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Abstract

We consider the principal-agent problem with heterogeneous
agents. Previous works assume that the principal signs inde-
pendent incentive contracts with every agent to make them
invest more efforts on the tasks. However, in many circum-
stances, these contracts need to be identical for the sake of
fairness. We investigate the optimal common contract problem.
To our knowledge, this is the first attempt to consider this nat-
ural and important generalization. We first show this problem
is NP-complete. Then we provide a dynamic programming
algorithm to compute the optimal contract in O(n*m) time,
where n, m are the number of agents and actions, under the
assumption that the agents’ cost functions obey increasing
difference property. At last, we generalize the setting such
that each agent can choose to directly produce a reward in
[0, 1]. We provide an O(log n)-approximate algorithm for this
generalization.

Introduction

Principal-agent theory is a subfield of mechanism design
theory. The principal hires an agent to accomplish a task.
The agent is able to take actions on behalf of the principal.
Agent’s different actions lead to different rewards the prin-
cipal receives. Moral hazard occurs when the agent acts in
his own interest which may be in conflict with the principal’s
interest. Therefore the principal designs an incentive contract
with the agent to maximize the principal’s utility subject to
the agent’s utility being maximized. The contract is a transfer
function from the principal to the agent which could depend
on the outcome which is affected by the agent’s action.
Many economic interactions fit in the principal-agent
model. For example, a firm (principal) hires a salesman
(agent) to sell products. The salesman invests effort on selling
products. More efforts he invests, more products will be sold.
To incentivize salesman invest more efforts, the firm can set
a bonus depending on the amount of products a salesman
has sold. A salesman wants to maximize his utility which is
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defined to be his bonus minus his efforts. The firm’s utility is
the revenue generated from selling products minus the bonus
paid to salesmen. The central question in this research field
asks: What is the principal’s optimal contract?

Due to the wide application, principal-agent model has
been extensively studied (Holmstrom and Milgrom 1991;
1987; Chen et al. 2019; Grossman and Hart 1992; Bolton,
Dewatripont, and others 2005). The agent takes a hidden
action like effort which cannot be observed by the princi-
pal directly. The principal can only observe the outcome
of this action and the contract is designed to depend on
the outcome only. Most works focus on the problem with
one principal and one agent (Armstrong and Vickers 2010;
Kleinberg and Kleinberg 2018). When the agent takes differ-
ent actions, there is a different distribution over principal’s
reward. Given the distribution information, the optimal con-
tract can be computed efficiently through linear programs.

In this paper, we consider the problem when there is one
principal and multiple heterogeneous agents. These agents
could be good at different tasks and we do not assume any
relationship between the cost for different tasks among dif-
ferent agents. For sake of the fairness, we do not allow the
principal design personal contracts for different agents. In-
stead, the principal has to design a common contract that
applies to every agents. We assume the mapping from the
action played to the outcome is deterministic. So the principal
knows every agent’s action by observing her outcome. The
difficulty in our model stems from the multiple agents. Since
the principal can only use a common contract, he needs to
balance the incentivization for every agent.

Our Contribution
Our contribution can be summarized as follows.

1. We first show that the optimal contract problem with het-
erogeneous agents is strongly NP-complete.

2. We then propose an O(n?m) dynamic programming al-
gorithm, where n is the number of agents and m is the
number of actions, to compute an optimal contract un-
der the assumption that the agents’ costs obey increasing
differences.

3. Next, we generalize the discrete-action setting such that
each agent can choose to directly produce a reward in
[0, 1]. We show that this generalization is harder than the



original discrete-action version, and provide an O(log n)-
approximate algorithm for this generalization.

Other Related Works

Other works also consider multiple agents but in differ-
ent angles (Babaioff, Feldman, and Nisan 2006a; 2006b;
Babaioff et al. 2012; Bernstein and Winter 2012; Babaioff and
Winter 2014; Winter 2004). They assume the union of agents’
actions together determines the outcome. The contract is
personalized and specifies the payment in every possible out-
come. Therefore the payment to an agent depends on both
his action and other agents’ actions. In contrast, in our paper,
the payment to an agent only depends on his own action. In
their setting, some works consider that each agent only has
a binary action space (Babaioff, Feldman, and Nisan 2006a;
Babaioff et al. 2012; Winter 2004), and some works consider
the tradeoff between simplicity of the contract and the per-
formance of it (Babaioff and Winter 2014). Bernstein and
Winter consider a participation game where each agent has
two options representing participating or not (Bernstein and
Winter 2012). Each agent’s utility from participating is the
payment given by the principal plus a value depending on
other agents’ participation. The principal aims to incentivize
all agents to participate in the game with minimal payments.

Alon et al. study how to motivate multiple agents to take
desirable actions using a common evaluation mechanism
(Alon et al. 2020). They solve multiple problems in different
settings. The main difference between their model and ours is
the designer’s payoff. The mechanism designer in their model
cares about the number of agents who have been motivated in
admissible ways while the principal in our model is interested
in maximizing the reward generated by agents minus the
payment paid to agents.

Lavi and Shamash study the model with multiple principals
and multiple agents (Lavi and Shamash 2019). Agents do not
have cost on actions. This model focuses on the competition
between principals. McAfee and McMillan study another
totally different problem where multiple agents compete for
a principal’s contract (McAfee and McMillan 1986). A recent
work of Azizan et al. studies a model that is almost the same
as ours where each agent can choose to directly produce a real
number reward (Azizan et al. 2019). However, they assume
the designed payment function can be parameterized by a
vector in a given set A C R%, and their algorithm explores
the whole set A, which is not that efficient.

Problem Description

In this paper, we study the Multiple Agents Contract Problem.
There is a principal, n agents and m actions. Each agent can
take an action j € [m] and produces a reward p; > 0 for
the principal. The reward only depends on the action, not
on the agent. Each agent ¢ also has a cost ¢; ; > 0 to take
an action j. This cost depends on both the agent and the
action. Besides the m actions, there is always a zero action
with reward O such that the cost for each agent to take this
action is 0. This action means it is free for each agent to
choose to produce nothing. The principal specifies a payment
profile (¢1,t2,. .., t,,): each agent taking action j will earn a
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payment ;. The utility for agent 4 to take action j is t; — ¢; ;.
The agents are self-interested meaning each agent will take
an action that maximizes its utility. W.l.o.g., we assume the
agents tie-break in favor of the principal. The payoff of the
principal is the sum of rewards produced by the agents minus
the payments given to the agents, i.e., if agent ¢ takes action
i*, the payoff of the principal is Y, (p;« — t;+). Our goal
is to design the payment profile (¢1, ¢, . .., t,,) to maximize
the payoff of the principal.

Example 1. Suppose there are two agents and two actions.
The rewards for the two actions are 8 and 10 respectively.
For action 1, agent 1 has a cost 5 and agent 2 has a cost 4.
For action 2, agent 1 has a cost 9 and agent 2 has a cost 2.
Without agent 2, we can set the payments for the two actions
to 5 and O respectively, which brings a payoff of 3 to the
principal. Without agent 1, we can set the payments for the
two actions to 0 and 2 respectively, which brings a payoff of 8
to the principal. However, when the two agents both exist, no
matter how we set the payments, the payoff of the principal
cannot achieve 3 + 8 = 11. It is optimal to the payments for
the two actions to 5 and 3 respectively, which brings a payoff
of 10 to the principal.

Hardness

The problem defined in the previous section is very hard. To
see its hardness, let us consider its decision version, i.e., the
problem of determining whether there is a payment profile
(t1,ta,...,tnm) such that the payoff of the principal is no less
than a given number 7. For convenience, we call this decision
problem MAC. We will show in the following theorem that
MAC is strongly NP-complete.

Theorem 1. MAC is strongly NP-complete.

Proof. MAC obviously belongs to NP. In the following proof,
we reduce the well-known NP-complete problem Not-All-
Equal 3-Satisfiability (NAE3SAT) to MAC to show that MAC
is strongly NP-complete.

Given an instance of NAE3SAT with n variables and m
clauses (we assume the variables in one clause are different
without loss of generality), we build an instance of MAC as
follows. For any variable z in an instance of NAE3SAT, we
define ¥ as its negation and define ! = z.

e Agents
— For each variable x;, we have an agent A;.
— For each literal xi‘ and each clause ¢;, we have an agent
Tb .
2,]°
— For each clause c;, we have 6 agents V; 1, V; 2, ..., Vjs.
e Actions
— We have a zero action zero with reward 0.

— For each literal xf, we have an action variable? with

reward p;.
— For each clause c¢;, we have 6 actions
clausej1,...,clause; g with reward ps.
e Costs

— For the zero action zero, each agent has a cost 0.



For action variable?, agent A; has a cost §, and szj
has a cost O for each j.

For action clausej i, agent V} . has a cost 0.

For action clause; where ¢; = z0* V % \Y xb3 the
costs vary for different £’s and are summarlzed in Table
1. Note there are exactly 3 agents with cost 1 to take this
action. We call the three agents the associated agents of

this action.

For each action and agent, if we do not mention the cost
above, the cost is greater than the reward of the action.

The parameters p1, po, 6 satisfy the following constraints.'

p1— 0 >m((2n —3)(p2 — p1) +nd +4), (1)
0>3(p2—p1—1), (2
p2—p1 > 2. (3)

Figure 1 shows an example instance of MAC correspond-
ing to an instance of NAE3SAT with 4 variables and 2 clauses
x1 VoV —T3 and 1V 2o V xy.

Then we ask whether we can set the payments to the agents
so that the optimal payoff of the principal is no less than

n(p1—06)+m(6p2—1)+m(n(p1—0)+(n—3)p1+3(p2—1)).
“)
In an optimal solution, the payment for an action will not
exceed the reward, so an agent will never be incentivized
to take an action whose cost is greater than the reward. The
actions that an agent will be potentially incentivized to take
in an optimal solution is summarized as follows (since all
agents can take the zero action, we omit it in the following
list).

e Agent A; will potentially take action variable! or
variable;.

o Agent Tb will potentlally take action varlable or, if
variable a:z appears in clause c;, clause; , for some k.

e Agent Vj ;, will potentially take action clausej .

Suppose the instance of NAE3SAT has a valid solution,
then we set the payments in the instance of MAC as follows.

e For each action variablel, if the value of 2% is True,
we set the payment to 0; otherwise we set the payment to

J.

e For each action clause;; with associated agents

h h. h: :
i 1o 1h,0 ;. we set the payment to 1 if the values of
Tt x}-”, 2"* are all True; otherwise we set the payment
10 12 3
to 0.

Under these payments, agent V;; will always take ac-
tion clause; . If the value of z; is True, agent A; will
take action variable}; otherwise she will take action
variablej. For agent T}, if the value of z? is True
and variable x; appears in clause c;, she will take action
clausej, for some k; otherwise she will take action

"For example, we can set § = 7, p1 = 13mn + 8 and ps =
13mn + 11.
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variableﬁ-’. Hence the total payoff of the principal is ex-
actly (4).

Now suppose there exists a payment setting such that the
optimal payoff of the principal is no less than (4). We first
show that agent A; will take one of the actions variable!
and variable}. Otherwise, the payoff of the principal can-
not exceed (n — 1)(p1 — 9) + 6mpa + 2mnp,, which is less
than (4) by (1).

We define b; such that A; takes action variable?i, then
the payment for action variable;’i must be no less than
d—the cost for agent A; to take this action. If the payment
is greater than 0, we can adjust it to J. After this adjustment,
some agent sz’] that takes action variable?" before the ad-
justment may turn out to take action clause; ;, for some k.
This is the only possible cause of payoff loss of the principal.
Suppose the payments for variablelf (before the adjust-
ment) and clause; j, are t1, t5 respectively, since agent Tf’j

chooses to take action variable?" before the adjustment,
we have t; > to—1,80p2—to > pa—t1 —1>p1 — 1 by
(3). This means the adjustment does not reduce the payoff of
the principal, hence we can assume the payment for action
variablebi is exactly 6. By an analogous argument, we
can also assume the payment for action varlable1 bi
exactly 0.

If there exist some %, j such that agent Tf’j does not take ac-

is

tion variablel, it must take action clause;j, for some
k, and the payment ¢ for action clause; ; must incentivize

agent Tf’; to take action clause; y, i.e., it must satisfy

t—1>4. ®)

Then we adjust the payment for action clause;y to 1 so

that agent Tb ;.7 1s incentivized to take action varlable
After this adjustment, at most three agents that take actlon
clause; y before the adjustment deviate to take actions of

the form variable” . Each of these agent brings a payoff
of po — t to the principal before the adjustment, and brings a
payoff of at least p; — ¢ after the adjustment, so the adjustment
reduces the payoff of the principal by at most 3(pa —t — p1 +
0). On the other hand, the payoff of the principal increases by
t — 1 due to the contribution of agent V} ;.. As a result, since
t—1>3(p2—t—p1+9)dueto (2) and (5), this adjustment
does not reduce the payoff of the principal. Hence, we can
assume for any i, 7, agent T;’; takes action variableg’i
Suppose there exists some j such that the payment for ac-
tion clause; y is less than 1 for each k. Suppose clause c;
contains three variables x;, , i, , Ti,, and action clausej g,

is an action that the cost for agent T i "1 {0 take is 1 (there
may exist multiple such kq’s, and we arbltrarlly choose one).
We then adjust the payment for clausej y, to 1. This ad-

Justment attracts T by to take action clausej x,, which
increases the payoff of the principal by po — 1 — p;1. On the
other hand, the payoff of the principal contributed by Vj 1 is
decreased by at most 1, which is the only cause that reduces
the payoff of the principal. As a result, since po —1 —p1 > 1,
the payoff of the principal increases. Hence, we can assume



Table 1: Cost Table

A R B S Y S
1 12 13 21 12

clausej 1 1 1 - - -

clausej s 1 - 1 - 1

clausej 3 - 1 1 1 -

clause; 4 - - 1 1 1

clausejs - 1 - 1 -

clause;g 1 - - - 1
P1 P1 P1 P1
1) Ay 1) Aq 1) Ay § Ay
0 171,175 0 11,1, 0 131,735 0 T34, T35
variablej variablej variableg variables
P1 p1 P1 P1
§ As 1) Aj 6 Ay é Ay
0 To,lvT??Q 0 T31,15T31,2 0 TA?,DTARZ 0 T41,17T41,2
variablej variableg variabley variabley
P2 P2 P2
1 T11,11T21,17T31,1 1 T11,17T20,1»T§,1 1 T10,11T21,17T1§),1
0 Via 0 Vi 0 Vis
clausey clause; clause; 3
P2 P2 P2
1 T{),laTQO,lvTé],l 1 Tl(],17T21,17T31,1 1 T11,13T20,17T31,1
0 1,4 0 1,5 0 1,6
clauseiy clauseis clauseig
P2 P2 P2
1 T11,2vT2O,2’T£,2 1 T11,27T21,2>T41,2 1 T10,2vT2O,2’T41,2
0 2,1 0 2,2 0 2,3
clauses clausesgp clauses3
P2 P2 P2
1 TRQ’T21,2’T41,2 1 T10,27T§,27T1?,2 1 T11,2’T21,2’T482
0 0 0

2,4
clausegy

2,5
clausess
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2,6
clausesg

Figure 1: An example instance of MAC corresponding to an instance of NAE3SAT with 4 variables and 2 clauses 1 V z2 V —z3
and x; V —xy V x4: each rectangular represents an action; each line (including the bottom line) in a rectangular represents one or
multiple agents, whose names are recorded to the right of the line; the number to the left of a line represents the cost for the
agents to take this action; in particular, the number to the left of the top line of a rectangular represents the reward for the action.



for any 7, there exists at least one k such that the payment for
action clausej is no less than 1.

Under the assumptions above, the maximum payoff of the
principal is exactly (4). To achieve this optimal payoff, for any
j,say cj = x?ll \Y x?j \Y% x?;, there exists exactly one k such
that the payment for clause; y is 1, and its three associated
agents Til;jb” , Tilzjjbi? , 1}137_]-% take this action. According to
Table 1, (1 — b“) @ hq, (1 — bzg) @ hs, (1 — big) @® hs do not
have the same value. So we can set variable x; to the value
1 — b; (O represents False and 1 represents True), then all
clauses are satisfied. O

Increasing Differences

In this section, we consider the case where agents have dif-
ferent abilities. Roughly speaking, the agents can be ordered
from weak to strong, i1, 72, . .., ip, in the sense that it takes
less cost for a stronger agent to produce a certain amount
reward. We have for each j € [m],

Cir,j > Cig,j > """ > Cin s ©)
Additionally, we assume the costs obey increasing differ-
ences.

Definition 1. Given an instance of the Multiple Agents Con-
tract Problem, we call the costs obey increasing differences
if there exists a permutation ji,ja,...,jm of 1,2,....m

and a permutation i1, %2, ...,1, of 1,2,...,n such that for
any pair of (k, k") such that k < k', 0 < ¢;, j, — ¢, 5, <
Cir,jo — Ciprgo < < Cigjon ~ Cigr im-

Though MAC is proved to be hard, we give a dynamic pro-
gramming algorithm to solve the Multiple Agents Contract
Problem under the assumption that the costs obey increasing
differences.

The permutation 41, s, . . . , i, can be found in O(nlogn)
time by sorting ¢ j, ¢ j, ..., cy,; for an arbitrary j, then the
permutation j1, ja, . . ., j, can be found in O(mlogm) time
by sorting Ciy,1 — Ci1,15Cis,2 = Ci1,2y -+ 5 Cig,m — Ciy,m- For
convenience, we assume the actions and agents are already
ordered without loss of generality, i.e., i, = jx = k for each
k. The zero action is also considered action 0.

Before describing the algorithm, we first show the follow-
ing lemmas.

Lemma 1. [fthe costs obey increasing differences, then for
any payment profile (t1,ta, ..., ty), if agent i and i’ rake
actions j and j' respectively, then i < i’ = j < 7.

Proof. Suppose i < i’ but j > j’. Since agent i prefers
action j to 5/, we have

tj —Cij Z tj/ — G4y’ - (7)
Similarly, since agent i’ prefers action j' to j, we have
tjr —cinjr 2 tj = cirj. ®

By combining (7) and (8), we have
Cijj = Cirj < Cigr = Cit - ©)

However, since 7 < i’ and j > j', by increasing differences
we have ¢; j — ¢y j > ¢; ;o — ¢y 4o, which contradicts to (9).
Therefore, we must have i < i’ = j < j. O

Lemma 2. Givenany 0 < j; < --- < jp < m, we have

1. Under the constraint that agent i is incentivized to take
action j;, the optimal payoff of the principal cannot exceed

n—1
> ps = cijo — (=) (i, = Ci41.3)) +Pjn — Cnju-
i=1

(10)

2. If the costs obey increasing differences, and we set the
payment profile (t1,ta, . .., t,,) such that

Z;;ll (cirj, — Ciry1,4,) + Cijy,  if there exists
1 such that
j =i
0, otherwise,
(11
then the payoff of the principal is no less than (10).

Proof. Since agent i’ prefers action j;s to j;/_1, we have
tjy = Cirgu 2 tju_y = Cirga s (12)
and for ' = 1 we have t;, — ¢; ;, > 0 since agent 1 prefers

action j; to the zero action. By summing up (12) for i’ =
1,2,...,1, we have

i—1
tj; = E , (cir g = Cirt1,4,) + Ciji-
/=1
Hence,
n n 1—1
> =Y | D (cig, — i) +eig,
=1 =1 /=1

n—1
= (ciji + (n—1) (cigi = Cit1.3.)) + Cnijns
1=1

so the payoff of the principal cannot exceed (10).

On the other hand, suppose the costs obey increasing dif-
ferences and we set ¢; according to (11). For any agent ¢ and
any action j, there are three cases.

1. If there does not exist some k such that j = j, then

tj —Cij S 0
i—1
< (cirj, — Cirs15,) (13)
=1
=1j; = Ciji

where the inequality (13) holds due to (6).

2If there exist multiple such i’s, we arbitrarily choose one, be-
cause if, for example, j = jir = Jrry1 = -+ = Jk, then
the value of S0 (e, —ciry1y,) + ciyj, is the same for
i=K K +1,... k.



2. If there exists some k < i such that j = j;, we have

lj—¢Cij
k—1
= E (Cir gy = Cirt1jy) + Chojy — Ciy
/=1
k—1 7—1
= E , (Cz‘%ju - Ci'+1,ji/) + § :(Ci/,jk — Cirt1jy)
/=1 il =k
k—1 1—1
< E , (cirjy —cirgr4,) + § (cit gy — Ciryr)
i'=1 i'=k
(14)
1—1
= E (Ci’,ji/ _Ci’+1,ji/)
/=1
=1tj; = Cijys

where the inequality (14) holds due to increasing differ-
ences: for any i’ > k, Cit g = Cir 41,5 < Cit gy — Cir 1,5,

3. If there exists some k& > ¢ such that j = jx, we have
Lj = Cij

k—1

Z (Ci/vji’ - Ci/-‘rLji’) - (Ciyjk - Ckajk)
i'=1

i—1

Z (Ci’,ji/ - Ciurl,qu)

i'=1

k-1
+ Z (Ci’,ji/ - Ci’—&-l,ji/) -

V=1 i
i—1

Z (cirgy = cirvry,)

/=1

<

=5 — Cijis

where the inequality (15) holds due to increasing differ-
ences: forany i’ < k, ¢y j, — Ciry1,j., < Cirj, = Cirg1 .-

Anyway, we have t; —¢; ; < t;, — ¢; j,, which means taking
action j; maximizes agent ¢’s utility. Note if agent ¢ takes
action j; for each ¢, the payoff of the principal is exactly (10).
Recall that the agents tie-break in favor of the principal, so
the payoff of the principal is no less than (10). O

Lemma 1 and 2 show that we can find 0 < j; <
jo < -+ < g < m that maximizes (10), then an op-
timal payment profile is given by (11). To find the opti-
mal j1,72,...,Jm, We use a dynamic programming algo-
rithm. For convenience, we define ¢(i,5) = p; — ¢;; —
(n —1i)(ci,j — cip1,5) fori = 1,2,...,n — 1, and define
o(n,j) = pj — cn,;. We define the subproblem OPT (i, j) =
MaXp<j; <jp<---<j; <j Zz’:l ¢(i/;ji')~ We can see the opti-
mal value of (10) is OPT(n,m), and we have the recursion
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formula

OPT(i,j +1) =
/. .
g (07T 4 3 oty 0)

with OPT(i,0) = 0 for each 4. Hence, the optimal value
of (10), as well as the optimal ji, j2, ..., Jm, can be com-
puted in O(n?m) time. We conclude the result above as the
following theorem.

Theorem 2. If the costs obey increasing differences, there is
an O(n*m) algorithm solving the Multiple Agents Contract
Problem.

Real Number Actions

In previous sections, we considered the Multiple Agents Con-
tract Problem with discrete actions (DA). A natural gener-
alization is to consider the problem where each agent can
choose to produce an arbitrary reward in [0, 1]. We call this
generalization Multiple Agents Contract Problem with Real
Number Actions (RNA), and formalize it as follows.

There is a principal and n agents. Each agent chooses
to produce a reward = € [0, 1] for the principal. To take
such an action, each agent has a cost which may differ from
each other. We define ¢;(x) > 0 as the cost for agent ¢ to
produce a reward . We assume without loss of generality
that ¢;(0) = 0 for all 4, which means it is free for each agent
to choose to produce nothing. To incentivize these agents to
produce rewards, the principal specifies a payment function
t(x): each agent taking this action will earn a payment ¢(x).
The utility for agent i to produce z is t(x) — ¢;(z). Agents
are self-interested, meaning each agent will produce a reward
that maximizes her utility. We assume agents tie-break in
favor of the principal. The payoff of the principal is the sum
of the rewards produced by these agents minus the payments
given to the agents, i.e., if agent ¢ produces a reward x;, the
payoff of the principal is >, (z; — t(z;)). Our goal is to
design the payment function to maximize the payoff of the
principal.

Note in this paper, the functions ¢ and ¢;’s are not neces-
sarily continuous. To guarantee every agent has an optimal
action we only concern the payment function ¢ where for all
i, t(x) — ¢;(x) and & — t(x) (in case of tie-breaking) are able
to attain their maximums on [0, 1].

Hardness

We first show that this generalization is harder than our orig-
inal problem by a reduction from DA to RNA. Given an
instance of DA, we can construct an instance of RNA by



letting
0, ifx =0,
ci1+M . p1+M
pmtmiry 0 <@ < ST

€i(®) = eiyriM if Lt G=DM o o p+iM
pPm+mM >’ Pm+mM — Ppm+mM>
CimtmM o o1+ (m—1)M
pm+mM if pm+mM <z < 17

(16)
for each i, where M is a large enough number’. We will
show how to construct an optimal payment profile of the
DA instance from an optimal payment function of the RNA
instance. For convenience, we define z; = (p; +j7M)/(pm +
mM) and zp = 0.

Given an optimal payment function ¢(x) of the RNA in-
stance, suppose agent ¢ chooses to produce x; and define j;
such that z;, 1 < 2; < z;, (if 2; = 0, then j; = 0). Now
consider a fixed i. If z; < z;,, we adjust the value of ¢(x) at
x = z;, to t(z;). Before this adjustment, agent ¢ produces x;,
and after this adjustment, agent 7 has the same utility to pro-
duce z;, as to produce x;, so agent ¢ will produce z;, after the
adjustment (recall the agent tie-breaks in favor of the princi-
pal), which increases the payoff of the principal. On the other
hand, for any other agent i’, t(z;) — i (25,) < t(x;) —cir (x;)
(since the cost function is weakly increasing), which means
the utility of producing z;, after the adjustment does not
exceed that of producing x;. Hence, for any agent except
1, changing her produced value to z;, due to the adjust-
ment does not decrease the payoff of the principal (recall
again that the agents tie-break in favor of the principal). As
a result, the payoff of the principal is increased by this ad-
justment, which contradicts to the fact that ¢(x) is optimal.
Therefore, we can assume x; = z;,. The payoff of the princi-
pal under the payment function ¢(x) in the RNA instance is

PRNA = Z?:l(zji - t(zjl))

Now we construct a payment profile (¢1, ta, . .., t,,) of the
DA instance where
tj = t(2)(pm + mM) — jM. (17)

Under this payment profile, for each agent ¢ and each j, the
utility of agent ¢ to take action j is t; — ¢; ;, which is ex-
actly (pm, + mM) times the utility of agent ¢ to produce
z; under the payment function ¢(x) in the RNA instance.
Also, agent 4 brings a payoff of p; — t; to the principal
by taking action j, which is exactly (p,,, + mM) times the
payoff of the principal brought by agent ¢ by producing z;
under the payment function ¢(z) in the RNA instance. Since
agent i produces z;, under payment function ¢(x) in the
RNA instance, she will take action j; under payment profile
(t1,t2,..., 1, ) in the DA instance. The payoff of the prin-
cipal under the payment profile (¢, ta,...,ty) in the DA
instance is ppa = 327 (05, — tj,) = (pm + mM)prNa-
To show the payment profile ({1,to,...,t,) is opti-
mal, we compare it to another arbitrary payment profile
(th,th,...,1.,). Suppose agent i takes action j; under the

*It is sufficient to choose M = max; j{c;i ;, p;} + 1.
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payment profile (¢7,t5,...,t ), then the payoff of the prin-
Lith, ..., th,) in the DA

cipal under the payment profile (¢}, t}
instance is pp, = > (05, — t),)-

Let

0, ifx =0,
th+M .

pml-s-va if 0 <z < 2,

() =3 viim

itJ 1 . .

Do FmM leJ71<CE§Z‘7,

t M .

p’"iZM, if 21 <2<z = 1.

We can see for all i, z — ¢'(x) and t/(z) — ¢;(z) are able to
attain their maximum on [0, 1], so ¢'(x) is a valid payment
function. Under this payment function, agent ¢ has the same
utility for producing a reward on (z;, z;11], thus she will
produce z; for some j in favor of the principal. Observe,
again, that under the payment profile (¢},t5,...,t ), for
each agent ¢ and each j, the utility of agent ¢ to take action
jist} — ci;, which is exactly (p,, +mM) times the utility
of agent ¢ to produce z; under the payment function '(z) in
the RNA instance. Also, agent 7 brings a payoff of p; — t;-
to the principal by taking action j, which is exactly (p,, +
mM) times the payoff of the principal brought by agent
i by producing z; under the payment function ¢'(z) in the
RNA instance. Hence, agent ¢ will produce z;; under the
payment function ¢’ (x) in the RNA instance. The payoff of
the principal under the payment function ¢'(x) in the RNA
instance s Py = S (25, — £(23,)) = Poa/(om +
mM).

Hence, ppy = (pm +mM)prya < (pm+mM)prya =
ppA, which means (1, ts,. .., t,,) is indeed an optimal pay-
off profile of the DA instance.

An Approximate Contract

Knowing the RNA problem is hard, we are going to design an
approximate contract. We assume for all i, x — ¢;(x) is able
to attain its maximum on [0, 1]. Let z; € arg max,¢o1](z —
¢i(x)) (if there are multiple x}s achieving the maximum
value, we arbitrarily choose one), y; = max,co,1] (x —
¢i(x)), we have immediately

Y = x; — ci(x;) < . (18)
Let
i <x <y
ti(x) = 0, ?fO_:v_yl,
x—y;, ify; <xz<1.

We assume without loss of generality that y; < yo < --- <
Yn. We first show that ¢, (x) is a valid payment function, i.e.
forall ¢/, z — t;(x) and ¢;(x) — ¢;/(x) are able to attain their
maximum on [0, 1]. The former is trivial. For ¢;(x) — ¢;/ (2),
if0 <z < vy, then t;(z) — ¢y(z) = —cp(x) < 0;if
y; < x < 1 thent;(z) —cp(x) = v —y; —cor(x) < yir —yi,
so ti(z) — cir(x) < max{0,y;; — y;}. In addition, ¢;(0) —
CiI(O) = 0 and ti(a:ir) — Cjr (.’L‘ll) > T — Yi — Cir (xz’) =
yi» — y;. This means the maximum value of ¢;(z) — ¢/ ()



is max{0,y;; — v, }, and is achievable at z = 0 or x = ;.
Hence, t;(x) is indeed a valid payment function.

Note the argument above also shows that for any i’ > 1,
t;(x) — ¢y (x) attains its maximum at @ = z;/. By (18), we
have x;; > y; > y;, so if agent i’ chooses to produce z;/,
she brings a payoff of z;; — t;(xy) = xy — (xir — yi) = ¥i
to the principal. Recall that the agents tie-break in favor
of the principal, agent i’ brings a payoff of at least y; to
the principal. Hence, under the payment function ¢;(x), the
payoff of the principal is at least (n — i 4+ 1)y;. Let i* €
arg max;(n — i + 1)y;, then we have for all i,

(n— " + 1y

n—i+1

On the other hand, let OPT denote the optimal payoff
of the principal. Since agent ¢ brings a payoff of at most
max,e(o,1](*—c;i(w)) = y; to the principal, we have OPT <
>, i Hence,

yi <

n . n 1
OPTSZ!}; <(n—i “)%*Zn—iﬂ'
i=1 =1
This means the payment function ¢ (z) isan ). (1/(n —
i+ 1))-approximate solution, i.e. an O(log n)-approximate
solution.
In conclusion, we have the following algorithm.

1. For any i, find y; = max,¢o,1)(z — ¢;()) and sort them
such thatyy > yo2 > -+ > yn.

2. Leti* € argmaxi<;<n(n —i* + 1)y;~.
3. Output the payment function

Ha) = {0’

)

if 0 < < yx,
ify- <z <1.

Note this algorithm can also be applied to our Multiple
Agents Contract Problem with discrete actions. We first con-
struct an instance of the problem with real number actions
using (16), obtain a payment function using the algorithm
above, then we can get a payment profile of the problem with
discrete actions using (17). This payment profile is still an
O(log n)-approximate solution.
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