mechanism design (with quasi-
linear utilities) can be interpreted as being the dual inequalities of a shortest
path problem. I believe this interpretation provides an intuitive and pow-
erful lens through which to view the implications of incentive compatabil-
ity. This document provides an (incomplete) account of the main results
in mechanism design from this point of view. They assume familiarity with
mechanism design and basic linear programming and convex analysis. I wel-
come suggestions for additions, deletions and improvements to this material.

This point of view is the product of collaborations with many individu-
als. Amongst them Sushil Bikhchandani, Sven de Vries, Alexey Malakhov,
Rudolf Miiller, Mallesh Pai and James Schummer. However they are not re-
sponsible for any errors of commision or omission. The impetus for putting
this down on paper in one place was an invitation from S. Pekec, L. Rigotti
and P. Lopomo to talk about these matters at Fuqua.

Luca Rigotti noticed that this word was misspelt and surmised it was part of some
secret code. ‘Google’ the word yourself and draw your own conclusion.
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Chapter 1

Network Flow Problem

In this chapter a class of linear program’s called network optimization prob-
lems and their properties are discussed.

A graph is a collection of two objects. The first is a finite set V =
{1,...,n} called nodes. The second is a set E of (unordered) pairs of
nodes called edges. As an example, suppose V = {1,2,3,4} and E =
{(1,2),(2,3),(1,3),(3,4)}. A pictorial representation of this graph is shown
in Figure 2.1.

Figure 2.1

A graph is called complete if E consists of every pair of nodes in V. The
end points of an edge e € E are the two nodes i and j that define that
edge. In this case we write e = (i, 7). The degree of a node is the number
of edges that contain it.

In the graph of Figure 2.1, the degree of node 3 is 3 while the degree of
node 2 is 2. A pair i,j € V is called adjacent if (i,5) € E.

7



8 CHAPTER 1. NETWORK FLOW PROBLEM

Fix a graph G = (V, E) and a sequence v',v% ..., v" of nodes in G. A
path is a sequence of edges ei,ez,...,e,_1 in E such that e; = (v?,v""1).
The node v' is the initial node on the path and v" is the terminal node.
An example of a path is the sequence (1,2),(2,3),(3,4) in Figure 2.1. A
cycle is a path whose initial and terminal nodes are the same. The edges
{(1,2)(2,3),(3,1)} form a cycle in Figure 2.1. A graph G is called con-
nected if there is a path in G between every pair of nodes. The graph of
Figure 2.1 is connected. The graph of Figure 2.2 below is disconnected. A
subset T" of edges is called a spanning tree if the graph (V,T') is connected
and acyclic. In the graph of Figure 2.1, the set {(1,2),(1,3),(3,4)} is a
spanning tree.

Q

Figure 2.2

If the arcs of a graph are oriented, i.e., and edge (7,j) can be traversed
from ¢ to j but not the other way around, the graph is called directed. If
a graph is directed, the edges are called arcs. Formally, a directed graph
consists of a set V' of nodes and set A of ordered pairs of nodes. As an exam-
ple, suppose V' = {1,2,3,4} and A = {(1,2),(2,3),(3,1),(2,4)}. A pictorial

representation of this graph is shown in Figure 2.3 below.
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Figure 2.3

A path in a directed graph has the same definition as in the undirected
case except now the orientation of each arc must be respected. To emphasize
this it is common to call a path directed. In our example above, 1 — 3 — 2
would not be a directed path, but 1 — 2 — 3 would be. A cycle in a directed
graph is defined in the same way as in the undirected case, but again the
orientation of the arcs must respected.

A directed graph is called strongly connected if there is a directed
path between every ordered pair of nodes. It is easy to see that this is
equivalent to requiring that there be a directed cycle through every pair of
nodes. If each arc in a directed graph has a number (e.g. a cost, distance,
or capacity) associated with it, the directed graph is termed a network.

1.1 Network Flow Problem

Single commodity network flow models seek to prescribe the movement of a
homogeneous good, through a directed network from a set of source nodes
to a set of destination nodes. Consider, for eample, the network defined by
V ={s,z,y,t} and A = {(s,x),(s,9), (z,y), (x,t), (y,t)}. Figure 2.4 depicts
this network. The number associated with each arc in Figure 2.4 is an arc
length.
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Figure 2.4

A network flow problem that will play an important role in what is to
come is the shortest path problem. This problem is to find the minimum
length (sum of arc lengths) path from node s to node t in the network. It
is easy to see that in this case the shortest path from s to ¢ proceeds from
nodes s to =z to t and has a total length of 9 units. The problem can be
rephrased as finding the cheapest way to route one indivisible unit of flow
from s to ¢

To model the good’s movement on a given directed network with node
set V and arc set A, let z;;, for each arc (i,j) € A, denote the flow in an
appropriately defined unit of measurement of the good on that arc. We
assume conservation of flow requiring that the total flow out of any node ¢
minus the total flow > ; Tij into that node must equal the net demand b; at

the node, i.e.
- D mt+ Y, wk=bVieV
ji(i,j)EA k:(k,i)€A
In addition to the conservation equations, network flow constraints also
include lower bounds and capacities imposed upon arc flows:

lij < Tij < Usj V(Z,j) € A.

These flow bounds might model physical capacities, contractual obligations,
or simply operating ranges of interest. Frequently, the given lower bound
capacities are all zero; [;; = —oo and u;; = +o00 are possibilities as well.
For easy reference, we distinguish three types of nodes: the set S C V
of source, origin, or supply nodes i with b; < 0, the set T' C V of terminal,
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destination, or sink nodes ¢ with b; > 0, and the set I C V of intermediate
or transshipment nodes ¢ with b; = 0. Note that, by convention, at any
terminal node i, —b; > 0 is the net demand for flow.

Figure 2.5 illustrates a small network flow distribution system with 2
sources, 2 destinations, and 1 intermediate node. All lower bounds on flow
are zero and, except for arc (3,4), are uncapacitated with upper bounds on
flow equal to +oc.

Figure 2.5

VvV ={1,2,3,4,5}, A= {(1,2),(1,3),(1,4),(2,1),(2,3),(2,5), (3,4), (3,5), (4,5)}
S={1,2}, I ={3} and T = {4,5}.
The flow constraints for this model are:

—T12 — 213 — T14 + T2 = —2

T12 — Tol — X3 — Tas = —3
x13 + ®o3 — w34 — w35 = 0
T14 + T34 — Ty5 = 4
Tos + X35 + 45 = 1
zij 2 0V(i,j) € A
x34 <3

In order to represent network flow constraints more compactly we use a
node-arc incidence matrix N’ = {n;,} with one row for each node i of the
network and one column for each arc a € A. The entry n;, = —1 if arc a
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is directed out of node i, equal to +1 if arc a is directed into node 7 and
zero otherwise. In other words N is the matrix of the coefficients of the flow
conservation constraints. As an example the node-arc incidence matrix for
the network of Figure 2.5 would be:

[ (1,2) (1,3) (1,4 (2,1) (2,3) (2,5) (3,4) (3,5) (4,5) |arc’s
-1 -1 -1 -1 0 0 0 0 0 [nodel
1 0 0 -1 -1 -1 0 0 0 node 2
0 1 0 0 1 0 -1 -1 0 |node3
0 0 1 0 0 0 1 0 —1 node 4

L0 0 0 0 0 1 0 1 1 |node5 |

Letting [ and u denote vectors of lower bounds and capacities on arc
flows and letting b denote the vector of supplies/demands at the nodes, we
see that in matrix form the constraints imposed upon the vector = or arc
flows becomes

Nz=0b, | <z <u.

Call a vector x a feasible flow or is a feasible solution if it satisfies these
flow balance and lower and upper bound conditions.

Each variable z;; appears in two flow conservation equations, as an out-
put from nodeiwith a —1 coefficient and as an input to node j with a +1
coefficient, each column of A/ contains exactly two nonzero coeffcients, a +1
and a -1. For now, let us make three observations.

Observation 1: Summing the conservation equations eliminates all the
flow variables and gives

0=> b =Y ~bj=> b

JjeV jes JeT

Consequently, total supply must equal total demand if the conservation
equations Nz = b are to have a feasible solution.

Observation 2: If total supply equals total demand, then summing all
conservation equations gives the zero equation 0 - x = 0. Equivalently, any
equation is redundant being equal to minus the sum of all other equations.

Observation 3: Let p be a cycle in G and z* its incidence vector. If
x is a feasible flow, € € R and | < x + ex* < u, then z + ex* is a feasible
flow as well. To see why, consider any node ¢ on the cycle u and suppose
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(p,i), (i,q) € p. We have to verify flow conservation at node j.

Z x”—}—ex Z [Tpitext;] = Z Tij— Z xki—e[:ﬁfq—$gi]:bi,

Ji(i,5)€A k:(ki)eA J:(i,5)€A k:(kja)eA
where the last equation follows from the fact that zj, = ), =

If to each feasible flow x there is an associated cost, profit, or some
other measure of performance, we may wish to find a feasible flow that is
best with respect to that measure. In particular, if the function g assigns a
real number g(z) to each feasible network flow x, we may wish to solve the
following optimization problem:

min g(x)
st. Ne=b
[ <zx<u

Of particular importance is the case when g is a linear function of z. Note
also that one can, without loss, assume that [ = 0. This is because we can
replace the variable x by y 4+ where 0 <y <wu — .

In the shortest path problem, g(x) = Z(i,j)eA cijrij where ¢;; is the
length of arc (i,7). We set l;; = 0 and u;; = +oo for all (i,j) € A. Finally,
bs =1, = —1and b; =0 for all i ¢ {s,t}. In addition we would require
the flow variables x;; to be integral. This integrality requirement introduces
no added difficulties and can be relaxed, since, as we establish later in this
chapter, the fact that all supplies and demands and all (finite) capacities
are integer implies that there is an integral optimal solution.

1.2 Flow Decomposition

We have modeled the network flow problem in terms of arc flows z;;. An
alternate representation for the problem that is useful is to view the supply
and demand requirements as being satisfied by flow along paths joining the
source and sink nodes.

Let P denote the set of directed paths joining the source and sink nodes
and let C denote the directed cycles in the network. Let h, be the magnitude
of the flow along path p € P and g, be the magnitude of the flow along the
cycle p € C. To convert these path and cycle flows into arc flows we add,
for each arc, the flow on all paths and cycles through that arc. Formally,

:E” —Z(;U h +Z(Szj

pEP nel
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Here 6;5(p) = 1 if (i,j) € p and zero otherwise. Similarly d;;(u) = 1 if
(i,7) € p. and zero otherwise. When arc flows are expressed in terms of
path and cycle flows in this way, we say that the arc flows are decomposed
as the sum of path and cycle flows.

Of course, the arc flows z;; corresponding to any given path and cycle
flows need not satisfy the conservation equations Nz = b. They will, though,
if the sum of the flows on paths originating from any source node equals its
supply and the sum of the flows on paths terminating with any sink equals
its demand. In this case, we say that the path and cycle flows satisfy supply
and demand requirements.

The following result shows that network flow problem can be modeled
in terms of arc flows or path and cycle flows. That is, not only can we
define arc flows in terms of given path and cycle flows, but given an arc flow
representation, we can find corresponding path and cycle flows.

Theorem 1.2.1 Flow Decomposition. An assignment of path and cycle
flows satisfying supply and demand requirements corresponds to a unique
assignment of arc flows satisfying the conservation equations Nx = b. Any
arc flows fulfilling the conservation equations can be decomposed as the sum
of path and cycle flows for some assignment of path flows h, and cycle flows
g that satisfy supply and demand requirements.

Proof: The observations preceding the theorem establish the first state-
ment. To establish the second, we describe a procedure for converting arc
flows to path and cycle flows. The procedure successively reduces arc flows
by converting them into path and cycle flows. We start in step (1) with all
path and cycle flows set equal to zero and with arc flows at the values given
to us.

1. If all arc flows as modified thus far by the procedure are equal to zero,
then stop; the current path and cycle flows give the desired represen-
tation of arc flows. Otherwise, select some arc (i,j) with x;; > 0,
choosing, if possible, i as a source node with b; < 0. Let p be a path
with the single arc (i, )

2. Add to path p one node and arc at a time, choosing at each step any
arc (k,l) directed from the last node k& on path p and with xg; > 0. If,
at any step, node k is a terminal node with by > 0, we go to step (3);
if node k appears on path p twice, we go to step (4). Otherwise, by
conservation of flow we can find an arc (k,l) with xp > 0 to extend
the path.
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3. pis a directed path from source node ¢ to terminal node k£ and x,, > 0
for every arc (u,v) on the path. Let h be the minimum of these arc
flows and of —b; and b. Set h, = h, redefine x, as x,, — h for every
arc on p and redefine b; as b; + h and by, as by — h. Return to step (1)
with this modified data.

4. The nodes and arcs from the first and second appearance of node k
on p define a cycle u along which all arc flows ., are positive. Let g
be the minimum of these arc flows. Set g, = g redefine x,, as x4, — g
for every arc on u, and return to step (1) with the modified data.

If the procedure terminates in step (1), the path and cycle flows satisfy
supply and demand requirements and the arc flows are decomposed as the
sum of these path and cycle flows. Each time step (3) or (4) is invoked
either some source or terminal node becomes a transshipment node in the
modified network, or some arc flow becomes zero. Consequently, since no
transshipment node ever becomes a source or terminal node and since we
never add flow to any arc, in a finite number of steps, we must terminate in
step (1). [ |

The theorem makes no assertion about the uniqueness of the path and
cycle decomposition of given arc flows. As an illustration, there are two
decompositions for the arc flows in Figure 2.5, namely path 1-2-4 and cycle
1-4-3-1 each with a flow of one unit, or path 1-4 and cycle 1-2-4-3-1 each
with a flow of one unit.

1.3 The Shortest Path Polyhedron

Let N be the node-arc incidence matrix of a network G = (V, A) with source
node s and sink node ¢. Assume there is at least one s —t path. Let ¢;;
be the length of arc (i,7). Let b! be the vector such that b" = 0 for all
i€ V\{st}, b¥* = —1 and b}"" = 1. The shortest path polyhedron is
{z: Nz =05t x> 0}.

Theorem 1.3.1 Every extreme point of {x : Nx = b>! x > 0} is integral.

Proof: Let z* be an extreme point of the polyhedron. Hence there is a ¢
such that 2* € argmin{cz : Nz = b>t, 2 > 0}.

Since z* is a feasible flow, by flow decomposition, we can express =™ as
the sum of positive flows around a set of cycles, C, and flows along a set of
paths from s to t, P, say. For each u € C let g, be the quantity of flow
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around the cycle ¢ and for each p € P let h, be the quantity of flow on this
path. Denote by c¢(u) the sum of arc lengths around the cycle and by ¢(p)
the sum of arc lengths along the path p. Hence

cx* = Z c(pw)gu + Z c(p)hy.

pnec pEP

We show that ¢(p) =0 for all g € C. If ¢(u) > 0 for some p € C, reduce
the flow around the cycle g by € > 0. This results in a new feasible flow
of lower cost contradicting the optimality of x*. Feasibility follows from
observation 3. If ¢(u) < 0, increase the flow around p by € so generating a
new feasible flow with lower cost. Again, a contradiction.

Now suppose there exist two paths p, p’ € P with ¢(p) < ¢(p’). Decrease
the flow along p’ by € and increase the flow on p by the same amount.
This produces a new feasible flow with lower cost, a contradiction. Hence
c(p) = c(p'). Let z' be formed by transferring e units of flow from p’ to p.
Let 22 be the formed by transferring e units of flow from p to p’. Notice
that 2! and 22 both lie in the shortest path polyhedron. It is easy to see
that z* = %xl + %xQ contradicting the fact that z* is an extreme point.

Therefore x* can be decomposed into a flow of one unit along a single
s — t path, i.e., * is the incidence vector of the shortest s — ¢t path. Hence

x* is integral. n

It is useful to compare this result with the resolution theorem. That
theorem says that any point in a polyhedron can be expressed (decomposed)
into a convex combination of the polyhedron’s extreme points and a non-
negative linear combination of its extreme rays. The import of Theorem
2.2.2 is that the extreme points of the shortest path polyhedron correspond
to s — t paths and extreme rays correspond to cycles in the network.

COROLLARY 1.3.2 Let G = (V, A) be a network with source s € V, sink
t € V and arc length vector c. A shortest s —t path (wrt c) exists in G iff.
G contains no negative length cycles.

Proof: If a shortest path in G exists, its incidence vector £* is an optimal
extreme point of the corresponding shortest path polyhedron. Suppose G
has a negative length cycle, pu. Let x# be the incidence vector of this cycle.
Then z* 4 ez is a point in the shortest path polyhedron by observation 3.
However cx* + ecx” < cx*, contradicting optimality of z*. [ |
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Since the shortest path problem on GG with arc length vector ¢ can be
written as min{cz : Nax = b5, x > 0}, it has a dual:

maxy:s — Ys

st. yN <e¢

The dual variables are called node potentials. The dual has one constraint

for each arc. From the structure of /', we see that the typical dual constraint
looks like:
Yi — Yi < Cij

where (i,7) € A. By observation 2, we know that any one of the primal
constraints is redundant. Hence we can always set one of the dual variables
to zero. If we set ys = 0 the dual becomes max{y; : yN < ¢,ys = 0}. Let
y* be an optimal solution to the dual. Hence, y; is, by the duality theorem,
the length of the shortest path from s to t. For any other node i, y; is the
length of the shortest path from s to the node i. Indeed, given any feasible
dual solution, y; is bounded above by the length of the shortest s — ¢ path.

The dual of the shortest path problem is relevant in analyzing the feasi-
bility of a certain class of inequalities. To describe it let V' be a finite set of
indices and A a set of ordered pairs of elements of V. Associated with each
pair (,j) € A is a number w;;. The system is:

Tj— & < Wij V(Z,j) € A. (1.1)

We can associate a network with (1.1) in the following way. Each element
of V' is a node, and to each ordered pair (i,j) € A we associate a directed
arc from node i to node j. Each arc (4, ) € A is assigned a length of w;;.

This system (1.1) is feasible iff. the associated network contains no
negative length cycle.! Second, if the system is feasible, one solution is
to set each x; equal to the length of the shortest path from an arbitrarily
chosen source node to node j.

'If the direction of the inequality in (1.1) is reversed, then the system is feasible iff.
the network has no positive length cycle.
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Chapter 2

Incentive Compatability

Any direct mechanism can be decomposed into two parts: an allocation
rule and a payment rule. The allocation rule determines the allocation of
resources as a function of the profile of reported types. The payment rule
determines the payment each agent must make as a function of the profile
of reported types. In this chapter we show how to characterize dominant
strategy as well as Bayesian incentive compatible mechanisms in environ-
ments with quasi-linear utilities and multi-dimensional types. Attention is
confined to direct revelation mechanisms where types are private. With a
change in notation the results would extend to the interdependent value
setting and ex-post incentive compatibility.

2.1 Dominant Strategy Incentive Compatability

Let T be a set of types. Denote by 7™ the set of all n-agent profiles of types’
An element of T™ will usually be written as (t1,#2,...,¢") or t. Let T’ be
the set of outcomes. An allocation rule is a function

g:T"—T.

Let Ry ={t €T":g(t) = a} YVa e T.
A payment rule is a function
P:T"— R",
1

that is, if the reported profile is (¢°,...,t") agent ¢ makes a payment of
Py(t',... t").

LThe type space need not be identical across agents. The assumption is for simplicity
of notation only.

19



20 CHAPTER 2. INCENTIVE COMPATABILITY

Utilities are quasi-linear. The value that agent ¢ with type t € T assigns
to an allocation o € T is denoted v*(alt).
Here are three examples.

1. Homogenous, multi-item auctions with additive valuations.
Suppose we have k units of a homogenous good to allocate. The type
of an agent is a vector in ]Rf“F whose j** component is the marginal
value for the j** unit. Each a € T’ can be represented by an integral
vector in Rﬁ whose " component represents the quantity allocated
to agent i and sum of components is k. The ¥ component will be
denoted oy, and vi(alt) = D5t

2. Combinatorial Auctions. We have a set M of distinct goods to
allocate. The type of an agent is a vector in RilMl with one component
for each subset of M that corresponds to the value assigned to that
subset. If the allocation « assigns the set S C M to agent ¢ with type
t then v(alt) = tg. The vector representation is given by the unit

. P
vectors in R2™ .

3. Unrestricted Preferences. Following the previous example, but
now we want to allow for the possibility that an agents payoff depends
not just on the goods assigned to him, but the goods assigned to
other agents as well. In this case a type would be a vector with one

T r
component for each allocation, i.e. in RLI.

An allocation rule g is dominant strategy incentive compatible
(DSIC) if there exists a payment rule P such that for all agents ¢ and all

types s # t:
Vgt 6T = Bt t7) 2 o' (g(s, tTO[E) = Pi(s, tT) Ve (2.1)

It would be more correct to refer to g as being implementable in dominant
strategies, but this is a mouthful.

The constraints (2.1) have a network interpretation. To see this it is will
be useful to rewrite (2.1) as

Pi(t,t7") — Pi(s,t7%) < v'(g(t, t7)|t) — v'(g(s, t7)|t) V £ (2.2)

Which coincide with the constraints of the dual of the shortest path
problem. Given this observation, a natural step is to associate with each ¢
and t~ a network with one node for each type ¢t € T and a directed arc
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between each ordered pair of nodes. Define the length of the arc directed
from type s to type t* by

(s, tlt™") = v'(g(t, t 7)) — v'(g(s,t7)]t).

Call this network T,(t*). Following Corollary 1.3.2, if this network has no
negative length cycles, then shortest path lengths exist. Choose any one
of the nodes as a source node and set P;(t,t~*) equal to the length of the
shortest path from the source to node t. A direct application of Corollary
1.3.2 is not possible because it assumes a finite number of nodes. In the
present case the network has as many nodes as there are elements in T,
which could be infinite.

In the sequel we fix an agent ¢ and a profile of types for the other n — 1
agents. For this reason we suppress dependence on the index i and t~* in
unless we say otherwise.

If we restrict our attention to agent ¢, we will always identify allocations
between which agent ¢ is indifferent. By this we can assume that for all
a # [ of T there exists a type ¢ such that v(alt) # v(B|t). Furthermore,
we will for fixed t~% restrict to I' = {a|3t € T such that g(¢,t7%) = a}.
Accordingly, from now on R, = {t|g(t,t™") = a}. Under this convention
inequality (2.1) becomes

v(g()[t) — P(t) = v(g(s)|t) — P(s). (2.3)

The constraints (2.2) become

P(t) = P(s) < v(g(®)[t) —v(g(s)[t). (2.4)

Define the length of the arc directed from type s to type ¢ by

(s, t) = v(g(®)[t) —v(g(s)[t),
and call this network Tg.2

Theorem 2.1.1 (Rochet(1987)) Let T be any type space, n > 2 be the
number of agents with quasi-linear utilities over a set I' of outcomes and
f:T"— T an allocation rule. The following statements are equivalent:

(1) g is (DSIC).

(2) For every agent i, for every report t~¢, the corresponding graph Ty does
not have a finite cycle of negative length.

2For technical reasons we allow for loops. But observe that £(,t) = 0.
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Proof: (2) = (1)
Let tg € T be an arbitrary, but fixed type. Define

k

P(t) = inf{Zﬁ(ti,ti+1)|k >0,t1,. .. tkr1 € T tpr1 = t}.
1=0

Set P(tg) = 0 and observe that P(t) is larger than or equal to —¢(¢,tg), and
thus larger than —oo. If not 7, would have a negative cycle. Finally for
every t,t' € T:

P(t") < P(t) + £(t, 1)) = P(t) + v(g(t)[t) — v(g(t)[t).

(1) =(2)
Let t1,...,tk,tk+1 = t1 be a finite cycle. Since ¢ is dominant strategy
incentive compatible there exists a payment function P such that:

k k k
Z (ti, tit1) ZU (tig1)[tiv1) —v(g(ti)|tiv1) > Z (tix1) — P(t;) = 0.
=1 =1 i=1

A straight forward conseqence of Theorem 2.1.1 is what is called the
taxation principle. If g is DSIC, then we know there exist appropriate
payments. Notice also, if g(t) = g(s) then P(t) = P(s). For this reason
we can express payments as a function of allocation rather than types, i.e.,
P(t) = P for all t € R,. Revert to the notation involving the full profile
of types we can state the taxation principle as the following.

Lemma 2.1.2 If g ws DSIC then there exists a payment function P such
that:
g(t) € argmax[t!, — P*(t™")] Vi.
acl’

The taxation principle allows us to interpret a mechanism as offering a
menu (one for each t~%) consisting of a list of allocations and corresponding
prices to be paid. Specifically, if agent ¢ chooses allocation « she must pay
P,

Theorem 2.1.1 is useful in that it places conditions on the allocation rule
rather than on the utilities that the agents derive. It is problematic in that
one must verify non-negativity of a rather large number of cycles. Here is
one application of the result.
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Theorem 2.1.3 Suppose T,T' C RL, g(t) € R, v(z|t) is non-decreasing in
x for each fixed t and satisfies strict increasing differences (supermodularity).
Then g is DSIC iff g is non-decreasing.

Proof: Suppose g is DSIC and for a contradiction is decreasing somewhere.
Then there exists r,s € T such that r < s and g(r) > g(s). DSIC implies
that

P(r) = P(s) < v(g(r)lr) —v(g(s)[r).
Increasing differences implies that the right hand side of the above is strictly
less than v(g(r)|s) — v(g(s)|s). Hence

P(r) — P(s) <w(g(r)ls) —v(g(s)ls),

which violated DSIC.
Now suppose that g is non-decreasing. We show that g is DSIC. Increas-
ing differences implies that for all t > s we have

€(s,t) = [v(g(D)[t) = v(g(s)[)] = [v(g(t)]s) —v(g(s)[s)] = —L(t, s).
Hence £(s,t)+£(t,s) > 0, i.e., all cycles on pairs of nodes have non-negative
length. To show that all cycles have non-negative length we use induction.
Suppose all cycles with k& or fewer nodes have non-negative length. For
a contradiction suppose there is a cycle, C, of k + 1 nodes with negative
length. Let that cycle consist of the nodes #1,12,...,tx11. Without loss we
may suppose that ¢4 > t; for all j <k + 1.

If we can show that £(tx, txr1) +(tr+1,t1) > £(tg, t1), then the length of
C is bounded below by the length of the cycle t; — t3 — ... — ty — 1. By
the induction hypothesis this would contradict the fact that C' is a negative
cycle.

Suppose £(tx, tg+1) + L(tgs1,t1) < €(tk, t1). Then

0(g (k) [t 1) = (g (trltrgr) Fo(g(tr)[E1) —v(g(trrr) [tr) < v(g(ta)tr)—v(g(tr)[t1).
The right hand side of this inequality can be written as

v(g(t1)[tr) — v(g(trra)ltr) + v(g(trgr)ltr) — v(g(te)[tr).
Substituting it in we get

V(g(tkt1)[ter1) — v(g(tr)[tkr1) < v(g(tera)ltr) — v(g(te)ltr),

which cannot be by increasing differences. [ |

The proof is instructive in that it suggests that sometimes it is suffi-
cient to verify non-negativity of cycles on pairs of nodes. This is what we
investigate next.
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2.1.1 2-cycle Conditions

Reversing the roles of ¢ and s in (2.3) implies

v(g(s)]s) — P(s) = v(g(t)ls) — P(2). (2.5)

Adding (2.3) to (2.5) yields

v(g()[t) +v(g(s)]s) = v(g(s)[t) +v(g(t)]s).

Rewriting;:

v(g@)[t) — vlg(s)[t) = —[v(g(s)ls) — v(g(t)]s)]- (2.6)

We call (2.6) a 2-cycle inequality. An allocation rule that satisfies the
2-cycle inequality for every pair s,t € T is said to satisfy the 2-cycle con-
ditions. Bikhchandani, Chatterji, Lavi, Mu’alem, Nisan and Sen (2006) use
the term weak monotonicity instead. That the 2-cycle condition holds
is a necessary condition of dominant strategy incentive compatibility. We
show that under certain conditions it is a sufficient condition.

First, we suppose that |['| is finite. In this case we can assume that
T C RI' and we interpret the i*" component of any ¢t € T as the value that
type t places on outcome i € I". Therefore, if g(t) = o we interpret ¢, to be
o(g®)le).

When T’ is finite it is more convenient to work with a different but related
network, called the allocation network. We associate with each element
a € T' a node. The length, ¢(a, 3) of an arc directed from allocation « to
allocation (3 is given by

Ua, B) = Siergﬁ[v(ms) —v(als)] = Siergﬁ 58 — Sa-

Symmetrically, we associate an arc directed from (3 to a with length:

Denote the graph by I'y. Notice that if the 2-cycle condition holds,
La,B) +4(B,a) > 0 Va, B €T (2.7)

From Rochet’s theorem or Corollary 1.3.2 we obtain the following.
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COROLLARY 2.1.4 Let T be any type space, n > 2 be the number of agents
with quasi-linear utilities over a set I' of outcomes and g : T™ — T' an
allocation rule. The following statements are equivalent:

(1) g is DSIC.

(2) For every agent, for every report t~¢, the corresponding graph I'y does
not have a finite cycle of negative length.

If (2.7) holds the set R, is contained in a polyhedron @, for all « € T,
and these polyhedra can be chosen such that the intersection of T with the
interior, I(Q4), of Q4 is contained in R,. Observe that for t € R, we have

ta —tg > C’:ienlg [xq —x8] = (B, ). (2.8)

Thus R, is a subset of
a:{xeRk:xa—xg > (0B, a) VB # a}.

Now assume I(Q,) # 0 and consider a t of T N I(Q,). We show that
t € R,. Observe that for all 8 # o, t € Rg. Indeed, otherwise we get the
contradiction?
tg —ta < o, B) < tg —tla.
Notice that there is a one-to-one correspondence between the constraints
of these polyhedra and arcs of I'y. Specifically, the constraint zg — zo >
{(a, B) corresponds to the arc («, f3).

Theorem 2.1.5 (Saks and Yu (2005)) Suppose |I'| is finite, T C RI'l is
convex and g is onto. Then, g is DSIC iff

v(g(@)[t) —v(g(s)[t) = —[v(g(s)ls) —v(g(t)[s)] Vt,s € T

Proof: We confine ourselves to the case when |I'| = 3. Suppose I' =
{a, B,7}. Assume then that I'y has the negative cycle « — v — 8 — «a.
Let F be the feasible region associated with the system below.

xo — x5 > (B, ) (2.9)

$We make use of v(al.) # v(8].) for a # 3. This ensures that inequality (2.8) has non-
zero left-hand-side, and thus every point in the interior of Q. satisfies (2.8) with strict
inequality.

4This theorem subsumes earlier results due to Bikhchandani, Chatterji, Lavi, Mu’alem,
Nisan and Sen (2006) and Gui, Miiller and Vohra (2004).
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Ty — o > U, ) (2.10)

25— 2y > U(7,5) (2.11)

Since the network associated with (2.9, 2.10, 2.11) has no positive length
cycle, F # (). Notice that (2.9) implies that = € R, (2.10) implies that
z ¢ Ry and (2.11) implies that x ¢ Rg. Therefore F NT = (), recall that
T=R,URgUR,.
By the separating hyperplane theorem we can separate F' from T by a
hyperplane,
> dgxy > C (2.12)
el
say. All x € F satisfy (2.12) and all z € T violate (2.12).
Now (2.12) can be obtained or dominated by an inequality generated by
taking a non-negative linear combination of the inequalities in (2.9, 2.10,
2.11). Specifically

w1 (T —7g) +w2(Ty — Ta) +ws(zg—2y) > w1l(B, o) +wal(c, v) +wsl(y, B).

Any such inequality formed by taking all w; > 0 is dominated by one where
at most two of the w; are positive. This is because the the left hand sides
of (2.9-2.11) add up to zero while the right hand side adds up to something
negative. Hence, wlog we can take wp,ws > 0 and ws = 0. Thus, our
separating hyperplane becomes:

w1 (o — 28) + wa(ry — o) > wil(F, o) + wal(a, ). (2.13)

By our assumption, every x € T' must violate (2.13). Pick an e sufficiently
small and choose z € R, such that z, — o = ¢(a,7y) + €. We claim that
o — 23 > £(B, ). Suppose not. Then

UB,y) Sy —x3 =2y —Taq + 2o — 23 < L(o,y) + e+ (B, ).
Since o — v — 0 — « is a negative length cycle, for e sufficiently small

0> 0(B, ) + (a,y) + (v, B) + € > L(B,7) + £(v, 8) >0,

a contradiction.

Since our chosen = € R, satisfies x, — zo > {(a,7) and z4 — g >
0(B, a) it follows that = satisfies (2.13). This contradicts the existence of the
negative cycle a — v — [ — a. [
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The theorem is false when |I'| is not finite. An additional integrability
condition is needed (see Rochet (1987)). We postpone discussion of this
issue when we take up the case of Bayesian incentive compatibility. The
assumption that ¢ is onto is not without loss since it rules out allocation rules
that could, for example, break ties between outcomes based on preferences
over irrelevant outcomes. Convexity of the type space is essential, otherwise
the theorem is false. For example, when the type space is discrete.

2.1.2 Roberts’ Theorem

In this section we give a proof of a theorem of Kevin Roberts (1979) that
gives a characterization of DSIC allocation rules as solutions to maximiza-
tion problems. The proof is a reinterpretation of the original emphasizing
the underlying network structure.’

Theorem 2.1.6 (Roberts’ Theorem) Suppose |I'| is finite and at least
3. Let T = RI"l and g be DSIC and onto . Then there exists a non-zero,
non-negative w € R™ and |I'| real numbers { D~} er such that

n
7
g(t) € arg ma 2 wit!, — D,

The class of allocation rules described in the theorem above are called affine
maximizers.

Fix a non-zero and nonegative vector w. We associate a network with
w called I'y,. The network will have one node for for each v € I'. For each
ordered pair (3, «) where 3, € T' introduce a directed arc from (3 to « of
length

(3=t St~

If there is a choice of w for which I'y, has no negative length cycles, Roberts
theorem is proved. We will prove the following,

Theorem 2.1.7 Let g be DSIC, onto and |I'| > 3. Then there exists a
non-zero, non-negative w € R™ such that I'y, has no negative length cycles.

In what follows we can assume wlog that w > 0 and > w; = 1. Such a
vector w will be called feasible.

First we give an outline of the proof. Suppose a cycle C =a; — ... —
ap — oq through the elements of I'. From each «; pick a profile t[j] such

®See also Lavi, Mu’alem and Nisan (2004) and Meyer-ter-Vehn and Moldovanu (2002).
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that f(t[j]) = a;. We associate with the cycle C' a vector b whose ¢
component is

b = (t, [1] =t (1) + (t6, [2] — 16, [21) + . + (t, [K] — to, _, [K]).-

Let K C R™ be the set of vectors that can be associated with some cycle
through the elements of I'. Theorem 2.1.7 asserts the existence of a feasible
w such that w-b > 0 for all b € K. The major milestones of the proof are
as follows.

1. If b € K is associated with the cycle oy — ... — ap — aq then b is
associated with the cycle a; — ap — «1. In words, each element of
K is associated with a cycle through a pair of elements of I.

2. If b € K is associated with a cycle through («, 3) then b is associated
with a cycle through (v,0) for all (v,60) # (a, ). In words attention
can be restricted to just one cycle.

3. Show that K is convex.

4. Finally, it suffices to note that K is disjoint from the negative orthant.
Theorem 2.1.7 follows by invoking the separating hyperplane theorem.

Let U(B,a) = {d € R" : 3t € T" s.t. g(t) = «, s.t. di = t}, — t} Vi}.
Since g is onto, U(B,a) # 0 for all o, € T'. Notice that ,(5,a) =
infdeU(/&a) w-d.

)

Lemma 2.1.8 Suppose g(t) = a and s € T™ such that si, — siﬁ >t — th
for alli. Then g(s) # f3.

Proof: This lemma is a consequence of the 2-cycle inequality and we leave
its proof as an exercise. [ |

A consequence of Lemma 2.1.8 is that U(f, «) is upper comprehensive
for all a, 3 €T
For every pair «, 8 € I' define

h(B,a) = inf maxt’ —t5 = inf maxd’.
(8, ) teTmigt)=a i © P deU(Ba) i

Lemma 2.1.9 For every pair o, € T', h(f3, ) is finite.
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Proof: Suppose not. Fix a pair a and § for which the lemma is false. Then
h(3, @) can be made arbitrarily small. Since U (3, ) is upper comprehensive
this would imply that U (3, a) = R™.

Choose d € U(a,3). Then there is an s € T™ such that s% —s =d
for all 4 and g(s) = . Since U(B,a) = R™ there is a t € T™ such that
t — t% < —d' for all i and g(t) = a. Since t% —t > s% — 5% for all 7 it
follows from Lemma 2.1.8 that g(t) # «, a contradiction. [ |

Since U(a, ) # R™ it follows that the complement of U(cq, ) must
contain all vectors x such that —z € U(3, ). In particular this means that
int[U(a, B) + U(B, a]) does not contain the origin. In addition, if for some
t € T™ we have that t, — té < h(B,«) for all i then g(t) # .

Lemma 2.1.10 For all o, €T, h(a, 8) + h(B,a) = 0.
Proof: Suppose first that h(«, 5) + h(8,a) > 0. Choose t € T™ to satisfy

th —th < h(B,a) Vi (2.14)
th —th, < h(o, B) Vi (2.15)
th —th < h(a,y) Vi Vy # o, B (2.16)

It is is easy to see that the network associated with this system has no
negative length cycle. So, it has a solution. Now (2.14) implies that g(t) # a.
Similarly (2.15) implies that g(t) # 8. Together with (2.16) we deduce that
g(t) ¢ I' a contradiction.

Now suppose that h(a, 3) + h(5,a) < 0. Choose t € T" to satisfy

th—th, > h(a, B) Vi (2.17)
th —th > h(B,a) Vi (2.18)
tr, —to < hla,v) Vi Vy # «a, 8 (2.19)

It is easy to see that the system has a solution. Now (2.19) implies that
g(t) € {a, B}. However (2.18) coupled with Lemma 2.1.8 means that g(t) #
a. But, (2.17) and lemma 2.1.8 imply that g(¢) # [ a contradiction. |

Denote the vector all of whose components equal 1 by 4.

Lemma 2.1.11 Ifd, 3 € U(7, ), dgo € U(B, ) then for all e > 0

dyg+dga+ et € U(y,a).
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Proof: Choose t € T™ to satisfy the following.

th —th =dj, + 1€/2 Vi (2.20)
th—t, =d 5+1e/2Vi (2.21)
b —to < h(,0) V0 & {a, 8,7}, Vi (2.22)

Since the network associated with the system has no cycle the system has
a solution. Inequality (2.22) combined with the definition of h implies that
g(t) € {a,3,7}. Inequality (2.21) and Lemma 2.1.8 imply that g(t) # ~.
Inequality (2.20) combined with Lemma 2.1.8 imply that g(t) # (. Hence
g(t) = a. Observe that t{, — tg = dfg’a + d s+ e€ for all ¢ and this proves the

ﬁ/’
lemma. [

If the length function [, is is well defined for all arcs of Iy, the conclusion
of Lemma 2.1.11 can be restated as

Lu(o, B) < lw(a,y) 4+ Luw(v, B) + e

In words, [,, satisfies the triangle inequality.

Lemma 2.1.12 Suppose for some feasible w we have that L, (o, B)+1y,(5,7) >
0 for all a, 8 € I'. Then I'y, has no negative length cycles.

Proof: The condition that [, («, 3) + l,(5,7) > 0 for all o, f € T implies
that the length function [, is finite. To prove the lemma it suffices to show
that [, satisfies the triangle inequality. This follows from Lemma 2.1.11. =

Lemma 2.1.13 For any dv € U(y,a) dog € U(, B) and dg o € U(f, )
we have

dyo + dag +dga + 2te € Uy, a).

Proof: Lemma 2.1.11 implies that d., o +d g +t€e € U(y, 3). Lemma 2.1.11
implies that
dyo+ dop+te+dgo+ e € U(y,a).

Lemma 2.1.14 int[U(«, B) + U(B, «)] is convex for all o, 3 € T.
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Proof: Pick dgﬂ € U(a, ) and df@,a € U(fB,«) for i = 1,2. It suffices to
prove that (dé,ﬁ+d}3,a)/2+((di,6+d2,a)/2 € int[U (o, B)+U(B, )]. Suppose
not. Then, without loss, we may suppose that (diﬂ + diﬂ)/Q & intU(a, B).
Hence —(diﬂ + daﬂ)/Q € U(B, ). Therefore, by Lemma 2.1.13

h(fy,a)a—ke—kd}lwg ( 5+d )/2 = ( —diﬂ)/2+ﬁe+h(7, a)u € Uy, a).

Since h(a,vy)u + te € U(a,y) it follows from Lemma 2.1.10

(diﬁ—diﬂ)/%—% = (daﬁ—diﬁ)/2+1le+h('y, a)u+h(a,v)+ae € int[U (o, v)+U(y, ).

By Lemma 2.1.13
d2 5+ (db 5 — d2 5) /2 + 24 € U(a, B)

a contradiction. []

Lemma 2.1.15 If there is a feasible w and pair o, B € T such that l,,(a, 3)+
ly(B,a) <0 then for all v,0 € T we have L, (7, 0) + 1,(0,7) < 0.

Proof: It suffices to prove that int[U («, 5)+U (5, )] = int[U(y,0)+U(d, )]
for all o, 3,7,0 € I'. For any d, 3 € U(c, ) we have by Lemma 2.1.11 that
dog+h(B,7)+ e € U(a,). Similarly, for any dg, € U(f, o) we have that
dy 3+ h(v,B)a+ te € U(y, o). Hence, by Lemma 2.1.10,

do,g+n(B, v)u+tet+dy g+h(B, a)ite = (do gttie)+(dgo+ie) € U(a,v)+U (7, ).

Hence int[U(a, B) + U(B,a)] C U(a,v) + U(7,«). Switching the roles of
B and a we conclude that int[U(«, 5) + U(B, )] = int[U(c,y) + U(7y, a)].
Repeating the argument again with « replaced by § completes the proof.m

We now prove Theorem 2.1.7. Suppose it is false. Then, by Lemma
2.1.15 for every feasible choice of w and pair «, 5 € T' we have l,(a, 3) +
lw(B, ) < 0. By Lemma 2.1.14 the set int(U(«, 3))+int(U (8, o)) is convex.
Notice also that the set int(U(a, 8))+int(U (5, o)) cannot contain the origin.
Therefore, by the seprating hyperplane theorem there is a feasible w* such
that w* -z > 0 for all z € U(a, B) + U(B, ), a contradiction.

Theorem 2.1.7 is false when |T'| = 2 and when T is a strict subset of RI'.

Example 1 We describe a counter ezample to Theorem 2.1.7 when |T'| = 2.
Suppose T = {a, B}. Let g(t) = o wheneverti, > tg for all agents i otherwise
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g(t) = B. Clearly, g cannot be expressed as an affine mazimizer. To show
that g is DSIC we verify that the 2-cycle condition holds. Fix t~. We have
two cases. In the first th > t]ﬁ for all j # 1. Then the corresponding graph
Iy consists of just two nodes; o and 3. As long as ti, — tiﬁ > 0 we know
that f(ti,t*i) = «. Hence l(B,a) = 0. Similarly, {(«, 3) = 0. In the second
case, th < tjﬁ for at least one j # i. In this case f(t',t=%) = 3 for all t'.
Hence, the corresponding graph I'y is a single vertex.

Example 2 We describe a counter example to Theorem 2.1.7 when T is a
strict subset of RI'l. Consider two buyers and one good. There are three
possible allocations: the good goes to agent 1, it goes to agent 2 or it is
not allocated at all. An agents type records the value of each possible al-
location. Suppose private values, i.e., agent i receives value of v; € [0, 1]
when she receives the good and zero for all other allocations. Hence T is a
one dimensional subset of [0,1]3. Consider the following allocation rule. If
vi,v2 € [0,1/2) then the good is not allocated. When vi,vy € (1/2,1] the
good is not allocated. In all other cases the good is allocated to the agent
with the highest value. It is straightforward to verify that the rule is DSIC
and not an affine mazximizer.

2.2 Bayesian Incentive Compatability

This section is based on Miiller, Perea and Wolf (2005). They have been
kind enough to let me plagiarize at will.

Take agent i having true type t* and reporting * while the others have
true types t—% and report r~%. The value that agent i assigns to the resulting
allocation is denoted by v’ (g (ri, r*i) | ti,t*"). Agents’ types are indepen-
dently distributed. Let 7" denote the density on 7". The joint density 7 —*
on t~* is then given by

a7t (tﬂ') = H T (tj) .
JEN
J#i
Assume that agent i believes all other agents to report truthfully. If
agent ¢ has true type t’, then his expected utility for making a report ¢ is
given by

Uit |4 = /T e () ) = P ) (6 de

= E_i [ (g(r',t7") [tht7") =B (r,t77)]. (2.23)
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We assume E_; [vi (g (ri,t_i) | ti,t_i)] to be finite Vré t' € T.
An allocation rule g is Bayes-Nash incentive compatible (BNIC) if
there exists a payment rule P such that Vi € N and Vr?, 7 € T

B0 (9 167 |76 = P ] 2 B ot (o (6 [ ) = By ().
(2.24
Symmetrically, we have also

E_i ' (g (Ft7") | #,67") = P (F,t7)] = E_i [v' (¢ (v, 677) | 7,677 = P (r',t79)]
(2.25)

By adding (2.24) and (2.25) we get the expected utility version of the 2-cycle

condition. An allocation rule g satisfies the 2-cycle condition if Vi € N and

vrt 7 e T

E_; [vi (g (ri,t_i) ] ri,t_i) — 2t (g (fi,t_i) | ri,t_i)]
> E_; [vi (g (ri,t_i) ] fi,t_i) — 2! (g (fi,t_i) | fi,t_i)] .
Obviously, the 2-cycle condition is necessary for BNIC.

As before the constraints in (2.24) have a natural network interpretation.
For each agent ¢ we build a complete directed graph 7. A node is associated
with each type and a directed arc is inserted between each ordered pair of
nodes. For agent i the length of an arc directed from r* to 7* is denoted
I'(r*, ) and is defined as the cost of manipulation:

g (rijfi) =F_; [vi (g (ri7t7i) | Ti’tfi) — (g (fi’tfi) | ,rz"tfi)] . (2.26)

Given our previous assumptions, the arc length is finite. For technical rea-
sons we allow for loops. However, note that an arc directed from 7* to r’
has length I*(r%,7%) = 0.

The following is now straightforward.

Theorem 2.2.1 An allocation rule g is BNIC if and only if there is no
finite, negative length cycle in T;, Vi e N.

The costs of manipulation are decomposition monotone if Vri, 7 € T*
and Vrt € T® s.t. 7 = (1 — a)r’ + o', a € (0,1) we have

li (fiafi) > lz (zi,ri) + lz (T‘i,fi) )

If decomposition monotonicity holds then the arc between those nodes is at
least as long as any path connecting the same two nodes via nodes lying
on the line segment between them. Figure 3.1 gives an illustrative example.
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Decomposition monotonicity implies that the arc from 7’ to 7 is at least as
long as the path A = (zi, rl,, fi) and that A is at least as long as the path

[ T S Y ) % =
A - (f ,T’*,T**,T***,T )

Figure 3.1

We now assume that 7" is convex for each agent i. Furthermore, we now
assume that an agent’s valuation function is linear in his own true type. So
if agent i has true type ¢' and reports ' while the others have true types
t~" and report r—*, his valuation for the resulting allocation is

o (g (Ti’r—i) | ti’t—i) — o (g (,r,i’r—i) | t—i) 4 (g (Ti7r—i) | t—i) o
(2.27)
Note that o : T x 7" 1 — R and §° : T' x T" ! — R*, ie. o assigns
to every (fy,t*i) € I' x T" ! a value in R, whereas ' assigns to every
(’y,t_i) € T x T" ! a vector in R*. Similarly, assuming he believes all
other agents to report truthfully, agent i’s expected valuation for reporting
r* while having true type t’ is

E_; [Ui (g (ri,t_i) | ti,t_i)] =FE_; [O&i (g (ri,t_i) | t_i)]—l—E,i [ﬁl (g (ri,t_i) | t_i)} t.
(2.28)
Using (2.28), the 2-cycle condition becomes

Ei B (g(r ™) [ t7) =B (¢ (7 t7) [t7)] (r' =7) >0  Vie NVr' i eT.
(2.29)
In this restricted setting the 2-cycle condition implies that the costs of
manipulation are decomposition monotone:
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Lemma 2.2.2 Suppose that every agent ¢ has a valuation function which is
linear in his true type: If g satisfies the 2-cycle condition then the costs of
manipulation are decomposition monotone.

Proof: Take some agent i and let r’,7* € T. Let r* € T° such that
ri = (1 —a)r’ +ar’ for some a € (0,1). The 2-cycle inequality implies
that

B [ (g (' 67) [67) =87 (g (7 67) [ £7)] (' =7") > 0.

Note that r* —r? is proportional to r* — 7, specifically r* —r* ( )
Since a € (0, 1), the above inequality unphes that

Ei[# (g t7) [67) =8 (g (7 ¢7) [¢7)] (o = 1") 2 0.
Adding E_; [B (g (', 67) | ) — B (g (%, 6=) | t)] * to both sides of
the latter inequality and rearranging terms yields

Ei[3 (g (r, t") [£7) =8 (g (76 7) [679)] o

+E—z [8" (g (=, ¢7) [£7) = 8" (g (', 67") [ £77)] 2*

> B[ (g () [67) =8 (g (76T [£7)]

B [8(g (' 67) 7)) = 8" (g (7"t 77) [677)] 2"

The first and the last term on the left-hand side of the inequality cancel.
Using (2.26), the above can be written as

li (ziﬂ;i) > lz (i’i7 ,,,’i) 4 l’L (T‘i, fi) ,

—1

=, 13,

=,

so the costs of manipulation are decomposition monotone. [

Even when the type space is convex the 2-cycle condition is not sufficient
to characterize BNIC. We give a counterexample. It is constructed based
on the following insight: Suppose that the allocation function g and the
mapping (¢ are such that we can write

B8 (g () [679)] = B,
where B; is some agent specific k& x k matrix. The two cycle condition
requires ‘ ' ' . o
(r'=7)Bi(r' =) >0 V', eT,

where / denotes “transposed”. Note that

1 1
Bi =5 (Bi+B) + 5 (Bi— B,
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that is, B; can be decomposed into a symmetric part %(BZ + B]) and an
anti-symmetric part 3 (B; — B}). The two cycle condition is satisfied if the
symmetric part of B; is positive semi-definite. However, there are no finite,
negative length cycles in Tgi (and thus g is BNIC) if and only if B; is sym-
metric and positive semi-definite (both results follow from Rockafellar, 1970,
p.240).

Example 3 For simplicity assume a single agent. Furthermore, take the
mapping 3 in (2.27) to be linear and the mapping o' to be equal to zero. The
agent’s type space is the convex hull of the simplex in R®. Let x = (1,0,0),
y=1(0,1,0) and z = (0,0,1). There are three outcomes, denoted a, b and c.
If the agent is of type x, his valuations for these outcomes are given by the
first column of the following matriz

2
V=13
0

w N O

3
0
2

The first element is his valuation for a, the second one for b and the third
one for c. Similarly, if the agent is of type y or z, his valuations for the
elementary outcomes are given by the second and the third column of V.
The allocation rule g is a linear mapping associating each type report with
a probability distribution over the three elementary outcomes. The outcome
space I is the set of all possible probability distributions on {a,b,c}. Generic
element v = (Ya, Vb, Ve) indicates that a is achieved with probability 4, b with
probability v, and ¢ with probability ..

The allocation rule works as follows: if the agent reports x as his type
then g awards him with the second-best outcome according to this type, that
is g(x) = (1,0,0). Similarly, g(y) = (0,1,0) and g(z) = (0,0,1). In general
we have g(r) = rI, where I denotes the 3 x 3 identity matriz.

Using the above, the agent’s valuation function becomes v(g(r) | t) =
rVt'. As can be easily checked (by verifying that the symmetric part %(V +
V') of V s positive definite), the 2-cycle inequality is satisfied, that is,
(r—7)V(r—7) >0, Vr#ecT. Nevertheless, the 3-cycle C = (z,vy,z, )
has length ((x,y) +€(y, z) + €(z,x) = —3. The existence of a negative length
cycle implies that g is not BNIC (see Theorem 2.2.1).

We show that that 2-cycle condition along with an integrability condition
is sufficient to characterize BNIC. A special case of this result was first
proved in Jehiel and Moldovanu (2001).
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Definition 2.2.3 (Path Independence) Let v): T° — R be a vector
field. ) is called path independent if for any two r', 7 € T the path integral
of ¥ from r' to 7 _

/r'L
G
s
is independent of the path of integration S.

Note that E_; [Bi (g (ri, t_i) | t_i)] is a vector field T +— RF.

Theorem 2.2.4 Suppose that every agent i has a convex type space and a
valuation function which is linear in his true type. Then the following state-
ments are equivalent:

1) g is BNIC.

2) g satisfies the 2-cycle condition and for every agent i, E_; [BZ (g (ri, t_i) \ t_i)}
is path independent.

Proof: (1)=(2): Assume that g is BNIC. Clearly the 2-cycle condition
holds. Furthermore, from Theorem 2.2.1 it follows that for every agent i the
graph Tgi has no finite, negative length cycles. Let C' = (ri, co, Tl rfﬁ 1= ri)
denote a finite cycle in T7. Then,

m

SSU (i) 20,
j=1
which can be rewritten using (2.26) and (2.28) as

m

SB[ (0 () 16 = B g (P t7) [ €] 18 > 0
j=1
This implies that

m

S B (5 (g (e t7) 1€7)] (i — 79) > 0.

j=1

Thus, E_; [ﬂi (g (ri,t_") ] t_i)] is cyclically monotone.> From Rockafellar
(1970), Theorem 24.8, it follows that there exists a convex function ¢: 7" —
R such that E_; [ﬁi (g (ri, t*i) | t*i)] is a selection from its subdifferential
mapping, that is,

E_; [ﬁi (g (ri,t_i) | t_i)] € dp (7“2) vrteT.

5The notion of cyclical monotonicity was introduced by Rockafellar (1966).
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This implies (see Krishna and Maenner, 2001, Theorem 1) that for any
smooth path S in T joining 7’ and 7 the following holds:

0

F
/. B[ () 1] = o () — e ()
rt?
so E_; [5i (g (ri,t*i) \ t*")] is path independent.

(2)=(1): Let us assume that ¢ satisfies the 2-cycle condition and that
for every agent i, E_; [ﬁi (g (ri,t*i) ] t*")] is path independent. Take any
arc from Ty and denote its starting node r* and its ending node 7. Let L de-
note the line segment between r and 7, i.e. L = {r' € T* | r' = (1 — a)r’ + oF, o € [0,1]}.
Choose any r* € L and replace the original arc with the path A = (ﬁ, rt, fi)
which has length [ (zi, ri) + 1 (7‘", Fi). By Lemma 2.2.2 we have

U (', 7)) > 0 (o) + 1 (', 7)) (2.30)
that is, the original arc is at least as long as the path A. By repeated
substitution we can generate a new path A = (7“':‘[ = fi, cee rfn, ran = fi)

where 1“; € L,Vje{l,...,m+1}. Then (2.30) implies that the original arc
is at least as long as A, that is,

m
FE ) 2 300 ().
j=1
(see also the example given in Figure 3.2Note that

le (7“;7 T§+1)
j=1

M

B (0 () 1t ) = (9 (s €79 o6

7j=1
= B [oi (g (167 167 = 0t (g (s t7) [0 t7)]
m—1
+ > B [v' (9 (ryns ) [ t70) =o' (g (rhyas t7) [ 670
=1

I
t

S ot (g (1 87) 175, 77) = 0" (g (rngas t7°) [ g, 7))
E_i [v" (g (rj0,87) [750,87) = ' (g (rfya, t77) 15, 677)]
[ (9 (1, 67) | 670) = f (g (7 67) | .67

=i [8° (9 (s 7) 167 (1 = 75) -

_l’_

s

7j=1

= F

|
.

<
Il
—_

+
=
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The first equality follows from the definition of the arc length given in (2.26).

The second equality follows from rearranging the terms of the summation.

The third equality is derived by adding and subtracting E_; [vi (g (rinﬂ, t_i) | rfnﬂ, t_i)] .
To derive the last equality we use (2.28) and that r{ = r, v, ; = 7. By

repeated substitution we can generate paths with more and more arcs. In

the limit the distance between neighboring nodes goes to zero and

m I

;Ei [ﬁi (g (r§+1,t—i) | t—i)] (’"§+1 — T;) N /TL E; [ﬁi (g (Ti,t—i) | t—i)] .

Thus, the length of A goes to
Fi
LT (g () [ 67 = (o (6 [Pt )] [ L[ (g (6) | €9)].
ri,L
(2.31)
asm — o0o. Now, let C' = (r’i, ce ,rimrinﬂ = 7”1) denote a finite cycle in Tg.
Furthermore, let L; denote the line segment between r;'- and r§ +1- The result
in (2.31) and the path independence of E_; [Bi (g (ri,t_i) | t_i)} imply for
the length of C that

le (7";" 7";'+1)
j=1

m

ZE—Z' [ (g (5, 7%) |7 t7) = 0" (g (Pns 877) | 75 877)]
=1

v

S e )

j=1 T;:LJ’
= 0,

that is, C' has non-negative length. In order to see the equality relation,
note the following: the terms of the first summation cancel each other out.
Furthermore, the second summation describes an integral over a closed path
in 7% which, due to path independence, equals zero. [ |

The 2-cycle condition and path independence of E_; [ﬂi (g (ri, t_i) | t_i)]
do not imply one another. Example 3 and Theorem 2.2.4 shows that the
2-cycle condition does not imply path independence. It can also be derived
directly from Example 3. If we consider for example path A consisting of
the line segment between x and y and path A consisting of the line segment
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between x and z and the line segment between z and y, we find that

y 3 y
| patn=—3 mma [ sg) =3

So the path integral of 3(g(r)) from z to y is not independent of the path
of integration. That weak monotonicity of g does not imply path indepen-
dence of E_; [ﬁi (g (ri,t*i) | t*")] depends upon the assumption of multi-
dimensional types If we would consider one-dimensional type spaces instead,
then weak monotonicity would indeed imply path independence.

That path independence does not imply the 2-cycle condition is illus-
trated by the following example.

Example 4 Let us consider the allocation of a single, indivisible object. For
simplicity we assume that there exists only a single agent to possibly allocate
to. He has a type t € T = [0, 1] which reflects the value of the object for him.
Given a report r of the agent, the allocation rule g: T + [0, 1] assigns to him
a probability for getting the object. The agent’s valuation for the resulting
allocation is v(g(r) | t) = g(r)t. Specifically, we set g(r) = —(2r — 1)2 + 1.
Clearly, g is path independent but fails the 2-cycle condition.

If g is BNIC, the corresponding payments can be constructed by using
shortest path lengths (as described in the proof of Theorem 2.2.1). For each
i € N, let us pick some a’ as the source node in ng" Thus, if agent ¢ reports
t', he has to make a payment

P () =inf > 1 (ri,rhyy), (2.32)
j=1

where the infimum is taken over all finite paths from ¢’ to a’. Take any finite
path A = (ri =t .. .,rfn_H = ai) in Tgi. Let L; denote the line segment
between 7% and 77 ;, whereas L; denotes the line segment between the source
and t'. Following the repeated substitution approach presented in the second
part of the proof of Theorem 2.2.4, we can construct paths that are shorter
(or as long) by letting them visit the same nodes as A and also additional
nodes along the line segments in between. In the limit, as the number of
nodes goes to infinity, the distance between neighboring nodes goes to zero

and the length of the paths goes to

m
S (B[ (0 (5 t7) 1 t™) = 00 (o (g t7) | )
=1

+ / L] B [8 (g (', 67) 1) ). (2.33)
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Using path independence in (2.33) we have that”

i

i o ; P vy _ a . . . .
j;/rw 16 (g (r,67%) | 7] - 18 (g (7, 677) [ £79)]

Applying the above to (2.32) yields

PAF) = Bl o (.6 [£,67) o (g ) )]
_ / B[ e () 1) (2.34)

implying that the expected utility (see (2.23) for definition) for truthfully
reporting ¢ is®

U'(t|t") =U" (a' | a') + E_i[B (g(rt7") | t7)]. (2.35)

az7Lt

2.3 Revenue Equivalence

Suppose T is a type space and g an allocation rule that is DSIC. Revenue
equivalence is said to hold for g on T if for any pair of payment schemes P
and P such that (g, P) and (g, P) are DSIC mechanisms and for each agent
i and report t¢ of the other agents, there exists h;(t™%) € R such that
Pi(t',t™") = Pi(t',t™%) + hy(t_;). In other words any two payment rules
differ by a constant.

Now let us revert again to the more compact notation where the depen-
dence on t~* is supressed. If (g, P) is DSIC, we have that for any pair of
types t,s € T such that g(t) = g(s) = v for some € I'. Therefore, by the
Taxation principle, payments must be equal, i.e. P(t) = P(s). In particular,
payments can be indexed by allocation rather than type. That is for all ¢
such that ¢g(t) = a, P(t) = P,. In this notation revenue equivalence can be
stated this way. Choose a « € I' and fix the value of P,. Then the values of
P, for all v € I' \ « are uniquely determined.

The bulk of prior work on revenue equivalence has been devoted to iden-
tifying sufficient conditions on the type space for all allocation rules from
a certain class to satisfy revenue equivalence. The papers by Green and

"The line segment L; for the path of integration is picked for convenience. Due to path
independence, it can be replaced with any other path connecting the source and t¢.

8In order to derive (2.35) one can use that by construction P; (ai) = 0 and thus add
this term to the right-hand side of (2.34).
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Laffont (1977) and Holmstrom (1979) restrict attention to allocation rules
called ‘utilitarian maximizers’, that is, allocation rules that maximize the
sum of the valuations of all agents. They show that when the type space is
smoothly path connected then utilitarian maximizers satisfy revenue equiv-
alence.

Myerson (1981) shows that revenue equivalence holds for every imple-
mentable rule in a setting where the type space is an interval of the real
line, the outcome space is a lattice and an agents valuation for an outcome
is continuous and supermodular in her type.

Krishna and Maenner (2001) derive revenue equivalence under two dif-
ferent hypotheses. In the first, agents’ type spaces must be convex and the
valuation function of an agent is a convex function of the type of the agent.
Under these conditions they show that every implementable rule satisfies
revenue equivalence. The second hypothesis requires the allocation rule to
satisfy certain differentiability and continuity conditions and the outcome
space to be a subset of the Euclidean space. Furthermore, the valuation
functions must be regular Lipschitzian and monotonically increasing in all
arguments.

Milgrom and Segal (2002) show that revenue equivalence is a consequence
of a particular envelope theorem in a setting where the type spaces are
one-dimensional and the outcome space is arbitrary. An agent’s valuation
function is assumed differentiable and absolutely continuous in the type of
the agent and the partial derivative of the valuation function with respect
to the type must satisfy a certain integrability condition. Their result can
be applied to multi-dimensional type spaces as well. In this case the type
spaces must be smoothly connected and the valuation functions must be
differentiable with bounded gradient.

There are two papers that identify necessary as well as sufficient condi-
tions for revenue equivalence to hold. If the outcome space is finite, Suijs
(1996) characterizes type spaces and valuation functions for which utilitarian
maximizers satisfy revenue equivalence. Chung and Olszewski (2006) char-
acterize type spaces and valuation functions for which every implementable
allocation rule satisfies revenue equivalence, again under the assumption of
a finite outcome space. From their characterization, they derive sufficient
conditions on the type spaces and valuation functions that generalize known
results when the outcome space is countable or a probability distribution
over a finite set of outcomes.

Here we describe conditions on both the allocation rule g and the type
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space T that characterize when revenue equivalence holds.’ The character-
ization presented here differs from prior work in that a joint condition on
the type spaces, the valuation functions and the implementable allocation
rule is given that characterizes revenue equivalence. This characterization
differs from the one in Chung and Olszewski (2006) in three ways. First, it
holds for general outcome spaces. Second, it implies revenue equivalence in
cases where their result does not apply. In fact, given agents’ type spaces
and valuation functions, several allocation rules may be implementable in
dominant strategies, some of which satisfy revenue equivalence and some do
not. In this case, the conditions on the type space and valuation functions
from their paper obviously cannot hold. However, the present character-
ization can be used to determine which of the allocation rules do satisfy
revenue equivalence. Third, the characterization in Chung and Olszewski
(2006) is a corollary of the present one in the sense that their necessary and
sufficient condition is naturally related to the graph theoretic interpretation
of revenue equivalence.

Theorem 2.3.1 Let T C RY and g be DSIC. For every pair o, 3 € T denote
by m(a, B) the shortest path from o to 3 in 'y and by £(m(a, B)) its length.
Revenue equivalence holds for g on T iff, {(m(c, B)) + £(7(5,a)) =0 for all
a,BeTl.

Proof: Since g is DSIC, the network I'; has no negative length cycles.
Therefore, shortest path lengths in I'y are well defined. Choose a 6 € I' and
set Pfj equal to the length of the shortest path from 6 to v € I'. Notice that
(g, P?) is DSIC for all choices of @ € T'. Suppose revenue equivalence holds.
Then for each pu,v € T, there is a constant ¢ such that P} — Py = c for all
v € T. In particular, ¢ = P} — P/ = —PY. Substituting y = o and v = 6
we deduce that

P§ =Py — P! (2.36)
for some 0 # «a, 5. Similarly,
Pl =P —Pf. (2.37)

Adding equation (2.36) to (2.37) we obtain:
+4(

U(m(a, )

Now suppose that ¢(m(«, 3)) + ¢(m(B,a)) = 0 for all o, 3 € T'. Consider
the shortest path tree, T, rooted at node #. This is the union of shortest

m(8,a)) = P§ + P =0.

9Tt is based on Heydenreich, Miiller, Uetz and Vohra (2007).



44 CHAPTER 2. INCENTIVE COMPATABILITY

paths from 6 to all v € I"in I'y. Pick any node « such that the arc (6,a) € T
Recall that P, — Py < £(0, «). Similarly Py — P, < 7(c, ). Since Py = 0 we
have that —¢(m(a,0)) < P, < £(0,«). Since {(m(a, B)) + €(m(B,a))) = 0 it
follows that £(0, a) + ¢(m(c, 6)) = 0. Therefore —¢(m(c,8)) = (0, ). Hence
the value of P, can only be ¢(6, «). Now repeat the argument for any 3 such
that the arc (a, 3) € T and so on. Thus, there is only one payment rule P
such that Py = 0 and (g, P) is DSIC . |

Theorem 2.3.1 imposes conditions on the pair (g,7") to conclude that
revenue equivalence holds for g. Chung and Olszewski (2006) on the other
hand characterize the type space for which every DSIC allocation rule sat-
isfies revenue equivalence. It is an easy consequence of Theorem 2.3.1.

So that a comparison can be made we describe the the condition on Type
spaces introduced in Chung and Olszewski (2006) . Let Bj, Bo be disjoint
subsets of I' and r : By U By — R. For every € > 0, let

Vi(e) = Upep, {t € T : Vaep,yty — ta > 1(b) —1(a) + €}

and
Va(€) = Ugep,{t € T : Voep, : ty —ta < 7(b) —r(a) —€}.

Finally, V; = UcsoVi(€). Observe that V4 NV, = (. Call a set T splittable
if there are By, By and r such that T is a subset of V; UV, where TNV, # ()
fori=1,2.

Theorem 2.3.2 Let g be DSIC and I" finite. Then, the following two state-
ments are equivalent.

1. g satisfies revenue equivalence.
2. T is not splittable.

In Theorem 2.3.1 no assumption on the cardinality of I' is made, whereas in
Theorem 2.3.2, I' is assumed finite. When I' is not finite but of cardinality
less than the continuum it is shown in Chung and Olszewski (2006) that
item 2 of Theorem 2.3.2 implies revenue equivalence.

Now we show how Theorem 2.3.1 can be used to derive a sufficiency
result. First a definition.

Call 'y two-cycle connected if for every partition I'1t Ul = T', I't N
Iy = 0, T'1,Iy # 0, there are a; € T'; and as € Iy with (o, a9) +
6(042, 041) =0.
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Theorem 2.3.3 Let g be DSIC. If Iy is two-cycle connected then g satisfies
revenue equivalence.

Proof: First, we show that if I'; is two-cycle connected, then any two nodes
a, 3 € I" are connected in I'y by a finite path with nodes o = g, a1, ..., 0 =
B such that ¢(a;, ajt1) +l(cir1, ;) =0fori =0,...,k—1. Call such a path
a zero-path. Suppose not. Then, there is a node o € T' that is not connected
to all nodes in I' by a zero-path with the described property. Define I'; to
be the set containing all nodes 3 that can be reached from « by a zero-path.
Let Iy = I'\ I';. By assumption I'y # (). Since I'y is two-cycle connected,
there are oy € I'y and ap € Vo with (o o) + (a2, a1) = 0 contradicting
the fact that oy € I's.

Now, for any «, 8 € T', {(7(«, 3)) is bounded above by the length of a
zero-path from « to §. Hence {(m(c, 3)) < 0. Similarly, ¢(w(5,a)) < 0.
Therefore {(m(c, 3)) +¢(m(B, ) < 0. SInce g is DSIC, all cycles in I'y have
non-negative length. Therefore ¢(m(a, 3)) + £(n(5,)) = 0. The theorem
now follows from Theorem 2.3.1. ]

Theorem 2.3.4 Let I' be finite and T a (topologically) connected subset of
R*. Each agent’s valuation function vi(a,-) is a continuous function in the
type of the agent for every v € I'. Then, every onto, DSIC allocation rule
g: T™ — T satisfies revenue equivalence.

Proof: It is enough to show that I'; is two-cycle connected. We use the
following fact from topology:

Let T C R* be a connected set. Then any partition of T into subsets
Ty, To #0, Ty UTy =T, Ty N Ty = O satisfies Ty N T # (), where T; is the
closure of T; in T'.

Consider a single agent with type space T and valuation function v. Regard
g as a function on T as before. Let 'y UTy =T, 1 NIy =0, 'y, T2 # 0 be
a partition of I'. Then, T = g 1(T1) Ug t(T2), g 1 (T1) Ng t(T2) =0Nis a
partition of T and g~!(T'y), f~!(I'y) # 0, since g is onto. According to the
fact above, there exists t € g=1(I'1) N g~1(I'y). Hence, there are sequences
(t") C g~ H(Ty) and (#3) C g~ Y(Tg) with lim,, oo t} = limy, ooty =t. As T
is finite, there must be ay € 'y and ag € Ay and subsequences (t1*) C (¢})
and (t5™) C (t5) with g(¢1*) = aq for all k and g(t5™) = ao for all m. Since
v is continuous in the type,

0 = v(ag,t)—v(a,t) —v(ag,t)+v(a,t)
= lim (v(ag,ty™) — v(ag, ty™) + v(aq, t1*) — v(ag, t1%)).

n—oo
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According to the definition of the arc length in I'y, the latter can be bounded
from below as follows.

Jim (v(ag, 1) —v(an, t5™ )+v(an, %) —v(ag, 11%)) = Lar, az)+(az, a1) > 0.
The last inequality is true, since I'; has no negative cycles. Hence, all
inequalities are equalities and ¢(a, az) + £(a2, 1) = 0. Consequently, I'y is
two-cycle connected. [ |

Notice that we cannot completely relax the continuity assumption, as
the following example demonstrates.

Example 5 Let there be one agent with type t € [0,1] and two outcomes
A ={a,b}. Let the agent’s valuation be v(a,t) =1, if t < 1/2 and v(a,t) =
0, ift > 1/2. Let v(b,t) =1/2 for allt. That is, v(a,-) is discontinuous at
t =1/2. Let the allocation rule be the efficient one, i.e., f(t) = a fort < 1/2
and f(t) = b otherwise. Then dominant strategy incentive compatibility is
equivalent to 1 — g > 1/2 — 7y and 1/2 — m, > —m,, which is satisfied
whenever |7, — m| < 1/2. For instance, 7y = m =0 or m, = 1/2, m; =0
are two payment schemes that make f truthful, but @ and 7 do not differ
by a constant.



Chapter 3
Optimality

Here we focus on finding a BNIC mechanism that maximizes the expected
revenue to the designer. Let F be the set of feasible allocations of the
resources amongst the agents and the auctioneer. Let T be a finite set of
an agent’s types (possibly multi-dimensional). The type of agent i will be
denoted t*. A collection of types one for each (of n agents) will be called a
profile. Let T™ be the set of all profiles. A profile in which attention is to
be focused on agent i will sometimes be written as (t/,t7¢) If @ € F then
agent i assigns monetary value u(a|t’) to the allocation o € F.

Assume, for convenience, that types are selected independently from T’
according to a common distribution. Denote by f; the probability that an
agent i has type t € T, i.e. t* = t. Denote the probability of a profile
t=% € T~ ! being realized by m(t~*).

Let P, be the expected payment that an agent who announces type t’
must make. An allocation rule assigns to each member of T™ an element of
F.1 If a is an allocation rule, write o;[t!,t7%] to denote the the allocation
to an agent i with type t' € T. The expected utility of an agent i with
type t' under this rule will be (under the assumption that agents announce
truthfully)

Eysfulault, t 78] = 3 wlaglt, 7] [¢)m(67).

t—1

The expected utility of agent with type ¢ announcing #; ( # t*) under
allocation rule « is

Strictly speaking one should allow an allocation rule to be randomized. We omit this
possibility.

47
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Et—i[u(ai[tw ‘tl Zu (67 tu ‘tl) ( Z)'
t [3

To ensure that an agent will report truthfully we impose BNIC for each
agent ¢ with type t“:

Et_i[u(ai[ti,t_i]|ti)] — Pti Z Et—i [U(Oéi[fi,t_i”ti)] — sz‘ Vti,tAi eT.

To ensure that each agent has the incentive to participate we impose the
(interim) individual rationality (IR) constraint:

E—i[v(oy[t', t7|t)] — Pa >0 Vt' € T.

If we add a dummy type, ty which assigns utility 0 to all allocations, and set
P, = 0, we can fold the IR constraint into the BNIC constraint. So, from
now on 1’ contains the dummy type %g.

The auctioneer’s problem is to maximize expected revenue subject to
BNIC and IR. Expected revenue (normalized for population) is > ,icp fyi Py
(we can pick an arbitrary ¢ in an anonymous auction). Fix an allocation
rule o and let

= max i Py
R(a) P?i t; [Py
s.t. Et_i[u(ai[ti,t_i]\ti)] — Pti Z Et_i[u(ai[fi,t_i”ti)] — Ptfi Vti,fi eT.

Call this program LP,. If LP, is infeasible set R(a) = —oo. Thus the
auctioneers problem is to find the allocation rule « that maximizes R(«).

One way to solve this optimization problem is to fix the allocation rule
a. Then we can rewrite the BNIC constraint as follows:

P — P < By-ifu(oalt, t 7)|)] — By [u(oult, t)[t)] Wt # 7.

If there is a feasible solution to this system of inequalities then we can find
payments that implement « in an incentive compatible way.

The inequality system has a natural network interpretation. Introduce
one node for each type (the node corresponding to the dummy type will be
the source) and to each directed edge (Z,t), assign a length of Ey—: [u(a[t, t~%]|t)]—
Ey—i[u(ay[t,t7"]|t)]. Then P; is upper bounded by the length of the shortest
path from the source to vertex ¢. The optimal choice of P, would be to set
it equal to the length of this shortest path. For fixed «, the optimization
problem reduces to determining the shortest path tree (union of all shortest
paths from source to all nodes) in this network. Edges on the shortest path
tree correspond to binding BNIC constraints.
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If the network has a negative cycle, it follows from Rochet’s theorem
that our original problem is infeasible. Thus, there is no set of payments to
make the allocation rule « incentive compatible. To summarize, given an
allocation rule we have a way of checking whether it can be implemented in
an incentive compatible way. If it can, then the length of the shortest path
to a node/type is an upper bound on the payment that can be charged that
type while preserving incentive compatibility.

3.1 An Example

Consider the allocation of one good among two agents with types {0, 1,2},
here 0 is the dummy type. Let f; = fo = 1/2 and 7(1) = 7(2) = 1/2 be the
probabilities. Choose as the allocation rule the following: assign the object
to the agent with highest type, in case of ties randomize the allocation ‘50-
50’. The possible allocations are: agent 1 wins, agent 2 wins, agent 1 and
2 get 1/2 of the item, seller keeps it. For the valuations we have: an agent
of type t* who wins the item values it at ¢; if she tied with her competitor
and gets only a half she derives value #*/2 if finally she loses or the seller
keeps it, she gets value 0. Now to the computation of expected utility when
honest. If ¢ = 1 then

FefulalL 1] = Y wlofl, 67t = |,

t—e{0,1,2}

and is equal to % if ¢ = 2.
Similarly we obtain for Ey—i[u(aft, t~¢][t)] :

'\t |0 1 2
0 [0 0 O
1 o § 2
2 |0 % 2

So we obtain for the optimization problem

max %P2+%P2
st. PP—P<3i PR-P <0, Ph—P<0,
Po—Py<3, P—-P <1, P—P<-3,

Py=0.
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The corresponding network is depicted in Figure 3.1. The dashed edges
form the shortest path tree. Reading off the shortest path distances to nodes
1 and 2 yields P, = 1/4 and P> = 5/4. So the auctioneer can realize revenue
of 3/4 with this allocation rule.

Figure 4.1

3.2 What is a Solution?

What exactly does it mean to solve an optimal auction problem? In our
abstract set up, the problem of finding the optimal auction can be written
as:

max Z fuPyi

e tieT
st Ee—i[u(ag[th, t7|t)] — Py > By—i[u(oyts, t 7 |t9)] — P Vit eT.
alt) e FvteT”

Call this problem (OAP). If membership in F can be described by a set of
linear inequalities, we have a linear program and its solution is the desired
optimal auction. If this is what is meant by solving an optimal auction
problem, the exercise is trivial. To formulate the problem in a non-trivial
way, consider the problem of finding the optimal auction when the designer
knows each agents type. Call this the full information problem. In this
case, the BNIC constraints can be ignored. Only the IR and feasibility con-
straints matter. Given an allocation rule o we maximize expected revenue
by charging each agent the value of what they receive, i.e.,

Et_i[u(ai [ti, t_i”ti)] = Pti.
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Thus, in the full information case the problem of finding the optimal auction
reduces to solving

max Z ftiEtfi[U(ai[tiat_i”ti)]

teT
alt) e FvteT"

The full information problem involves optimizing some function of « over
F, a potentially simpler problem.

We will say that problem (OAP) is solved if it can be reduced to an
optimization problem that is of the same complexity as the full information
problem.

3.3 One Dimensional Types

We will suppose that F, the space of feasible allocation rules, is a subset of
Euclidean space. 2 The type space is 1 dimensional and since we take it to
be discrete, T'= {1,2,...,m}.

If a is the allocation rule and t a profile of types denote by a;(t) the
allocation to a type i in profile t. Write A; to be the expected allocation
that an agent with type 7 receives, i.e.,

A= aifi,t 7wt ).

t—iteTn—1

In an abuse of notation we write v(.A4;|i) to mean the value that an agent of
type ¢ receives with a lottery over allocations with expected value A;. The
approach taken is to identify inequalities that the A;’s must satisfy. This
will yield a relaxation of the underlying optimization problem with the A;’s
as decision variables. Subsequently we identify an allocation rule that will
generate the expected allocations identified in the solution to the relaxation.
BNIC implies:
U(AZ‘Z) — P, > U(.AJ”L) - P;j.

We associate a network in the usual way with these BNIC constraints. In-
troduce a vertex ¢ for each type i. Between every ordered pair of vertices
(4,4) a directed edge of length v(A;|i) — v(.A;|i). The allocation rule will be
BNIC iff. this network has no negative length cycle. if this network has no

2We can generalize a little further. For example, F is a lattice, but overhead in notation
is not worthwhile.
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negative length cycles we can choose the P;’s to be the length of the path
from an arbitrarily chosen root vertex, r, to vertex 7 in the shortest path
tree rooted at r. If in addition we want the IR constraint to hold, we would
choose the root, r to be the vertex corresponding to the dummy type tg.

Theorem 3.3.1 Suppose that v satisfies increasing differences. An alloca-
tion rule a is BNIC iff it is monotonic. That is if r < s then A, < As.

Proof: Same as Theorem 2.1.3. m
If i > j we refer to

v(Aili) — P > v(Ajli) — P
as a downward BNIC constraint. If ¢ < j it is called an upward BNIC

constraint. Next we show that ‘adjacent’ BNIC constraints suffice.

Theorem 3.3.2 Suppose that v satisfies increasing differences. All BNIC
constraints are implied by the following:

v(Aili) = P > v(Aiq|i) = P Vi=1,...,m (BNICY)
v(Ali) — P > v(Aip1]i) = P Yi=1,...,m — 1 (BNICY)

Proof: This also follows from the absence of negative cycles. If the network
has no negative length cycles, then the length of the edge from i to ¢42 must
be at least as large as the length of (i,7+ 1) plus the length of (i 41,7+ 2).
|

In view of the above, our network can be depicted as shown in Figure
4.2.

2(Ax — Ay)

i+ 1) (A1 — A

( i)
@:@:J::@L 1@1* e e
—(A2 — Ay) —i(Aip1 — Aj)

Al

Figure 4.2

Suppose now that A is BNIC. We know that the network of Figure 4.2
has no negative length cycles. It is easy to see that the shortest path tree
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rooted at dummy vertex ‘0’ must be 0 - 1 — 2 — ... — m. Algebraically,
we have set Ay = 0, and Py = 0 for the dummy type and

Pi=) [v(Alr) — v(Ara|r)]. (3.1)
r=1
Notice that P; — P;_1 = v(A;|i) —v(A;—1]7) for the above expected payment
schedule, hence all downward BNIC constraints are satisfied and bind, i.e.
’U(AZ|2) - R == U(Aifl‘i) - .PZ',1 Vi = 1, .., M.

It is easy to see that the upward BNIC constraints all hold.
We now summarize our conclusions.

Theorem 3.3.3 For any monotonic allocation rule a there exists an ex-
pected payment schedule {P;}T", such that all the adjacent BNIC' constraints
are satisfied.

Proof: Set A, =0, and Py = 0 for the dummy type. Then set

P = Z[U(ATV) — v(Ar_1|r)].
r=1
Notice that P; — P;_1 = v(A;|i) —v(Ai—1]|i) for the above expected payment
schedule {P;}™, hence all (BNICY) are satisfied and bind, i.e.
v(Aili) = P = v(Aiali) = Pia Vi=1,...,m.

Hence all (BNIC*) are satisfied, and thus by Theorem 3.3.2 the allocation
rule a is incentive compatible. B

3.3.1 A Formulation

The problem of finding the optimal auction can be formulated as:

Z) = r?a}XZn fiPi (OPT1)

& =0
st. v(Aili) — P, > v(Ai)i) — Po1 Vi=1,...,m (BNICY)
v(Ai]i) = P, > v(Ajsa]i) = Py Vi=1,...,m—1 (BNICY)

0< A <... A< <Ay, (M)
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Ai= > afi,t 7wt (A)

t—teTn—1
a(t)e FvteT” (C)

An upper bound on each F; is the length of the shortest path from the
dummy node ‘0’ to vertex i in the network of figure 4.2. This is stated
below.

Lemma 3.3.4 All downward constraints (BNICY) bind in a solution to the
JOPT1] problem.

The essence of the previous result is that once the allocation rule is
chosen, equation (3.1) pins down the payments necessary to ensure incentive
compatibility. Our problem reduces to finding the optimal allocation rule.

Given equation (3.1), Zy = " nfi >, [v(Ar|r) — v(Ar—1|r)]. Write
F(i) =%"/_; fr then F(m) = 1. Then

m

Zy =y n{fio(Aili) + (1 = F(i))[o(Aili) — o(Asli + 1)]}.

i=1

We interpret v(A;|m + 1) to be zero.
Let

1—F(7)
Ji

The function p is what Myerson (1981) calls the virtual valuation.
Problem [OPT'1] becomes

() = o(Aili) [o(Aili + 1) — v(Ai]i)]

7 = I?a}xznfiﬂ(fli)
=1

st. 0< A <., A < --- <A,

A=Y afi,t 7w (t)

tfieTnfl

alt) e FvteTI”



3.3.  ONE DIMENSIONAL TYPES 55

3.3.2 The Myerson Case

Myerson(1981) investigates the optimal auction for the sale of a single unit
to buyers with constant marginal values and where the distribution over
types satisfies a monotone hazard rate condition. Specifically,

1. v(q|i) = iq, and

2. 1—]1;@) is non-decreasing in 1.
This second assumption is the monotone hazard condition. With these ad-
ditional assumptions p(A4;) = A; (z — l_fifj(z)>

In this setup, A; is the expected quantity (or probability) of the good
received by an agent who reports type i. Let n;(t) be the number of agents
with type ¢ in profile t. The problem of finding the optimal auction can be

formulated as:
" 1 —F(
71 = max E fiA; (z — fz())

We can rewrite this program to read:

ot i 1 —F(i) Tt
el 3 el (i+ ) e

1 t—iETn—l
st.0< > afltn(tT) <. > apmtr(t ) < 1
tfieTnfl tfieTnfl

D ni(t)ai(t) < K vt e T"

IN

If we ignore the monotonicity constraints, this problem can be decomposed
into |T"| subproblems one for each profile of types:

o (- ) e

st mi(t)a(t) <1

%
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This is an instance of a continuous knapsack problem. Its solution well
ni(8) (i= 1=
O } and set a,(t) =

1/n,(t). The monotone hazard condition ensures that the largest index is
always chosen. Thus the solution to the program is monotonic, i.e. a;41(t) >
a;(t) for all 7 and profiles t. It follows from this that the ignored monotonicity
constraints on expected allocations are satisfied.

known. Select any index r € arg max;.p, (¢)>0{

The monotonicity constraints are useful because they allow us to restrict
the space of possible allocation rules. However, their presence prevents us
from decomposing the optimization problem into separate problems over
profiles. The hazard rate condition is one sufficient condition for such a
decomposition to be possible.

3.4 Multidimensional Types

In this section we show how the network approach can be used to identify
optimal auctions when types are multidimensional. This section is based on
joint work with Alexey Malakhov.

3.4.1 Wilson Example

One case where it is possible to find the optimal paths is in a discrete
2D analog of a continuous model first solved by Wilson (1993, Chapter
13). In Wilson’s model customers are uniformly distributed on 2 = {t €
R% .t + to < 1}, with utility v(¢|t) = ¢ - ¢, and the seller has the cost

C(q) = @. The objective is to maximize the seller’s profit in a direct
mechanism,
max / P(t) — C(g(t))dt (OPT-W)
P Jo
s.t. v(q(t)[t) — P(t) <wv(q(s)|t) — P(s) Vt,s € (BNIC)

The solution to Wilson’s problem is given by

*(t) = 1maX L
g (t) = 5 <0,3 ||t||2> t. (3.2)

Discrete Approach to the Problem

Let’s solve the [OPT-W] problem in discrete polar coordinates using the
network representation. Consider a discrete grid in polar coordinates (r, ),
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i.e.

t1 = rcosy,

ta = rsinep.
where r € {r1,...,m,}, where r; = % and ¢ € {0, 5, g—’kf, ..., 5 }. Consider the
direct mechanism approach with the allocation schedule given by

a(r,p) = R(r,p)cosd(r, ),
@(r,o) = R(r,p)sinf(r, p).

The BNIC constraints then are
R(r, ) cosb(r, p)rcos e + R(r, ) sin@(r, ¢)rsin p — P(r,¢) >
> R(r', @) cos (1, o' )rcos o + R(r', ') sinO(r', o' )rsinp — P(r', ).
The cost function is given by

R(r,¢)?

Clg) = 7%

Our approach will be to conjecture that the optimal paths must be radial
and then compute an optimal allocation for such a conjecture. This amounts
to relaxing some of the BNIC constraints. We complete the argument by
showing that the solution found satisfies the BNIC constraints that were
relaxed.

Lemma 3.4.1 If a payment P(r;, @) is determined by a radial path (0, p) —
(ri,) — ... — (13, @), then then optimal allocations are given by

q1 (ri) SD) = R(Th 90) COS ¢,
q2 (Ti, SD) = R(Ti7 90) sin @,
and the profit-mazimizing payment P(r;, ) is given by
i

P(ri,0) = Y _[rjR(rj, ) = 7jR(rj-1,9)] - (3.3)
j=1

Proof: The proof is done by induction in r; € {r1,..., 741}
T 27T T

First, consider the case of i = 1, and ¢; € {0, 35, 5F, -, 5 }-
If the payment is set through a radial path, i.e. (0,¢;) — (71, ¢;), then

P(ri,¢j) = R(r1,¢j) cos8(r1, ¢;) (11 cos ;) +R(r1, ¢;) sin0(r1, ¢;) (r1sing;) ,
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and the profit is

. . 1
[T = R(r1, ;) cos 0(r1, ;) (r1 cos 9j)+ R(r1, @5) sin0(r1, ;) (71 5in 9) =5 R (r1, 95)-

Notice that the above profit along the path is maximized in § when (r, ¢;) =
¢; (indeed, it does not affect the cost, while maximizing the revenue), hence

Q1(7ﬂ17<70j) = R(?"l,g@j)COSQOj,

a2(r1,05) = R(r1,p;)sine;,
1 2

Hj = TlR(TvaDj) - QR (Th@j)a

and
P(ri1,¢;5) = riR(r1, ¢j).

Now let’s do the transition from i to ¢ + 1. Assuming that

q1(ri,05) = R(ri, pj)cosj,
q@2(ri,05) = R(ri, ;) sing;,

P(Tia (P) = ZT]'R(T]‘, 80) - 'f'jR(T‘j_l, QO),
=1

and that P(r;j;1, ¢;) is determined by the path (0, p;) — ... — (ri,p;) —
(ri+1,®;), we conclude

P(riz1,95) = R(rit1, 05) cos0(riv1, ;) (riv1 cos @;)+R(rip1, ¢5) sin0(rit1, ;) (i1 sing;) —
—riv1R(ri, ) + P(ri, 05),
and the profit along the path is

Il; = R(rit1, ) cos 0(rit1, ;) (rig1 cos o)+ R(rit1, ;) sin0(riq1, ;) (rip1sing;) —

1
—riv1R(ri, ;) + P(ri, @) — §RQ(Ti+1, ©j)+

! 1
+) [P(Tz,%’) = iRz(ﬁ,%‘)
1=0

By the same argument as in the case of r1, we conclude that the above profit
is maximized when (741, ;) = ¢;, hence

q1(riv1,95) = R(riy1,95)cosj,

@(rit1,05) = R(rig1,95)sing;,
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and
i+1

P(ris1,9) = ) rjR(rj @) = rjR(rj-1,0).  ®
j=1

Lemma 3.4.2 If all profit-mazimizing payments P(r;, ) are determined by
radial paths
(0,¢) — (r1,¢) — ... — (ri, ), then optimal allocations are given by

@ (ri; ) = R(ri)cose, (3.4)
q2(ri, ) = R(ri)sing, (3.5)

and payments P(r;,p) do not depend on ¢, i.e.

P(ri, ) = P(ri) = Y _ [rjR(rj) = rjR(rj-1)]. (3.6)

j=1

Proof: The proof is done by induction in r; € {ry,...,7p+1}.

First, consider the case of i = 1, and ¢ € {0, 5, g—g, ey o )

If the payments are set through radial paths, i.e. (0,9) — (71, ¢), then
Lemma 3.4.1 gives

q1 (Ti7 (P) = R<Ti7 90) COs ©,
q2 (Ti7 (p) - R<’ri7 90) sin ®,

P(Tlv 90) = TlR(Tla 90)7
and the profit is

k k

1
II = Z’l“lR(Tl,(pj) — §ZR2(T1’ 90]')'

=0 =0
Notice that the above profit is maximized in R(r1,¢) when
|k
R(r1,¢5) = R(ri) = =53 R(,%;), (3.7)

F14

since the allocation rule determined by (3.7) does not affect the revenue,
while minimizing the cost..Hence

q1 (Tla ()0]) = R<T1) COS @5,
q2(r1,p5) = R(r1)singy,
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k
M= riR(r) - %ZRz(ﬁ%
j=0

7=0
and
P(r1,¢) = r1R(r1).

Now let’s do the transition from ¢ to i+1. By the assumption of induction
we have that

q(ri,j) = R(r;)cosyj,
QQ(riagoj) = R(Ti)Sin(pja

(2

P(Ti, (p) = Z TjR(’l“j) — ’l“jR(’l“jfl).

1=

The assumption that P(r;11, ) is determined by the path (0,¢) — ... —
(riy ) — (Ti+1, ), along with Lemma 3.4.1 give

@1 (riv1,9) = R(rip1,p)cosg,
q@(riv1,0) = R(rit1,¢)sine,
P(rig1,9i) = rig1 R(rig1, ;) — rigiR(ri) + P(ry),
and the profit is

i k k

1
II= Zp(rbgp)_iZRQ(rl’(pj) +
=0 | 7=0 7=0
k Lk
> IripiR(rig, 95) — i Rri, 05) + Pri, @) — §ZR2(TH—17 ©j)-
j=0 Jj=0

By the same argument as in the case of r1, we conclude that the above profit
is maximized when

k
1
R(rit1,¢5) = R(ris1) = mZR(UH,%’),
=1
hence
@ (riv1,05) = R(rip1)cos gj,

@ (riv1,05) = R(riy1)sing;,
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and
i

P(ri,p) = P(ri) =Y _[rjR(r;) —r;R(r;—1)]. ®
j=1

Lemma 3.4.3 All profit-mazximizing payments P(r;, ) are determined by
radial paths
(0790) - (Tlv@) e T (7%90)-
Proof: The proof is done by induction in r,,.

First, consider the case of i = 1, and ¢ € {0, g, g—g, ...,y 5 - Denote pay-
ments that are determined by radial paths (0, ¢) — (r1, ) as P.(r1, ¢), and

.payments that are determined by nonradial paths (0,¢') — (r1,¢’) —
(r1,¢) as Pn(r1,p). Then

Pr(r1,¢0) = R(r1, ) cos 0(r1, ) (11 cos @) + R(r1, ) sin0(r1, ) (r1singp) ,
(3.8)
and

Py (r1,9) = R(r1,¢) cosO(r1, ) (r1 cosp) + R(r1, ) sin@(ry, @) (r1sinp) —
—R(r1,¢") cos0(r1,¢") (r1 cos @) = R(r1,¢") sin 0(r1, @) (r1sin @)+ P (71, ¢').
Lemma 3.4.1 gives that P.(r1,¢") = r1R(r1,¢’), hence

Por(r1,0) = R(r1, ) cos 0(r1, ) (r1 cos @) + R(r1, ) sinb(r1, ¢) (r1sinp) —

—R(r1,¢") cosO(r1,¢") (r1 cos o) —R(r1,¢") sin0(ry, ") (r1 sinp)+r1 R(r1, ¢').
(3.9)
Combining (3.8) and (3.9) we obtain

P (r1,0) = Pr(r1,0)+r1R(r1, ¢) (1 —cosf(ry,¢’) cosp —sinB(ry, ') sin gp) .

Finally, since cos cos ¢ + sin fsin ¢ < 1 for V0 # ¢, we conclude that

Pnr(ﬁa@) 2 PT(TlvsD)a

which proves that the radial path is the shorter one, and since payments
are determined by shortest paths, profit-maximizing payments P(ry, ) are
determined by radial paths.

Now let’s do the transition from ¢ to ¢ + 1. Assuming that P(r;, ) are
determined by radial paths by Lemma 3.4.2 we have

qi(ri,05) = R(r)cos gy, (3.10)
q2(ri,05) = R(ry)singy, (3.11)
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P(ri,p) = P(ri) = > [rjR(r;) = rjR(rj-1)] . (3.12)
j=1

We now need to show that the payment P, (r;i1,¢), determined by the
radial path (r;, ) — (rit1,¢) is smaller than paymentsP,,1(r;+1,¢) and
Prra(rit1, ), that are determined by paths (4, ¢') — (rit1,¢") — (rit1, ¢)
and (74, ¢") — (ri+1, @) respectively. Then using (3.10), (3.11), and (3.12),
and without assuming anything about allocations at (r;+1,¢), we get

Pr(riv1,9) = R(ris1,9) cos0(rit1, ¢) (rip1cosp) + R(riy1, ) sin0(rit1, @) (riv1sing)
—riv1R(ri) + Pr(ry).

For the P,1(7it+1,¢) we have

P (riv1, ) = R(riy1, ) cos0(rig1, ) (rig1 cos @)+ R(riy1, ) sin0(rir1, ) (riv1sing) —

—R(rit1,¢") cos0(riy1,¢") (rig1 cos p)—R(riy1, ") sin0(rit1, ¢') (rig18in@)+Pp(riv1, ¢’).
(3.13)

Now notice that for the P,.1(ri+1, ) to be determined by the shortest path,
P.(ri4+1,¢") must be determined by the radial path, hence by Lemma 3.4.1

Po(riv1,¢") = rix1 R(rig1, @) — rig1 R(r3) + Pe(ry). (3.14)
Combining (3.13) and (3.14) we obtain
Prr1(rigr, 0) = R(rit1, ) o8 0(riv1, ) (riv1 o8 @) +R(rip1, 0)sinb(rip1, @) (riprsing) —
—R(rit1,¢") cos O(rit1,¢") (i1 €08 9)=R(ri1, @) sinO(ri1, @) (rig1 sing) +

(3.15)
+riv1R(riv1, @) — rizaR(ri) + Pr(r;).

Finally, (3.13) and (3.15) give
Pui(riv1, ) = Pr(ric1, @) +rici R(rive, @) (1 —cosO(riy1,¢") cosp —sin@(r;1,¢’) sin gp) ,
and since cos 6 cos ¢ + sinfsin ¢ < 1 for VO # ¢, we conclude that

Por1(riv1,0) 2 Pr(riga, ¢). (3.16)

For the P, 2(7it+1,¢) we have

P (rig1,9) = R(riy1, ) cos0(rig1, ) (rig1 cos @)+ R(riy1, ) sin0(rir1, ) (riv1sinp) —
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—R(ri, ¢') cos 0(rs, ') (ris1 cos p)—R(ri, ¢') sin 0(ri, ) (rit1 sin @) +Pr (ri, ).

(3.17)
Then using (3.10), (3.11), and (3.12), and without assuming anything about
allocations at (141, @), we get

Por1(rig1,9) = R(ri41, @) cos 0(rip1, ) (1i41 cos @) +R(riy1, ¢) sin0(ri11, @) (riy1 sing) —
—7'1-+1R(rz-) + P, (T’z) (3.18)
Finally, (3.13) and (3.18) give
Por1(Ti41, ) = Por1(Tig1, 9). (3.19)

This inequality (3.16) and equality (3.18) prove that the radial path is the
shortest one, and since payments are determined by shortest paths, all profit-
maximizing payments P(r;+1, ) are determined by radial paths. [

Theorem 3.4.4 Optimal allocations are given by

q1 (Ti, 90) = R(rl) Cos ¢,

q2 (7“1', 90) = R(rl) sin ®,
and payments P(r;, p) do not depend on ¢, i.e.

i
P(ri,p) = P(ri) = Y _ [rjR(rj) — rjR(rj—1)].
j=1

Proof: Follows from Lemmas 3.4.2 and 3.4.3. [ |

Theorem 3.4.4 allows us to successfully solve Wilson’s optimization problem

in polar coordinates. The uniform probability density function changes from

g(t1,t2) = 2 to g(r,¢) = 2r in continuous case, and to g(i) = % and
F(i) = 58:1)) in discrete case after the switch to the polar coordinates.

The problem [OPT-W] is now reduced to a standard one-dimensional
profit maximization problem, which can be successfully solve by following
Myerson’s (1981) approach in a discrete case. Recall the general expression
for the virtual valuation:

1 - F(3)

1(A;) = v(Aqli) — 7

[v(Aili +1) — v(Ail)],
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which in our case looks like

u(r) = RG) 0 R R
() = re) (£ - ).
Hence the profit maximizing problem could be written as
= max S0 [R (£ - L@ - i
-, 200 20 (G- ) -]

and can be solved type by type in the following formulation:

N F(i)> ,
maxR(i) | — — —— | — C(R(2)),
— (n - (R()
(i) 5.
maxR(i) | - — — =t ) RG) (OPT-W')
R(4) n (nll) 2

Solving [OPT-W’] we obtain the expression for the optimal choice of
R(1):

2.2 s 1 _ 1
R(i):max<0, i* 4 (i + ) n(n + )>’
2in
. n+1 27 141
R(i) = 5 max(O,n+1ri+n+1n—1>. (3.20)

The expression (3.20) is the exact discrete analog of Wilson’s continuous
solution to [OPT-W] given by (3.2).

3.4.2 Capacity Constrained Bidders

The type of an agent is a pair of numbers (a,b). The first is her marginal
value the second her capacity. Let the range of a be R = {1,2,...,7} and
the range of b be K = {1,...,k}. Let f;; be the probability that an agent
has type (4,7). Types are assumed to be independent. The value that an
agent of type (i,7) assigns to ¢ units will be written v(qli,7) = i(g, 7).
Observe that v(q|i, j) satisfies increasing differences. That is, if ¢ > ¢ and
(',5") = (i, 7) then

o(q'li’,5") —v(ald, ) = v(d'li, §) — v(qli, 5).
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Without loss of generality we can assume that the amount assigned to an
agent who reports type (4, j) will be at most j. If A;; is the expected amount
assigned to an agent who reports (i, ) then because this agent receives at
most j in any allocation, his expected payoff is i4;; = v(A; i, 7). Let Py
be his expected payment if he reports (4,j). Next, we discuss the relevant
incentive compatibility constraints and identify the ones that are redundant.

The BNIC Constraints

There are 8 types of BNIC constraints listed below.
1. Horizontal Upward BNIC (HUBNIC)
Type (i, 7) reporting (¢, j) where i’ > i:
v(Aijli,j) — Pij = v(Aw 411, ) — P j.
2. Horizontal Downward BNIC (HDBNIC)
Type (i,7) reporting (¢, j) where i’ < i :

v(Aijli,g) — Py > v( Ay jli,j) — Py ;.

3. Vertical Upward BNIC (VUBNIC)
Type (i, 7) reporting (i,5’) where j' > j:

v(Aijli,7) — Pij > v(Aijli, j) — Py

4. Vertical Downward BNIC (VDBNIC)
Type (i,7) reporting (i, ;') where j' < j:

v(A;,

ilisg) = Pij > v(Aijli, j) — Py

5. Diagonal Downward BNIC (DDBNIC)
Type (i, 7) reporting (¢, j') where i’ > i and j' < j:

v(Aijli, 7) = Pig = v(Ai jli, 7) = P jr-

6. Diagonal Upward BNIC (DUBNIC)
Type (i,7) reporting (i, j') where i’ < i and j' > j:

v(Aijli, 7) = Pig = v(Av jlis 5) — P -

7. Leading Diagonal Downward BNIC (LDDBNIC)
Type (i,7) reporting (i, j') where ¢’ < i and j' < j:

v(Aijli, 7) — Py > v(Aw jili, j) — P g
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8. Leading Diagonal Upward BNIC (LDUBNIC)
Type (i,7) reporting (i, ') where ¢/ > i and j' > j:

v(Aijli,j) = Pij = v(Awjli, j) — Pijr-
The new wrinkle that multi-dimensionality adds are the diagonal BNIC
constraints. One might wish they are redundant. In general, they are not.

Simplification of Incentive Constraints

We now invoke the assumption that no agent is able to inflate their capacity.
Under the no inflation assumption the VUBNIC, DUBNIC and LDUBNIC
constraints can be thrown out.

Theorem 3.4.5 An allocation rule satisfies HUBNIC and HDBNIC' iff it is
monotonic in the i’ component. That is, for all i > i’ we have Aj; > Ay ;.

The proof is standard and omitted. The absence of VUBNIC means that
a similar monotonicity result does not hold for the ‘j’ argument. In other
words it is not true that A;; > A;; when j > j. This is because both upward
and downward incentive constraints are needed to ensure monotonicity of an
allocation rule. However, we will assume monotonicity in both components
of the allocation rule.

We now show that the two remaining diagonal BNIC constraints are
redundant.

Theorem 3.4.6 The LDDBNIC constraints relating type (i',7) to (i,7)
where (i',5") > (i,7):

o(Ai jrli', J') = Py jr > o(Agli', ') — P, (3:21)
are implied by HDBNIC, VDBNIC' and monotonicity of the allocation rule.
Proof: To see that (3.21) is implied by HDBNIC and VDBNIC consider:

v(Aiv il 5') = P gr 2 o(Aigld's §7) = P

and
U(.Ai,j/|i,j,) — Pi,j/ > U(A@j‘i,j/) — Pi,j-

Adding these two inequalities together yields:

v( Ay jr|i', 5") = Py 4+ v(Aigrli, 5') > v(Aigli’, §') + v(Aiglis 5') — Py



3.4. MULTIDIMENSIONAL TYPES 67

Rearranging:
v(Ai it 5") = o(Aigli's ') = [Poj — Pig] >
> [U(Ai,j’ i/vj/) - U(Ai,j|i/7j/)] - [U(Ai,j’|i7j,) - U(Aid‘i?j/)] .

The increasing differences property and the monotonicity of the allocation
imply that

[o(Aigr |7, 5") = v(Aigld', 5)] = [v(Aigrlis ') = v(Aiglis 5] > 0,

and hence we have that

v(Ap i j") — (Al j") > Py y — P

which is equivalent to (3.21), and proves the claim. [

Theorem 3.4.7 Under the assumption that no agent can inflate their ca-
pacity the DDBNIC constraints are redundant.

Proof: Let 7' >4 and j' > j. Consider the following DDBNIC constraint:
v(Aigrli, 5') = Piyr > v(Aw i, j') — Py j.
When we substitute in our expression for v we obtain:
1A o — Py > 1Ay ; — Py j. (3.22)

We show that it is implied by the addition of the following VDBNIC and
HUBNIC constraints:

v(Aijli,j') — Pijr > v(Aijli, ) — Py, (3.23)
v(A; jli,5) — Py > v(Aw j1i,5) — Py . (3.24)
Adding (3.23) and (3.24) yields:

v(A;jli, j') = Pijr +v(Ai

i,7) > v(A

i)j/) + U(Ai’,j|iaj) - })Z'/,j' (325)
Substitute in our expression for v:
i.Ai’j/ - P+ iAz‘,j > Z'.Am' + Z'.Aigj — Py ;.

Cancelling common terms yields (3.22). |
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Theorem 3.4.8 Only the adjacent downward constraints w.r.t. (i + 1,7)
and (i,7) and w.r.t (i,j + 1) and (i,7) matter out of all horizontal and
vertical downward constraints. Only the adjacent upward constraints w.r.t.
(1,7) and (i + 1,7), w.r.t. (i,7) and (i,5 + 1) matter out of all horizontal
and vertical upward constraints.

The proof is standard and omitted.

Theorem 3.4.9 If an adjacent HDBNIC or VDBNIC constraint binds, the
corresponding adjacent upward BNIC constraint are satisfied.

Proof: Given that the corresponding downward adjacent BNIC constraint
binds, i.e. then upward BNIC constraints are satisfied. Indeed, if

v(Ait1li +1,5) —v(Aijli +1,5) = Piyaj — Bij,
then by increasing differences and monotonicity of the allocation rule:
v(Aigjli; 5) — v(Aili, 7) < Pigrj — Pij,

which is the corresponding upward constraint v(A; ;|i, j)—Pi ; > v(Ait1,5]%,5)—
P;1 . So the corresponding adjacent upward BNIC constraint is satisfied.
The argument is exactly the same w.r.t. the j dimension. [ |

When an adjacent HDBNIC constraint does not bind, the corresponding
adjacent HUBNIC constraint is not automatically satisfied. Also some of
the adjacent downward BNIC constraints will be slack since not all arcs are
likely to be used in a shortest path tree.

Summarizing, the only BNIC constraints that matter are the adjacent
HUBNIC, HDBNIC and VDBNIC.

Optimal Auction Formulation and Solution

Denote by a;;[t] the actual allocation that a type (7,7) will receive under
allocation rule A when the announced profile is t. In the case when type
(i, j) does not appear in the profile t we take c;;[t] = 0. We will have cause
to study how the allocation for an agent with a given type, (i,7) say, will
change when the types of the other n — 1 agents change. In these cases
we will write a;;(t) as a;;[(4,7),t7"). Then Aj; = > - m(t7) (i, j), t7)
where 7(t7%) is the probability of profile t~¢ being realized and the sum is
over all possible profiles. Let n;;(t) denote the fraction of bidders in the
profile t with type (3, j).
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We now formulate the problem of finding the revenue maximizing mono-
tone mechanism as a linear program in the following way. We omit all
diagonal BNIC constraints as well as all the upward vertical and horizontal
BNIC constraints. The HUBNIC constraints are the only ones we have not
shown to be redundant. However, Theorem 3.4.9 ensures that HUBNIC will
be satisfied. The problem we study is [OPT] is:

Z=max) > fijP;

Y jeR jeK
st v(Aijli, g) — Pij > v(Aiz 416, 5) — Picayj
v(Aijli, j) — Py > v(Aij-1li, j) — Pij1
Aij > Ay Y(i,7) > (', 5)

Aij = 3 (6 a6, 5), 67 V(6. )

t—t

Z Z nngj(t)ag;ft] < Q Vt

1€ER jJEK
Oéij[t] S ] Vi,j Vt

To describe the network representation of this linear program fix the
A;;’s. For each type (4, j) introduce a node including the dummy type (0, 0).
For each pair (¢,7), (i + 1, j) introduce a directed arc from (7, j) to (i + 1, 5)
with length v(Air1 i +1,75) —v(Aili +1,75) = (1 4+ 1) Aig1; — (0 + 1)Ay.
Similarly a directed arc from (i, j) to (¢, j+1) of length ¢.4; j 11 —iA;;. Then
P;; will be the length of the shortest path from the dummy type (0,0) to
(,7). We show that the shortest path from (1,1) to (i,7) is (1,1) — (1,2) —
(1,3)...—(1,5) = (2,7) ... — (4,7). An example of such paths is provided
in figure 4.3 below:
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C)—CI—63

@%@
@E@%@

@ dummy type

Figure 4.3
Theorem 3.4.10
1—1 [
Py = v(Agli, )= _[0(Arjlr+1, ) =v(Anlr, )] =Y r(Arj— A1) —An+Pi.
r=1 r=1

Proof: It suffices to show that the shortest path from (1,1) to (i,7) is
straight up and across. The proof is by induction. It is clearly true for
nodes (1,2) and (2,1). Consider the node (2,2). The length of (1,1) —
(2,1) — (2,2) is

2A22 — 2A21 + 2A21 — 2A11 + P11 = 2A20 — 2A11 + P11
The length of the path (1,1) — (1,2) — (2,2) is
2A29 —2A12 + A12 — A1 + P11 = 2A2 — Ao — A1 + Pri1.
The difference in length between the first and the second path is
(2422 — 2A11) — (2A22 — A1z — A1) = Az — A >0,

where the last inequality follows by monotonicity of the A’s.
Now suppose the claim is true for all nodes (i, j) where 7, j < n—1. The
shortest path from (1,1) to (1,n) is clearly up the top. A similar argument to
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the previous one shows that the shortest path from (1,1) to (2,n) is also up
the top and across. Consider now node (3,n). There are two candidates for
a shortest path from (1,1) to (3,n). Oneis (1,1) — (1,n—1) — (3,n—1) —
(3,n). This path has length

3A3,—3A3 n—1+3A3 n—1—3A2n-1+2A2 n—1—2A1 p1+P1n—1 = 3A3n— A2 n—1—2A1 p_1+P1 pn—1.
The other path, (1,1) — (1,n) — (3,n) has length
3A3,—3A2,+2A2,—2A1 n+ A1 n— At n—1+P1 1 = 3Asn—Aon—A1n— A1 n—1+Pin—1.

The difference in length between the first and second path is

Aoy + A1 + A1 p1 — Ao jp1 —2A1 -1 = Ao + Ay — Az nm1 — A1 p—1 > 0.

Again the last inequality follows by monotonicity of the A’s.

Proceeding inductively in this way we can establish the claim for nodes of
the form (i,n) where i < n—1 and for (n, j) where j < n—1. It remains then
to prove the claim for node (n,n). One pathis (1,n—1) — (n,n—1) — (n,n)
and has length

nAnn_nAn,n—1+nAn,n—1_nAn—l,n—1+(n_1)An—1,n—1_(n_l)An—Q,n—1+- . .+P1,n—1

=nAp, — Anfl,nfl - Aan,nfl ...+ Pl,nfl-
The length of the other path, (1,1) — (1,n) — (n,n) is

n~Ann*'rLAnfl,nTL (’I’L* 1)An71,n* (n* 1)An72,n+- A *Al,nfl TLPl,nfl-

Again, by the monotonicity of the A’s the second path is shorter than the
first. ]

Substituting the expression for P;j; derived into the objective function
for problem [OPT] we get

k n
0D Lol Aili 5) + (1= Fi(0)[v(Aisli, ) — o(Agli + 1, 5)]}

j=1 i=1

where F}j(i) = Zizl ftj- The expression within the summation term can be
rewritten as

1— F;(i)

fij{v(Aijli, 5) + T

[(Aijli, 5) = v(Aili +1,5)]
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he particular functional form of v allows us to rewrite this as:

1—F;(e
fijAij <z — fij](l)> :

Following Myerson, we can think of the term (z — %ﬂ(l)
ij

) as the virtual

valuation conditional on wanting to consume at most j units. Problem
[OPT] becomes:

— F;(4)
7= r?%xZZfU ”( fij >

s.t. A'LJ Z Ai,j/ V<Z7]) Z (i/mj/)
Agj =Y w67 a0, 5), 677 V(. )

t—7

Z Znnw Jaiit] < Q VYt

i€R jeK
Ozij[t] S ] V’i,j Vvt

Substituting out the A;; variables yields:
o a—in . 1—=Fj(
2= Sy S n el (5 0 )
A i

5.t Z Daijl(i, ), 67 > > w6 agyl(i,4), 677 Wi, j) > (i, 5)

t—t

DN ()i, 5), 67 < Q Vi

i€ER jEK
aijlt] < j Vi, j v

Theorem 3.4.11 Suppose the conditional virtual values are monotone, i.e.,

L-Fy) _, 1-Fp(@)

i— 2 > - I T (i,5) > (i, 5).
= P () 2 (05)
Then the following procedure describes an optimal solution to problem [OPT).

Select the pair (i,7) which mazimizes i —

%(l) and increase oyj until it

reaches its upper bound or the supply is exhausted, whichever comes first. If
the supply is not exhausted repeat.
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Proof: If we ignore the monotonicity condition

Zw(t )az] >Z azy aj,)’t_i]v

t—1

the optimization problem reduces to a collection of optimization problems
one for each profile t:

1 F()
=gy S nutomte (1= <7 10)
s.t. Z Z nnij(t)aij [t] <@

1€ER jJEK
Oéij[t] S ] Vi,j Vvt

This is an instance of a continuous knapsack problem with upper bound
constraints on the variables which can be solved in the usual greedy man-
ner. In each profile allocate as much as possible to the agents with highest
conditional virtual values. Once they are saturated, proceed to the next
highest and so on. Monotonicity of the conditional virtual values ensures
that the resulting solution satisfies the omitted monotonicity constraint. m

Requiring the conditional virtual values to be monotone is clearly a more
demanding requirement than the analogous requirement when types are one

dimensional. If 1= F_(l)

is non-increasing in (4,j) then the conditional vir-
tual values are monotone This condition can be interpreted as a type of
affiliation. One example of a distribution on types that yields monotone con-
ditional virtual values is when each component of the type is independent of
the other and the ¢ component is drawn from a distribution that satisfies the
monotone hazard condition while the j component is drawn from a uniform
distribution. When the conditional virtual values are not monotone, one
can solve the problem using ‘ironed’ conditional virtual values. The details
are omitted. It is easy to see that solution to the continuous case is exactly

as described in Theorem 3.4.11.

Monotonicity and the Conditional Virtual Values

The Theorems above identify the optimal mechanism from amongst a re-
stricted class of mechanisms. One where the associated allocation rule is
monotone. In this section we drop this restriction. When the conditional
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virtual values are monotone, we show that there is an optimal mechanism
whose associated allocation rule is monotone.

The argument is in two steps. In the first step we upper bound the value
of Z in [OPT] by using a relaxation.

Lemma 3.4.12 Fiz an allocation rule A. The expected revenue from the
allocation rule A is bounded above by

3 foti—

i€eR jeK fij

Proof: Consider the following relaxation of [OPT], called [rOPT], where

the choice of A is fixed.
A) = Ullﬁxz Z fii Pij
" ieRjeK

s.t. U(.Aij|i,j) PZJ > U(.Az;l,jﬁ,j) — Pifl,j (3.26)
Aij = Zﬂ(t_ Javij (i, 5), 6] Vi, 5)

Z Znnw Jaij[t] < Q vt

i€R jEK
ult] < Vi j Vi
To prove the lemma it suffices to show that Z(A) = > ,cp > ek fij(i —
! f )Aij. We do so by induction.

Fix a j and let ¢ be the smallest number such that A;; > 0. Clearly, in
an optimal solution to [rOPT], P;j; = i. The induction hypothesis is that
Pigry = (i + k) Aipr; — 2o Ay

In an optimal solution to [rOPT], the constraint (3.26) linking type
(i4+1,7) to (4,7) must bind. Otherwise increase the value of P4 . Therefore

i+k
(t+k+DAirkiry = Pk = (kb + D Aipry — Pigry = Z Asj-

To complete the proof we mimic the calculation immediately following the
proof of Theorem 3.4.10. [ |

It is now easy to see that when the conditional virtual values are mono-
tone, the mechanism of Theorem 3.4.11 achieves the upper bound implied
by Lemma 3.4.12 and so, must be optimal.
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Rationalizability

Afriat’s (1967) theorem is an answer to the question of when a sequence of
purchase decisions is consistent with the purchaser maximizing a concave
utility function u(-). As noted by Rochet (1987) we can think of this as
an ‘inverse’ to the problem of characterizing DSIC. To see why, suppose a
sequence of purchase decisions (p;,z;), ¢ = 1,...,n, where p; € R’ and
x; € R’} are price vectors and purchased quantity vectors respectively. Via
the taxation principle we can think of this sequence of price-quantity pairs
as a menu offered offered by a mechanism. Thus, the mechanism is given
and we ask for what preferences is this mechanism incentive compatible.
We begin with the case when the utility is assumed to be quasi-linear.

4.1 The Quasi-linear Case

A sequence of purchase decisions (p;,z;), i = 1,...,n is rationalizable by
a concave quasi-linear utility function u : R’} +— R if for some budget B and
for all ¢

x; € argmax{u(x) + s; : p; - x + s, = B}.

To determine if a sequence is rationalizable we suppose it is and ask what
conditions it must satisfy and then check to see if those conditions are indeed
sufficient.

If the sequence {p;,z;}}" is rationalizable, it must be the case that at
price p;, x; delive