
UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
The importance of randomization in resource assignment problems

Permalink
https://escholarship.org/uc/item/14z8830m

Authors
Paarporn,, Keith
Chandan,, Rahul
Alizadeh,, Mahnoosh
et al.

Publication Date
2022-05-31
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/14z8830m
https://escholarship.org/uc/item/14z8830m#author
https://escholarship.org
http://www.cdlib.org/


The importance of randomization in resource assignment problems

Keith Paarporn, Rahul Chandan, Mahnoosh Alizadeh, and Jason R. Marden

Abstract— In this paper, we consider problems involving
a central commander that must assign a pool of available
resources to two separate competitions. In each competition,
a sub-colonel allocates its endowed resources from the as-
signment against an opponent. We consider General Lotto
games as the underlying model of competition. Here, we also
take into account that the commander’s randomized resource
assignments cause the opponents to have uncertainty about the
sub-commanders’ actual assigned endowments. We find that
randomized assignments, which induce General Lotto games
of incomplete and asymmetric information in the component
competitions, do not offer strategic advantages over determin-
istic ones when the opponents have fixed resource endowments.
However, this is not the case when the opponents have per-unit
costs to utilize resources. We find the optimal randomized as-
signment strategy can actually improve the commander’s payoff
two-fold when compared to optimal deterministic assignments.

I. INTRODUCTION

The problem of how to allocate a limited amount of
resources is central to problems involving strategy in adver-
sarial environments. For example, the scheduling of security
patrols in airports, border control, and wildlife conservation
constitute a diverse set of resource allocation problems that
are consequential to the security of modern infrastructures
[14], [17], [19]. Strategies for military defense are also
largely based on resource allocation. Here, a single decision-
making entity is often not entirely responsible for how all
resources are to be allocated. This can be due to several rea-
sons: it may not have the capability to operate the entire pool
of resources due to computational or complexity constraints.
Moreover, a hierarchical decision-making structure may exist
where this is simply not possible. Instead, the responsibility
of allocating resources against adversaries is delegated to
multiple decision-makers.

In this paper, we focus on the problem of how a com-
mander should assign a pool of resources to multiple sub-
colonels that engage in competition against their opponents,
so as to maximize cumulative payoffs. The role of ran-
domizing such assignments is significant, as evidenced by
the development and implementation of algorithms in the
aforementioned application domains. Indeed, randomizing
the assignments causes opponents to hold uncertainty about

This work is supported by UCOP Grant LFR-18-548175, ONR grant
#N00014-20-1-2359, AFOSR grants #FA9550-20-1-0054 and #FA9550-
21-1-0203, and the Army Research Lab through the ARL DCIST CRA
#W911NF-17-2-0181. A full version of this paper is currently available
online as a pre-print [13].

K. Paarporn, R. Chandan, M. Alizadeh, and J.R. Marden
are with the Department of Electrical and Computer En-
gineering, University of California, Santa Barbara. Contact:
{kpaarporn,rchandan,alizadeh,jrmarden}@ucsb.edu.

the actual resource endowments of the sub-colonels. We take
this feature into account, where we consider General Lotto
games as the underlying model in each competition. Specifi-
cally, a randomized assignment induces General Lotto games
of incomplete information as the component competitions.
Figure 1 depicts the scenario under consideration.

We completely characterize the commander’s optimal as-
signment strategies when there are two sub-colonels. Our
main conclusions show that randomized assignments do not
offer any strategic advantages over deterministic assignments
when the opponents are known to have fixed resource endow-
ments. This, however, is not the case in settings where the
opponents instead have a per-unit cost to invest in resources.
In fact, the optimal (randomized) assignment strategy can
improve the commander’s payoff two-fold in comparison to
the best deterministic strategies.

The Colonel Blotto game models two competing op-
ponents that strategically allocate their endowed resources
across a set of battlefields. It is known that such solutions
are notoriously difficult to derive, and characterizations for
the most general settings are still unknown [2], [5], [15],
[16], [18]. The General Lotto game is a popular variant of
the Colonel Blotto game. It offers more analytical tractability
because it relaxes budget support constraints that are required
for mixed strategies in Blotto games [8], [11]. For this reason,
Lotto games are versatile models of competition for which
to study more complex adversarial settings [4], [6], [7], [10].

Settings with incomplete information have received at-
tention in the recent literature [1], [3], [9], [12], [13]. For
the commander assignment problem under consideration in
this paper, randomized assignments induce incomplete infor-
mation Lotto competitions where the opponent is uncertain
about the sub-colonel’s resource budget. We will leverage
equilibrium characterizations of such interactions from [13]
to address the commander assignment problem.

The paper is organized as follows. In Section II, we pro-
vide preliminaries on General Lotto games and two models
of incomplete information. In Section III, we define the
commander assignment problems and summarize the main
results. Section IV provides characterizations of optimal
assignment strategies for a parameter regime of interest that
highlights the importance of randomized assignments. The
full characterizations are provided in the Appendix.

II. PRELIMINARIES

We begin with a brief description of the commander
assignment problem (detailed formulation given in Section
III), and give preliminary details about General Lotto games
of complete and incomplete information.
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<latexit sha1_base64="MWH2x+A1JGQYH9c0bvPt6vSguoY=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5Jo8bErunHhooJ9QBvKZDpph04ezNyoJXbhr7hxoYhbf8Odf+MkDaLWAxcO59zLvfe4keAKLOvTmJmdm19YLCwVl1dW19bNjc2GCmNJWZ2GIpQtlygmeMDqwEGwViQZ8V3Bmu7wPPWbN0wqHgbXMIqY45N+wD1OCWipa253gN1BchkChLhPfIZvOQzGXbNkla0MeJrYOSmhHLWu+dHphTT2WQBUEKXathWBkxAJnAo2LnZixSJCh6TP2poGepNykuz+Md7TSg97odQVAM7UnxMJ8ZUa+a7u9AkM1F8vFf/z2jF4J07CgygGFtDJIi8WWP+ahoF7XDIKYqQJoZLrWzEdEEko6MiKWQinKY6+X54mjYOyfViuXFVK1bM8jgLaQbtoH9noGFXRBaqhOqLoHj2iZ/RiPBhPxqvxNmmdMfKZLfQLxvsXbLGWgA==</latexit>

incomplete information
<latexit sha1_base64="tUJEoFbGjNOmRExIQ+n1mEbZgak=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4ChsNPm5BLx4jmAckS5iddJIhs7PLTK8YQk5e/BUvHhTx6jd482+cbBZRY0FDUdVNd5cfSWHQdT+dufmFxaXlzEp2dW19YzO3tV0zYaw5VHkoQ93wmQEpFFRRoIRGpIEFvoS6P7ic+PVb0EaE6gaHEXgB6ynRFZyhldq5vRbCHY6E4mEQSUCgQnVDHST2uJ3LuwU3AZ0lxZTkSYpKO/fR6oQ8DkAhl8yYZtGN0BsxjYJLGGdbsYGI8QHrQdNSxQIw3ih5Y0wPrNKhdrsthTRRf06MWGDMMPBtp72vb/56E/E/rxlj98yzP0YxguLTRd1YUgzpJBPaERo4yqEljGthb6W8zzTjaJPLJiGcT3Dy/fIsqR0ViseF0nUpX75I48iQXbJPDkmRnJIyuSIVUiWc3JNH8kxenAfnyXl13qatc046s0N+wXn/Ar+OmhQ=</latexit>

Assign
<latexit sha1_base64="leKkTApshfmhDkcfk5c5vjkX1Qw=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0m0+HGrevFYwdpCG8pmu2mXbjZxd1Isob/DiwdFvPpjvPlv3KRB1Ppg4PHeDDPzvEhwDbb9aRUWFpeWV4qrpbX1jc2t8vbOnQ5jRVmThiJUbY9oJrhkTeAgWDtSjASeYC1vdJX6rTFTmofyFiYRcwMykNznlICR3C6wB0gutOYDOe2VK3bVzoDniZOTCsrR6JU/uv2QxgGTQAXRuuPYEbgJUcCpYNNSN9YsInREBqxjqCQB026SHT3FB0bpYz9UpiTgTP05kZBA60ngmc6AwFD/9VLxP68Tg3/mJlxGMTBJZ4v8WGAIcZoA7nPFKIiJIYQqbm7FdEgUoWByKmUhnKc4+X55ntwdVZ3jau2mVqlf5nEU0R7aR4fIQaeojq5RAzURRffoET2jF2tsPVmv1tustWDlM7voF6z3L3iwkrI=</latexit>

Fig. 1: A commander must decide how to assign available resources
to two sub-colonels competing over distinct sets of battlefields.
Here, the assignment strategy of the commander allocates a total of
XA resources to two sub-colonels in expectation. The sub-colonels’
endowments XAi (i = 1, 2) are drawn from the commander’s
(possibly randomized) assignment strategy. Opponent i thus en-
gages in an incomplete information Lotto game where it does not
observe sub-colonel i’s true endowment. They compete over a set of
battlefields worth ϕi in total. Here, we consider two possible models
for the opponents. Both either have fixed resource endowments
XBi, or unlimited available resources but pay per-unit costs ci
to utilize them. This paper identifies the commander’s assignment
strategy that maximizes the cumulative payoff associated with the
two sub-colonels.

A. Commander assignment problem

The task of the commander is to assign resources to two
sub-colonels A1 and A2 that engage in separate competitions
against their opponents. We will consider General Lotto
games as the underlying model of competition in this paper.
The commander has a limited pool of total resources to
assign and seeks to maximize the cumulative payoff from
both competitions (see Figure 1). We assume that sub-
colonels and their opponents will play equilibrium strategies
in their respective competitions. The opponents’ beliefs about
the sub-colonels’ resource endowments can be shaped by
the commander’s assignment distribution. In particular, ran-
domized assignments induce opponents to engage in Lotto
games of incomplete information, whereas deterministic as-
signments induce complete information Lotto games.

B. Background on General Lotto games

A General Lotto game (GL) consists of two players A and
B, that have limited resource endowments XA, XB , who
compete over n battlefields with values vj ≥ 0, j ∈ [n].
A player wins battlefield j and its value vj if it allocates
more resources than its opponent. The losing player on j
gets zero value. An allocation for player ℓ ∈ {A,B} is any
vector xℓ = {xℓ,j}j∈[n] ∈ Rn

+ (non-negative real vectors).
An admissible strategy for player ℓ ∈ {A,B} is any n-variate
distribution Fℓ over allocations xℓ ∈ Rn

+ that satisfies the
condition

Exℓ∼Fℓ

∑
j∈[n]

xℓ,j

 ≤ Xℓ. (1)

In words, a player can randomize its allocation, as long as
it does not exceed its endowment in expectation. We denote
L(Xℓ) as the set of all admissible strategies that satisfy (1).
The GL game is a two-player simultaneous move game with
constant-sum payoffs. The payoff function is given by

Uℓ(Fℓ, F−ℓ) :=
∑
j∈[n]

vj

∫ ∞

0

F−ℓ,j(xℓ,j)dFℓ(xℓ,j) (2)

where the integral term is the probability that ℓ allocates
more resources to battlefield j. The equilibrium character-
ization of all GL games are widely known [8], [10], [11],
which admit unique payoffs.

C. Incomplete information Lotto games

To address the commander assignment problem, equilib-
rium characterizations of General Lotto games with incom-
plete information are required. Accordingly, we consider
settings where player A’s endowment is assigned randomly
before play. Player B does not observe the true realization
of A’s endowment. Note that player A here plays the role
of a “sub-colonel” and B is the opponent. Two models of
incomplete information Lotto games are defined below. In
the first model, player B has a fixed resource endowment.
In the second model, player B has a per-unit cost to invest
in resources.

Definition 1. In the Bayesian General Lotto game (BL),
player A’s endowment is assigned as X1 with probability
p, and X2 with probability 1 − p where X1 ≥ X2. A
strategy for player A is a pair FA := (FA(t1), FA(t2)) ∈
L(X1)× L(X2), where t1 indicates the “high” endowment
type X1, and t2 is the “low” endowment type X2. Player
B does not observe which type is realized, and itself has a
fixed endowment XB that is common knowledge. A strategy
for player B is any FB ∈ L(XB). The expected payoffs to
each player are given by

ΠA := p · UA(FA(t1), FB) + (1− p) · UA(FA(t2), FB)

ΠB := p · UB(FB , FA(t1)) + (1− p) · UB(FB , FA(t2))
(3)

The tuple G = (X1, X2, p,XB) represents one instance of
this game. The class of all such game instances is denoted
G with arbitrary member G.

Definition 2. In the Bayesian General Lotto game with
costs (BLC), the model for player A remains the same
as in Definition 1. However, player B has an unlimited
resource endowment but pays a per-unit cost c ≥ 0 to
allocate resources. That is, a strategy for player B is any
FB ∈ L(XB) where XB is any positive number. While
player A’s payoff function from (3) remains the same, player
B’s payoff here is given by

ΠB − c · ExB∼FB

∑
j∈[n]

xB,j

 . (4)



XA1
<latexit sha1_base64="IxWw+k5Re7BCR7yAlAZrAFZj3d4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexq8HGLevEYwTwgWcLsZDYZnZ1ZZmaFsOQfvHhQxKv/482/cbJZRI0FDUVVN91dQcyZNq776RQWFpeWV4qrpbX1jc2t8vZOS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTu4v5r67QeqNJPi1oxj6kd4KFjICDZWanX66YU36ZcrbtXNgOaJl5MK5Gj0yx+9gSRJRIUhHGvd9dzY+ClWhhFOJ6VeommMyT0e0q6lAkdU+2l27QQdWGWAQqlsCYMy9edEiiOtx1FgOyNsRvqvNxX/87qJCc/8lIk4MVSQ2aIw4chINH0dDZiixPCxJZgoZm9FZIQVJsYGVMpCOJ/i5PvledI6qnrH1dpNrVK/zOMowh7swyF4cAp1uIYGNIHAHTzCM7w40nlyXp23WWvByWd24Rec9y9Bk48P</latexit>

XA2
<latexit sha1_base64="QbdvfFSwHjMsc8AcJIGW8k5C7ag=">AAAB7XicbVDLSsNAFL2pr1pfVZduBovgqiS1+NhV3bisYB/QhjKZTtqxk0mYmQgl9B/cuFDErf/jzr9xkgZR64ELh3Pu5d57vIgzpW370yosLa+srhXXSxubW9s75d29tgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yXXqdx6oVCwUd3oaUTfAI8F8RrA2Urs7SC5rs0G5YlftDGiRODmpQI7moPzRH4YkDqjQhGOleo4daTfBUjPC6azUjxWNMJngEe0ZKnBAlZtk187QkVGGyA+lKaFRpv6cSHCg1DTwTGeA9Vj99VLxP68Xa//cTZiIYk0FmS/yY450iNLX0ZBJSjSfGoKJZOZWRMZYYqJNQKUshIsUp98vL5J2reqcVOu39UrjKo+jCAdwCMfgwBk04Aaa0AIC9/AIz/BihdaT9Wq9zVsLVj6zD79gvX8BQxiPEA==</latexit>

XA1 + XA2 = XA
<latexit sha1_base64="fsp4vYwRsBL0lhu7Ox5S+xzxIl8=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWQRBKUouXhdDqxmUFe4E2hMl00g6dTMLMRCgh4Ku4caGIW5/DnW/jJC2i1h8GPv5zDufM70WMSmVZn0ZhYXFpeaW4Wlpb39jcMrd32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxtdZvXNPhKQhv1OTiDgBGnLqU4yUtlxzr+smDTuFxzCDagovNTRcs2xVrFxwHuwZlMFMTdf86A9CHAeEK8yQlD3bipSTIKEoZiQt9WNJIoTHaEh6GjkKiHSS/PwUHmpnAP1Q6McVzN2fEwkKpJwEnu4MkBrJv7XM/K/Wi5V/7iSUR7EiHE8X+TGDKoRZFnBABcGKTTQgLKi+FeIREggrnVgpD+Ei0+n3l+ehXa3YJ5Xaba1cv5rFUQT74AAcARucgTq4AU3QAhgk4BE8gxfjwXgyXo23aWvBmM3sgl8y3r8AMtuT2A==</latexit>

in expectation
<latexit sha1_base64="gROp9bmbo5If8EuwjM7MLJSwcLI=">AAAB/nicbVDJSgNBFOxxjXEbFU9eGoPgKUw0uNyCXjxGMAskQ+jpvCRNeha630jCEPBXvHhQxKvf4c2/sTMZRI0FDUXVe/Sr8iIpNDrOp7WwuLS8sppby69vbG5t2zu7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PCG11O/cQ9KizC4w3EErs/6gegJztBIHXu/jTDCRAQURhFwTOVJxy44RScFnSeljBRIhmrH/mh3Qx77ECCXTOtWyYnQTZhCwSVM8u1YQ8T4kPWhZWjAfNBukp4/oUdG6dJeqMwLkKbqz42E+VqPfc9M+gwH+q83Ff/zWjH2LlyTLYoRAj77qBdLiiGddkG7QpnIcmwI40qYWykfMMU4msbyaQmXU5x9R54n9ZNi6bRYvi0XKldZHTlyQA7JMSmRc1IhN6RKaoSThDySZ/JiPVhP1qv1NhtdsLKdPfIL1vsXLOyWaQ==</latexit>

· · ·<latexit sha1_base64="1DuaMldMYSGwnuUayY1NqaaVHl4=">AAAB7XicbVDLSsNAFL2pr1pfVZdugkVwVRItPnZFNy4r2Ae0oUwmk3bsZCbMTIQS+g9uXCji1v9x5984SYOo9cCFwzn3cu89fsyo0o7zaZWWlldW18rrlY3Nre2d6u5eR4lEYtLGggnZ85EijHLS1lQz0oslQZHPSNefXGd+94FIRQW/09OYeBEacRpSjLSROgMcCK2G1ZpTd3LYi8QtSA0KtIbVj0EgcBIRrjFDSvVdJ9ZeiqSmmJFZZZAoEiM8QSPSN5SjiCgvza+d2UdGCexQSFNc27n6cyJFkVLTyDedEdJj9dfLxP+8fqLDCy+lPE404Xi+KEyYrYWdvW4HVBKs2dQQhCU1t9p4jCTC2gRUyUO4zHD2/fIi6ZzU3dN647ZRa14VcZThAA7hGFw4hybcQAvagOEeHuEZXixhPVmv1tu8tWQVM/vwC9b7F8dxj2c=</latexit> · · ·<latexit sha1_base64="1DuaMldMYSGwnuUayY1NqaaVHl4=">AAAB7XicbVDLSsNAFL2pr1pfVZdugkVwVRItPnZFNy4r2Ae0oUwmk3bsZCbMTIQS+g9uXCji1v9x5984SYOo9cCFwzn3cu89fsyo0o7zaZWWlldW18rrlY3Nre2d6u5eR4lEYtLGggnZ85EijHLS1lQz0oslQZHPSNefXGd+94FIRQW/09OYeBEacRpSjLSROgMcCK2G1ZpTd3LYi8QtSA0KtIbVj0EgcBIRrjFDSvVdJ9ZeiqSmmJFZZZAoEiM8QSPSN5SjiCgvza+d2UdGCexQSFNc27n6cyJFkVLTyDedEdJj9dfLxP+8fqLDCy+lPE404Xi+KEyYrYWdvW4HVBKs2dQQhCU1t9p4jCTC2gRUyUO4zHD2/fIi6ZzU3dN647ZRa14VcZThAA7hGFw4hybcQAvagOEeHuEZXixhPVmv1tu8tWQVM/vwC9b7F8dxj2c=</latexit>

XA = 1
<latexit sha1_base64="K3LhBXP24b+Nhj8yXp4pEQoEv2c=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VD0IVS8eK9gPaEPZbDft0s0m7G6EEvojvHhQxKu/x5v/xk0aRK0PBh7vzTAzz4s4U9q2P63C0vLK6lpxvbSxubW9U97da6swloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm9ykfueBSsVCca+nEXUDPBLMZwRrI3W6gyt0iZxBuWJX7QxokTg5qUCO5qD80R+GJA6o0IRjpXqOHWk3wVIzwums1I8VjTCZ4BHtGSpwQJWbZOfO0JFRhsgPpSmhUab+nEhwoNQ08ExngPVY/fVS8T+vF2v/3E2YiGJNBZkv8mOOdIjS39GQSUo0nxqCiWTmVkTGWGKiTUKlLISLFPXvlxdJ+6TqnFZrd7VK4zqPowgHcAjH4MAZNOAWmtACAhN4hGd4sSLryXq13uatBSuf2YdfsN6/AKyXjp4=</latexit>

cost c
<latexit sha1_base64="jmAcSfT1K8N43/ZkvhBkiFtUYCg=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ae0sUymk3boZBJmbtQS+h9uXCji1n9x5984SYOo9cCFwzn3cu89XiS4Btv+tAoLi0vLK8XV0tr6xuZWeXunpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsbX6Z++44pzUN5A5OIuQEZSu5zSsBItz1gD5DQUAOeYtovV+yqnQHPEycnFZSj0S9/9AYhjQMmgQqiddexI3ATooBTwaalXqxZROiYDFnXUEkCpt0ku3qKD4wywH6oTEnAmfpzIiGB1pPAM50BgZH+66Xif143Bv/MTbiMYmCSzhb5scAQ4jQCPOCKURATQwhV3NyK6YgoQsEEVcpCOE9x8v3yPGkdVZ3jau26Vqlf5HEU0R7aR4fIQaeojq5QAzURRQo9omf0Yt1bT9ar9TZrLVj5zC76Bev9C5V0krM=</latexit>

cost c
<latexit sha1_base64="jmAcSfT1K8N43/ZkvhBkiFtUYCg=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ae0sUymk3boZBJmbtQS+h9uXCji1n9x5984SYOo9cCFwzn3cu89XiS4Btv+tAoLi0vLK8XV0tr6xuZWeXunpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsbX6Z++44pzUN5A5OIuQEZSu5zSsBItz1gD5DQUAOeYtovV+yqnQHPEycnFZSj0S9/9AYhjQMmgQqiddexI3ATooBTwaalXqxZROiYDFnXUEkCpt0ku3qKD4wywH6oTEnAmfpzIiGB1pPAM50BgZH+66Xif143Bv/MTbiMYmCSzhb5scAQ4jQCPOCKURATQwhV3NyK6YgoQsEEVcpCOE9x8v3yPGkdVZ3jau26Vqlf5HEU0R7aR4fIQaeojq5QAzURRQo9omf0Yt1bT9ar9TZrLVj5zC76Bev9C5V0krM=</latexit>

�1 = 1
<latexit sha1_base64="NvjX2zS+x5a0+mtNnVyIO4Tixv0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VD0IRS8eK9gPbEPZbDft0s0m7G6EEvovvHhQxKv/xpv/xk0aRK0PBh7vzTAzz4s4U9q2P63C0vLK6lpxvbSxubW9U97da6swloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm1ynfueBSsVCcaenEXUDPBLMZwRrI933ozEbOOgSOYNyxa7aGdAicXJSgRzNQfmjPwxJHFChCcdK9Rw70m6CpWaE01mpHysaYTLBI9ozVOCAKjfJLp6hI6MMkR9KU0KjTP05keBAqWngmc4A67H666Xif14v1v65mzARxZoKMl/kxxzpEKXvoyGTlGg+NQQTycytiIyxxESbkEpZCBcp6t8vL5L2SdU5rdZua5XGVR5HEQ7gEI7BgTNowA00oQUEBDzCM7xYynqyXq23eWvBymf24Res9y/5mY/x</latexit>

�2 = 2
<latexit sha1_base64="sGvWSJWh1jdM2UPscYZv/3fyjgI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiS1+FgIRTcuK9gHtqFMppN26GQSZiZCCf0LNy4UcevfuPNvnKRB1HrgwuGce7n3Hi/iTGnb/rQKS8srq2vF9dLG5tb2Tnl3r63CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3Kd+p0HKhULxZ2eRtQN8EgwnxGsjXTfj8ZsUEOXqDYoV+yqnQEtEicnFcjRHJQ/+sOQxAEVmnCsVM+xI+0mWGpGOJ2V+rGiESYTPKI9QwUOqHKT7OIZOjLKEPmhNCU0ytSfEwkOlJoGnukMsB6rv14q/uf1Yu2fuwkTUaypIPNFfsyRDlH6PhoySYnmU0MwkczcisgYS0y0CamUhXCR4vT75UXSrlWdk2r9tl5pXOVxFOEADuEYHDiDBtxAE1pAQMAjPMOLpawn69V6m7cWrHxmH37Bev8C/KWP8w==</latexit>
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c1
<latexit sha1_base64="i8UwAM59G11pPgnfP54tFRRWNJk=">AAAB6nicbVDLSsNAFL2pr1pfUZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984SYOo9cCFwzn3cu89fsyZ0o7zaZWWlldW18rrlY3Nre0de3evraJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/cp35nQcqFYvEvZ7G1AvxSLCAEayNdEcG7sCuOjUnB1okbkGqUKA5sD/6w4gkIRWacKxUz3Vi7aVYakY4nVX6iaIxJhM8oj1DBQ6p8tL81Bk6MsoQBZE0JTTK1Z8TKQ6Vmoa+6QyxHqu/Xib+5/USHVx4KRNxoqkg80VBwpGOUPY3GjJJieZTQzCRzNyKyBhLTLRJp5KHcJnh7PvlRdI+qbmntfptvdq4KuIowwEcwjG4cA4NuIEmtIDACB7hGV4sbj1Zr9bbvLVkFTP78AvW+xcEzI3D</latexit>

c2
<latexit sha1_base64="0Mx5qCzzfHjFnFTDy3lp/D4Bau8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxJLRNQh7KnocV5UzQtmaa014kKQ48Trve9Dr1uw9UKhaKez2LqBvgsWA+I1gb6Y4Ma8Nyxa7aGdAycXJSgRytYfljMApJHFChCcdK9R070m6CpWaE03lpECsaYTLFY9o3VOCAKjfJTp2jE6OMkB9KU0KjTP05keBAqVngmc4A64n666Xif14/1v6FmzARxZoKsljkxxzpEKV/oxGTlGg+MwQTycytiEywxESbdEpZCJcpGt8vL5NOreqcVeu39UrzKo+jCEdwDKfgwDk04QZa0AYCY3iEZ3ixuPVkvVpvi9aClc8cwi9Y718GUI3E</latexit>

�1

2XA<latexit sha1_base64="qixfzEIl4ZHdwjpTAnUAzro9H1g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiS1+NhV3bisYG2hCWEynbRDJ5MwMxFCqL/ixoUibv0Qd/6NkzSIWg9cOJxzL/fe48eMSmVZn0ZlaXllda26XtvY3NreMXf37mSUCEx6OGKRGPhIEkY56SmqGBnEgqDQZ6TvT69yv39PhKQRv1VpTNwQjTkNKEZKS55ZdwKBcObEE+rZs6w18C5mntmwmlYBuEjskjRAia5nfjijCCch4QozJOXQtmLlZkgoihmZ1ZxEkhjhKRqToaYchUS6WXH8DB5qZQSDSOjiChbqz4kMhVKmoa87Q6Qm8q+Xi/95w0QFZ25GeZwowvF8UZAwqCKYJwFHVBCsWKoJwoLqWyGeIJ2G0nnVihDOc5x8v7xI7lpN+7jZvmk3OpdlHFWwDw7AEbDBKeiAa9AFPYBBCh7BM3gxHown49V4m7dWjHKmDn7BeP8CmjaU4A==</latexit>
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Fig. 2: (Left) An example setup where the commander must assign XA = 1 resources to the two sub-colonels in expectation against
two opponents with the same per-unit cost c1 = c2 = c to utilize resources. Here, ϕ1 = 1 and ϕ2 = 2. (Center) This plot compares
the commander’s payoffs from using optimal randomized assignment strategies versus optimal deterministic ones. The x-axis indicates
the amount of resources an opponent obtains from a unit payment, c−1. We note that the best randomized assignment improves upon
the best deterministic assignment two-fold for c−1 > 2. For the particular case c−1 = 6, the commander’s optimal payoff is 0.5 for
deterministic and 1 for randomized assignments. The optimal deterministic assignment is XA1 = 1/3 (from Theorem 4.1). The optimal
randomized assignment strategy (calculated from Theorem 4.2) is to assign (XA1, XA2) as {(0, 0), (0, 2), (1, 0), (1, 2)} with probabilities
{ 4
9
, 2
9
, 2
9
, 1
9
}. (Right) This diagram shows parameter regions where the optimal commander assignment strategy takes on varying degrees

of randomization for the endowments of each sub-colonel.

The tuple Ĝ = (X1, X2, p, c) represents one instance of this
game. The class of all such game instances is denoted Ĝ with
arbitrary element Ĝ.

Complete equilibrium characterizations of both BL and
BLC games are available in [13]. Indeed, these results
allow us to investigate the problem of how a commander
should (randomly) assign resources to two sub-colonels.
We are interested in whether randomized assignments offer
advantages over deterministic ones.

III. PROBLEM FORMULATION AND SUMMARY OF
RESULTS

The BL and BLC games represent two possible models
of engagement between a sub-colonel and its opponent. In
this paper, we consider the problem in which the commander
must assign, in expectation, a total amount XA among two
sub-colonels (see Figure 1). The assignment strategies avail-
able to the commander are the set of probability distributions
P on R2

+ such that each marginal Pi, i = 1, 2 has at most two
values in its support. Furthermore, we require the commander
assigns no more than XA resources to the two sub-colonels
in expectation:∑
(XA1,XA2)∈supp(P )

P (XA1, XA2) · (XA1 +XA2) ≤ XA (5)

where XAi is the resource endowment assigned to sub-
colonel i. Let us denote P(XA) as the set of all such
distributions P . As such, the marginal Pi is associated with
a probability pi := Pi(Xi,1) on a high endowment Xi,1, and
the probability 1 − pi on a low endowment Xi,2, for sub-
colonel i. A pair (XA1, XA2) is drawn according to P , upon
which sub-colonel i selects an allocation strategy belonging
to L(XAi).

The commander’s objective is to select P ∈ P(XA)
that maximizes the expected cumulative equilibrium payoff
that the sub-colonels derive in their respective engagements.

We first consider the problem where the engagements are
specified by BL games.

Definition 3. The commander assignment problem with
respect to BL games is defined by the optimization problem

max
P∈P(XA)

{πA(X1,1, X1,2, p1, XB1|ϕ1)

+πA(X2,1, X2,2, p2, XB2|ϕ2)}
(6)

where πA(G|ϕ) indicates the equilibrium payoff to player A
in a BL game G ∈ G (derived in [13]) with total battlefield
value ϕ. Here, the relevant parameters are specified by a total
pool of resources XA > 0, fixed opponent budgets XB1 and
XB2, and total values ϕ1, ϕ2 > 0 for each set of battlefields.

We find that randomized assignment strategies offer no
payoff benefits in comparison to the optimal deterministic
assignment reported in [10]. Indeed, we show that the
optimization problem (6) can be reduced to deterministic
assignment strategies. We next consider a second scenario
where the engagements are specified by BLC games.

Definition 4. The commander assignment problem with
respect to BLC games is defined by the optimization problem

max
P∈P(XA)

{π̂A(X1,1, X1,2, p1, c1|ϕ1)

+π̂A(X2,1, X2,2, p2, c2|ϕ2)}
(7)

where π̂A(Ĝ|ϕ) denotes the (best-case) equilibrium payoff
to player A in a BLC game Ĝ ∈ Ĝ with total battlefield
value ϕ (derived in [13]). Here, ci is the per-unit cost for
sub-colonel i’s opponent to utilize resources.

Under BLC engagements, we find the central comman-
der’s cumulative payoff can improve two-fold when utilizing
an optimal randomized assignment compared to an optimal
deterministic assignment. An example of this comparison is
shown in Figure 2, which highlights the payoff improvements
the commander attains. A two-fold improvement is attainable



for a particular subset of parameters which we highlight in
Theorems 4.1 and 4.2. The full characterization, i.e. for all
possible parameters, of the commander’s optimal determin-
istic and randomized assignment strategies are provided in
Appendix B.

IV. MAIN RESULTS

In this section, we address the commander assignment
problems (6) and (7) for selected subset of parameters in
order to highlight the importance of randomization. Full
characterizations are given in the Appendix.

A. Assignment problem with respect to BL engagements

Let us consider the commander’s problem (6). Here, the
opponents have fixed resource endowments XB1 and XB2

and thus the engagements are BL games. The commander’s
optimal assignment strategy is actually completely determin-
istic – randomized assignment strategies do not provide any
strict benefits over deterministic ones. Any assignment P that
assigns XA1 to sub-colonel 1 in expectation can do no better
than the strategy that simply assigns XA1 to sub-colonel
1 (and XA − XA1 to sub-colonel 2) with probability one.
This result follows from the characterization of equilibrium
payoffs in BL games:

Fact 4.1. For any BL game G ∈ G, it holds that πA(G) ≤
πCI
A (G), where

πCI
A (G) := ϕ ·

{
X̄

2XB
, if X̄/XB < 1

1− XB

2X̄
, if X̄/XB ≥ 1

(8)

is the equilibrium payoff from the complete information Lotto
game in which player A’s assigned the endowment X̄ :=
pX1 + (1 − p)X2 with probability one. Here, ϕ is the sum
of battlefield valuations.

The proof of the above fact is reported in [13]. Thus,
any randomized assignment strategy P ∈ P weakly under-
performs its corresponding deterministic assignment when
the opponents have fixed resource endowments. We can
then restrict attention to deterministic assignment strategies.
Indeed, the optimal deterministic assignment strategies been
characterized in the literature – see [10].

B. Assignment problem with respect to BLC engagements

Let us now consider the commander’s problem (7). Here,
the opponents have no limit on the amount of resources avail-
able, but pay the per-unit costs c1, c2, respectively, to utilize
them. In the following analyses, we first consider determin-
istic assignment strategies. Then, we consider randomized
strategies P ∈ P(XA). We derive the optimal strategies and
payoffs in both cases for a specific parameter regime, and
provide some comparisons. The full characterizations for all
parameters, for both settings, are given in the Appendix.
Deterministic assignments: A deterministic assignment strat-
egy is any XA1 ∈ [0, XA], which assigns XA1 resources

to sub-colonel 1 and XA − XA1 to sub-colonel 2. The
commander’s objective is written as

max
XA1∈[0,XA]

UA(XA1)

:= max
XA1∈[0,XA]

{π̂CI
A (XA1, c1|ϕ1) + π̂CI

A (XA −XA1, c2|ϕ2)}
(9)

where π̂CI
A (X, c|ϕ) is the equilibrium payoff from a BLC

game in which A is assigned the endowment X w.p. one
(provided in Appendix A). The following result highlights
the commander’s optimal deterministic assignment X∗

A1 for
a subset of parameters. The particular parameter subset
highlighted in the result below is of interest because, as we
will see, randomized assignments offer a two-fold payoff
gain over the best deterministic assignments.

Theorem 4.1. Suppose c1 < ϕ1

2XA
and c2 < ϕ2

2XA
.

Then the optimal deterministic assignment is given by
X∗

A1 = c1ϕ1

c1ϕ1+c2ϕ2
XA, which gives a payoff UA(X

∗
A1) =√

XA(c1ϕ1+c2ϕ2)
2 .

Randomized assignments: Suppose now the commander is
able to implement randomized assignments, i.e. any distribu-
tion P ∈ P(XA). The following result explicitly character-
izes the optimal assignment strategy P ∗ for the commander
for a subset of the parameters. This subset contains the
parameter region specified in Theorem 4.1. The optimal
randomized assignment of a fixed budget XA under all other
parameters are characterized in Appendix B.

Theorem 4.2. Define for i = 1, 2,

ri(c−i) :=
1

2

 ϕi

2XA
+

√(
ϕi

2XA

)2

+
2c−iϕ−i

XA

 . (10)

Suppose c1 ≤ r1(c2) and c2 ≤ r2(c1). Let X∗
A1 =

c1ϕ1XA

c1ϕ1+c2ϕ2
, X∗

A2 = c2ϕ2XA

c1ϕ1+c2ϕ2
, p∗1 =

√
2c1X∗

A1/ϕ1, and
p∗2 =

√
2c2X∗

A2/ϕ2. Then the optimal assignment P ∗ ∈
P(XA) is given by: P ∗(0, 0) = (1 − p∗1)(1 − p∗2),

P ∗
(
0,
√

X∗
A2ϕ2

2c2

)
= (1 − p∗1)p

∗
2, P ∗

(√
X∗

A1ϕ1

2c1
, 0

)
=

p∗1(1 − p∗2), and P ∗
(√

X∗
A1ϕ1

2c1
,
√

X∗
A2ϕ2

2c2

)
= p∗1p

∗
2.

The resulting payoff to the commander is UA(P
∗) =√

2XA(c1ϕ1 + c2ϕ2).

This result indicates the commander can improve its payoff
two-fold over the best deterministic assignment by random-
izing both sub-colonels’ endowments. In other parameter
regimes, the optimal assignment ranges from randomizing
a single sub-colonel’s endowment to using a completely
deterministic assignment for both (see Appendix B).

V. CONCLUSIONS

This paper considers the problem of how limited resources
should be assigned to multiple decision-makers in adversarial
environments. We considered a class of resource allocation
problems under the framework of General Lotto games,
where a commander decides how to split assets to two



sub-colonels. We identified settings where the commander
can exploit informational asymmetry against opponents by
randomizing its resource assignments to the sub-colonels.
Specifically, randomization induces the opponents to hold
uncertainty about the sub-colonels’ resource endowments.
When the opponents have fixed resource budgets, probabilis-
tic assignments offer no benefits over completely determin-
istic assignments. When the opponents have per-unit costs,
we find optimal assignments can improve the commander’s
payoff two-fold in comparison to the optimal deterministic
assignment.
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Comptes Rendus de l’Académie, 173, 1921.

[3] C. Ewerhart and D. Kovenock. A class of n-player colonel blotto
games with multidimensional private information. Operations Re-
search Letters, 49(3):418–425, 2021.

[4] A. Ferdowsi, W. Saad, and N. B. Mandayam. Colonel blotto game
for sensor protection in interdependent critical infrastructure. IEEE
Internet of Things Journal, 8(4):2857–2874, 2021.

[5] O. Gross and R. Wagner. A continuous Colonel Blotto game. Technical
report, RAND Project, Air Force, Santa Monica, 1950.

[6] S. Guan, J. Wang, H. Yao, C. Jiang, Z. Han, and Y. Ren. Colonel
Blotto games in network systems: Models, strategies, and applications.
IEEE Transactions on Network Science and Engineering, 7(2):637–
649, 2020.
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APPENDIX

This appendix contains the complete characterizations and
proofs for the commander’s optimal assignment strategies
in all parameter regimes. The results are given for both
deterministic and randomized assignments with respect to
BLC games. As such, Theorems 4.1 and 4.2 are subsumed
as special cases.

A. Commander’s optimal deterministic assignments

The optimal deterministic assignment, i.e. the X∗
A1 that

solves (9), is given below for any set of parameters
XA, {ci, ϕi}i=1,2. We note the result of Theorem 4.1 is
subsumed as Case 1 below.

Lemma A.1. The optimal deterministic assignment
is given in the following cases. Denote Qi :=√

ciϕi(XA− ϕ−i
2c−i

)

2 for i = 1, 2 and define ri(c−i) :=

1
2

[
ϕi

2XA
+

√(
ϕi

2XA

)2

+ 2c−iϕ−i

XA

]
.

Case 1: c1 < ϕ1

2XA
, c2 < ϕ2

2XA
. Then X∗

A1 = c1ϕ1

c1ϕ1+c2ϕ2
XA

and UA(X
∗
A1) =

√
XA(c1ϕ1+c2ϕ2)

2 .

Case 2: c1 ≥ ϕ1

2XA
, c2 < ϕ2

2XA
. If c1 ≥ r1(c2), then X∗

A1 =
ϕ1

2c1
and UA(X

∗
A1) = ϕ1 +Q2. If c1 < r1(c2), then X∗

A1 is
given by

ϕ1

2c1
, if ϕ1 +Q2 ≥

√
XA(c1ϕ1+c2ϕ2)

2

c1ϕ1

c1ϕ1+c2ϕ2
XA, if ϕ1 +Q2 <

√
XA(c1ϕ1+c2ϕ2)

2

(11)

and the payoff is

UA(X
∗
A1) = max

{
ϕ1 +Q2,

√
XA(c1ϕ1 + c2ϕ2)

2

}
.

(12)
Case 2’: c1 < ϕ1

2XA
, c2 ≥ ϕ2

2XA
. If c2 ≥ r2(c1), then X∗

A1 =

XA − ϕ2

2c2
and UA(X

∗
A1) = ϕ2 + Q1. If c2 < r2(c1), then

X∗
A1 is given byXA − ϕ2

2c2
, if ϕ2 +Q1 ≥

√
XA(c1ϕ1+c2ϕ2)

2

c1ϕ1

c1ϕ1+c2ϕ2
XA, if ϕ2 +Q1 <

√
XA(c1ϕ1+c2ϕ2)

2

(13)

and UA(X
∗
A1) = max

{
ϕ2 +Q1,

√
XA(c1ϕ1+c2ϕ2)

2

}
.

Case 3: ci > ϕi

2XA
(i = 1, 2) and XA − ϕ2

2c2
< ϕ1

2c1
. Then

X∗
A1 =

{
XA − ϕ2

2c2
, if ϕ2 +Q1 ≥ ϕ1 +Q2

ϕ1

2c1
, if ϕ2 +Q1 < ϕ1 +Q2

(14)

and UA(X
∗
A1) = maxi=1,2 {ϕi +Q−i}.

Case 4: XA − ϕ2

2c2
≥ ϕ1

2c1
. Then X∗

A1 ∈ [ ϕ1

2c1
, XA − ϕ2

2c2
) and

UA(X
∗
A1) = ϕ1 + ϕ2.

Proof. The proof relies on utilizing the characterization
of equilibrium payoffs in sub-colonel i’s BLC game with
complete information, i.e. sub-colonel i has the resource



endowment XAi ≥ 0 with probability 1. It is given as
follows:

π̂CI
A (XAi, ci|ϕi) =

{√
ciXAi

2 , if ci < ϕi

2XAi

ϕi, if ci > ϕi

2XAi

(15)

for i = 1, 2. This allows us to explicitly pose the commander
assignment problem (9). Its solution is given as the four cases
presented in the statement. For space concerns, we provide
the proof for Case 1 only. The proof for other cases are
reported in [13].

When c1 < ϕ1

2XA
and c2 < ϕ2

2XA
, the objective of (9) can be

written as UA(XA1) =
√

c1ϕ1XA1

2 +
√

c2ϕ2(XA−XA1)
2 for all

XA1 ∈ [0, XA]. This function is concave and the derivative
is zero at X∗

A1 = c1ϕ1

c1ϕ1+c2ϕ2
XA ∈ [0, XA]. ■

B. Commander’s optimal randomized assignments
We now provide the complete characterization of the

commander’s optimal randomized assignment strategies for
any set of parameters c1, c2, ϕ1, ϕ2 ≥ 0 (7). The optimal
joint assignment strategy P ∗ ranges from randomizing both
sub-colonels’ endowments (Case 1), to using a completely
deterministic assignment (Case 4). The result of Theorem
4.2 is subsumed as Case 1 below.

Lemma B.1. Consider the assignment problem (7). The
optimal distribution P ∗ ∈ P(XA) on resource assignments
and the resulting payoff UA(P

∗) are given by the following
four cases.
Case 1 (Theorem 4.2): Suppose c1 ≤ r1(c2) and c2 ≤
r2(c1). Let X∗

A1 = c1ϕ1XA

c1ϕ1+c2ϕ2
, X∗

A2 = c2ϕ2XA

c1ϕ1+c2ϕ2
,

p∗1 =
√
2c1X∗

A1/ϕ1, and p∗2 =
√

2c2X∗
A2/ϕ2. We have

P ∗(0, 0) = (1 − p∗1)(1 − p∗2), P ∗
(
0,
√

X∗
A2ϕ2

2c2

)
=

(1 − p∗1)p
∗
2, P ∗

(√
X∗

A1ϕ1

2c1
, 0

)
= p∗1(1 − p∗2), and

P ∗
(√

X∗
A1ϕ1

2c1
,
√

X∗
A2ϕ2

2c2

)
= p∗1p

∗
2. The resulting payoff to

the commander is UA(P
∗) =

√
2XA(c1ϕ1 + c2ϕ2).

Case 2: Suppose c1 > r1(c2) and c2 < c1ϕ2

2XAc1−ϕ1
. Let

X∗
A1 = ϕ1

2c1
, X∗

A2 = XA − ϕ1

2c1
, and p∗2 =

√
2c2X∗

A2/ϕ2.

Then P ∗(X∗
A1, 0) = 1−p∗2 and P ∗

(
X∗

A1,
√

X∗
A2ϕ2

2c2

)
= p∗2.

The resulting payoff to the commander is UA(P
∗) = ϕ1 +√

2c2ϕ2

(
XA − ϕ1

2c1

)
.

Case 3: Suppose c2 > r2(c1) and c1 < ϕ1

2XA
, or r2(c1) <

c2 < c1ϕ2

2XAc1−ϕ1
and c1 ≥ ϕ1

2XA
. Let X∗

A1 = XA − ϕ2

2c2
,

X∗
A2 = ϕ2

2c2
, and p∗1 =

√
2c1X∗

A1/ϕ1. Then P ∗(0, X∗
A1) =

1− p∗1 and P ∗
(√

X∗
A1ϕ1

2c1
, X∗

A2

)
= p∗1. The resulting payoff

to the commander is UA(P
∗) = ϕ2+

√
2c1ϕ1

(
XA − ϕ2

2c2

)
.

Case 4: Suppose XA− ϕ2

2c2
≥ ϕ1

2c1
. Then any P ∗ that satisfies

P ∗(X∗
A1, X

∗
A2) = 1 for some X∗

A1 ∈ [ ϕ1

2c1
, XA − ϕ2

2c2
] and

X∗
A2 = XA −X∗

A1 is an optimal assignment. The resulting
payoff to the commander is UA(P

∗) = ϕ1 + ϕ2.

Proof. Note that any feasible P ∈ P(XA) induces expected
endowments X̄Ai = piX1,i + (1 − pi)X2,i for each sub-
colonel, where X̄A1 + X̄A2 = XA is satisfied. For given
expected endowments X̄A1, X̄A2, the distribution P that
maximizes the commander’s objective (7) is one whose
marginals optimize the sub-colonels’ equilibrium payoff in
their respective BLC games. The optimal marginals are
characterized in [13], and are given by

(X∗
1,i, X

∗
2,i, p

∗
i ) =


(√

X̄Ai

2ci
, 0,

√
2ciX̄Ai

)
if ci < ϕi

2X̄Ai(
X̄Ai, X̄Ai,×

)
, if ci ≥ ϕi

2X̄Ai

(16)
and the resulting payoff to Ai in its BLC game is

Π∗
A(X̄Ai, ci|ϕi) :=

{√
2ciϕiX̄Ai if ci < ϕi

2X̄Ai

ϕi, if ci ≥ ϕi

2X̄Ai

. (17)

Thus, the optimization (7) is equivalent to determining the
optimal expected endowment to sub-colonel 1:

max
X̄A1∈[0,XA]

{Π∗
A(X̄A1, c1|ϕ1)+Π∗

A(XA−X̄A1, c2|ϕ2)} (18)

The objective function above takes distinct forms depending
on the values of c1, c2, ϕ1, ϕ2. For space concerns, we
provide the proof for Case 1 only. The proof for other cases
are reported in [13].

If c1 < ϕ1

2XA
and c2 < ϕ2

2XA
, the objective can be written as√

2c1ϕ1X̄A1+
√

2c2ϕ2(XA − X̄A1), ∀X̄A1 ∈ [0, XA]. This
function is concave. Setting the derivative (w.r.t. X̄A1) to
zero, we obtain X̄∗

A1 = c1ϕ1

c1ϕ1+c2ϕ2
XA and the optimal com-

mander’s payoff is UA(P
∗) =

√
2XA(c1ϕ1 + c2ϕ2). Here,

the distribution P ∗ ∈ P(XA) is given by substituting the
solution X̄∗

A1 into the characterization of optimal marginal
distributions (16) for each sub-colonel. ■
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