A Formal Descriptions of Problem Formulation and Assumptions

Note that, learning policies for sequential decision making in Dec-POMDP [35]] is known to be undecidable in the standard
computation model [3§]]. i.e., deciding whether there is a policy achieving a constant performance lower bound cannot be
computed in finite time. To bypass these impossibility results, we adopt some common assumptions to make the analysis
accessible and rigorous. A formal description of our assumptions is included in Appendix[A.T] which are widely assumed in prior
work on analyzing single-agent PAC reinforcement learning [[24,33,34]. The main purpose of introducing these assumptions is
to avoid discussing trajectories with infinite length, which is not well-defined in the context of data-driven learning paradigm.

A.1 Decentralized Rich-Observation Markov Decision Process

The first step to exclude the discussion of infinitely long trajectories is to ensure that the belief states can always be constructed
using finite recent observations. A widely-used formulation of such assumptions is Rich-Observation MDPs [33/|34], in which
the observation would be noisy but guarantee to contain full information. Formally, we extend the formulation Rich-Observation
MDPs (ROMDP) to a decentralized multi-agent setting as the following definition:

Definition 3 (Dec-ROMDP). An instance of Decentralized Rich-Observation Markov Decision Process (Dec-ROMDP) is defined
as a tuple M = (N, S, X, A, P,\,r,~), in which

* N ={1,...,n} denotes a finite set of agents.

» S denotes a finite set of global latent states.

* X denotes the observation space (a.k.a. context space) which is larger than the latent state space.

* A denotes the individual action space. The joint action a € A = A" is a collection of individual actions [a;]}_;.

* P(s'| s,y denotes the transition function on latent states.

A(z; | i, s) denotes the observation emission distribution, which may defer in different agents.
* (s, a) denotes the global reward function.
* v denotes the discount factor.

The concept of rich-observation assumes that the observation emission distributions A are disjoint across states. Formally,
e Vs1#£s€S,Vie N,Vz e X, (A(x]i,51) >0) = (A(z | i,82) =0).

Note that, in rich-observation models [33}34]], the size of observation space X can be much larger than the latent state space
S. This rich-observation model is a formulation of real-world scenarios where sensors suffer from systematical errors, and it
is usually used to study how function approximators can help to decode the state information from observations [39,40]]. The
formulation of Dec-ROMDP stated as Definition [3|considers an extension of ROMDP upon Dec-POMDP, where different agents
would observe the global information under different noises. This decentralized observation emission distribution A(z | 4, s) is
an important characteristic and also a critical subtlety for analyzing a multi-agent system.

The definition of Dec-ROMDP enables the agent extract the belief state information without storing the whole infinite-length
trajectory. Formally, we adopt the definition of reactive function classes [33}/36}/37]] to simplify the notation for analyses.

Definition 4 (Reactive Function Class). Reactive function classes consider a set of memoryless functions that only takes the
most recent observations as inputs to compute the output values.

The same function class structure is widely-used in prior work studying single-agent ROMDP [24}33/65]]. Note that, in
Dec-ROMDPs, decoding information from last-step observations guarantees to retain full information of the latent states. In
addition, this simplification is equivalent to storing recent observations in a constant-size time window, since we can convert such
multi-step model to last-step model by encoding recent steps into the latent state representation and overwriting the observation
emission to a window of observations. Regarding this equivalence, we adopt the most simplified notations as related work to
make the underlying insights more accessible.

A.2 Connection to Practical Scenarios

The main purpose to introduce the concept of rich observations is to bypassing the barrier of partial observability in theoretical
analyses, since general POMDP-based problem formulation can hardly support algorithms for strong performance guarantees.
In practice, although most scenarios suffer from some extend of partial observability, the formulation of richly observable
environments can approximate many application scenarios.
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Micromanagement Tasks. In Micromanagement tasks such as SMAC benchmark tasks [20]], agents are working in a bounded
region with a sufficiently large receptive field. In such tasks, the observations of agents may be high-dimensional and redundant
(e.g., visual observations with various camera directions), the global latent state space is bounded. For example, in StarCraft II
benchmark tasks, agents are assigned large receptive fields to provide sufficient information for decision making, i.e., every alive
agent can nearly observe all other agents. In this situation, the observation history of each agent can nearly decode the global
latent state, which can be approximated by the problem formulation of Dec-ROMDPs.

Coordination with Communication. In practice, partial observability is not a hard constraint. When agents can only access
their local observations, learning communication is a common approach to reducing partial observability issues. e.g., NDQ [[15]]
aims to learn an efficient communication protocol that transmits useful and necessary information to address partial observability.
When such communication channels are available, every agent can collect redundant message information from other agents to
transform Dec-POMDPs to Dec-ROMDPs.

A.3  Omitted Proofs for the Equivalence Mentioned in Section [4]

Lemma 1. The empirical Bellman operator TEM4 defined in Eq. (3) and Eq. (6) are equivalent. Formally,

2
TEMAQ® = arg min E (gj(t)(m, a,z’') — Quizx, a))
QeQfvA (xz,a,rx’)~D

) (1)
=argmin [E (y(t)(az,a) - Q,ot(w,a)) ,
QeQrMA (mvavr)ND
where
A (t) N — @) (o ot
Yy (az,a,w)—r—l—’ymz}XQm, (w,a),
* © (12)
Yy (x,a) =r +yEy [m@x Qi (2, a’)} :
Proof. Consider
r 2
TIMAQ® = argmin =~ E (A(t) (z,a,2') — Quu(z, a)) ]
QeQmvA (z,a,z’)~D
r 2
=argmin [E (A(t) (z,a,2') —y®D(z,a) +y(x,a) — Qu(x, a)) ]
QEQMA (m,a,x’)~D |
r 2
=argmin E (A(t) (z,a,z') —y® (x, a)) ]
QEQMA (m,a,x’)~D |
+ E [2 (Q(t)(w, a,s') —yY(x, a)) (y(t) (x,a) — th(x,a))]
(z,a,x2’)~D
2
+ E [(y(t)(a:7a) — th(w,a)) ] . (13)
(z,a,z’)~D
The first term is a constant since y*) and §(*) are fixed targets.
The second term is equal to zero since
E[2(i@aa) -y (@a) (10 (@a) - Qulza))]
(z,a,x2’)~D
=2 E [ E {gj(t) (z,a,x') —y® (:c,a)} (y(t)(w,a) - th(w,a))}
(z,a)~D | x'~P(:|z,a)
=0
= 0. (14)
The third term exactly corresponds to Eq. (TT). O
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B Omitted Proofs in Section[5.2]

B.1 The Closed-Form Solution to A Special Weighted Linear Regression

Lemma 2. Considering following weighted linear regression problem
mln | vVpT - (Ax —b) |3 (15)

where A € R™" ¥ x ¢ R™ b,p € R™", m,n € Z*. Besides, A is m-ary encoding matrix namely Vi € [m"],j € [mn]

1, if Fuen],j=mxu+([i/m"] modm),

Aig = {0, otherwise. (16)

For simplicity, j'" row of A corresponds to a m-ary number @; = (§), where @ = agay . ..an_1, with a,, € [m],Vu € [n).
Assume P is a positive vector which follows that

p; =p(d;) = H Pul@u,j), where p, : [m] — (0, 1) and Z pulan) = 1,Yu € [n] (17)
u€n] ay €[m)]

The optimal solution of this problem is the following. Denote i = u X m+wv,v € [m|,u € [n] and an arbitrary vector w € R™"

. _ N~ _p@) IR e 1 !
X, = ; pu(au)bd : l(au = ’U) i p(a)ba T Z Wi+ — Z Wum+v’ (13)

5! m ’
i’ €[mn] v’ €[m]

Proof. For brevity, denote

AP =+/pT A, b? =+/p"-b (19)

Then the weighted linear regression becomes a standard Linear regression problem w.r.t A? bP. To compute the optimal
solutions, we need to calculate the Moore-Penrose inverse of AP . The sufficient and necessary condition of this inverse matrix
APt e RMnxm” ig the following three statements [42]:

han ’ are self-adjoint

1) APAPT and APTAP 1f-adjoi (20)
(2) AP = APAPTAP 21
(3) APT = APTAPAPT (22)

We consider the following matrix as AP-T and we prove that it satisfies all three statements. For Vi € [mn],i = u x m +v,u €
[n],v € [m],j € [m"]

T T
Afﬂ' - Af)ﬁg
_ -1 _ Ay i
— p(a ) 1(Clu7_] — 'U n a 7J p(a u 7J) (23)
Pu (au J) pu Ay, ] mn — Pu’ (au’,j)

where p(@—v) = [ [, Pw (aw).

First, we verify that AP APT is a m™ x m"™ self-adjoint matrix in statement (1). For simplicity, O(@;, @;) = {u|ay; = @y j,u €

[n]}.
PAPTY, . — § /p @ = n—-1 @ 1 ,p(d’_w')
(A A )z,] pu(au,]) 1( - u,z) n p( J) m pu(au,j)

u€[n]

a_
+%Z P(dwy)

P au j)

Z \/ p(a’])p az n -1 Z \/7 vV P (6j)p(az)

DPu (au ,J

u€O(d;,d;) u€[n]
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Ly L RER@E)
u€[n] u' =0 P (au’,j)
p(d; )p(d;) - aJ p(d;)
uEO%;aJ-) Pu (au,j) (n ) ( u%] Pu (a’u,J)
L1y VPld)e(@)
u€(n] pu(au’j)
= > W — (n—1)4/p(@)p(d;) (24)
weO(@na;) Pulug

Observe that p,, (ay, ;) = pu(au.i) if @i = a, ;, thus (APAP-T); ; = (APAP-T);; forany i, j € [m"]. This proves that AP AP:f
is self-adjoint.

Second, we prove that AP'T AP is a mn x mn self-adjoint matrix and has surprisingly succinct form. Let i = u X m 4 v, u €
[n],v € [m].

1. i = 4. Besides, O(i) = {a@ € [m"]|a, = v}

NGl n-1 —— 1 [p(a_.)
APTAP), = (@) Ay = V) — p(@) — —
( ) ’ GG;() Pu au) ( ) n ( ) m pu(au)
n—1
‘*Z a%
mn
—1 1 — 1 n—1 N
_ p(@ n p(@) — L p(d . 1 P(@)
aco( z) ( n mpu(au) mn < Op /(au,)
n—1
1 1 . n—1
= de;() (p(a u) - %p(afu) + mu/zop(au/)> — " pu(au = U)

1 n—1 1
=1-—- u\Uy = —_— _‘—u’
m n p(a U)+mnz Z p(a )

u’ €[n] deo(l)
u'#u

aco(i)
1 n-1 1 n—
=l=—= pula, =v) + — + mpy(ay, = v)
m mn mn
1 1
i (25)
m mn

2.i=uxm+uv,i =uxm+v,v£V. ThisimpliesthatQ(i)ﬁO(z”) =0

(AP,TAP)M, = Z \/7 ) 1(a, =v) — n-1 p(@)

n
aco(i)
n—1

1 fp(@-.) 1 P(d—w)
“m o 2 )

m pu(au) mn =0 Du’ (au/)

p(@ n-1 1 p(@)
N Z pulan)  m p@) - 2 Pulaw)
(‘)ﬂO(i’) @co(i) @co(i)
L . N
mn u'e n] @€O0(i’) pu Q! mn Gco() pu(au)
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=-—+— (26)

(AP’TAP)W = Z \/@[ M “L(ay, =v) — " T_L ! p(d)

&'EO(i’) pul (aul)
n—1 =
1 P(d—u,) 4 1 Z P(d—w)
m pul (aul) mn w'=0 pu, (a’ul)

p@ n-1 o1 p(a)
= Z D (a,)_ n ZP(G)—gzp(a)
aeo(')nou/ Uit aco(i’) aeo(i) T

1 p(a)
ST = ¥ EO
wrem aeo(iny P w) " aeoa/)p“?(a“?)
u’ uz
n—1 n—1 1
= Pus (auz) - Tpu'z (au2) — Dus (auz) + meu2 (au2) + %
1
= — 27
mn

Observe that AP'T AP is self-adjoint by equation (2,3,4) and the expression is succinct.

Third, we verify statement (2). Since we have computed AP'T AP, the verification is straightforward. For brevity, denote A”f AP
as Aj

(ApAp) = p(o_i) Z (Ao)um-‘rau,z
u€[n]
1 1 1
=+/p d( (Fu € [n z:um+au)—++(n—1)>
m  mn mn
= 1(Ju € [n],i = um + ay,) (28)
Thus, APAP-TAP = AP,
Similarly, we can verify statement (3). Suppose ig = ug X m + vy, we have
(AgAp’ i0,d = = Z Z 1(ay =)
u?fuo vem)
uE n
-1 oy
n \/7&, L p((l )]
pu u mn Du’ (au/)

’ =0

Y A=) - =+ p<“‘“°))~1<auov>

m o mn’ "\ Pugy (G,

vE[m]
n—l\/— i (L UO Z
0\ D au) i 2\ purl
—u) -1(ay, =v)

TP

[m]

pu(au)
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n—1 \/7 a—u) mn Z (d )

Pu’ (au )

£ Y A =w) - o) @ - -y PO

vE[m] TTL ( )

p(d—w) 1 PEw) g
pu,(au,)H > (v =1vp) = —) 1(au, = v)

velm] M\ Pug (@u,)

—u) n—l %
Z puau

n—1
I L D
m\ pu(ay) mn 0

uE[ ]

mnz

— (29)
w'=0 m pu(] (auo )
Clearly, we have the following relations

> e 2

(30)
st Pu(au)
1
> (Av=r0) - ) =0 Gh
vE[m]
Thus
T d—y) n-—1 @ _ 1, [Pla—w)
(AOAp io.d Z p(a@) + (1(auo =1g) — m) Pus (auo) (32)

207 (33)

This proves APt = AP-T AP APT in statement (3) and AP-T is the Moore-Penrose inverse of AP. Since the optimal solution
x* = APTB? + (I xmn — AP TAP)w where w € R™" is any vector [42]

Denote x? = APTb?. Wehave Vi = u x m + v

x! = > APL/p(@)b;

a

P(ﬁfu)_ “ = n—1 7 1 P(i—u)
[ pu(au) 1( “ ) n p( ) m pu(au)
s Ly @b
u/=0

= Z[ P 10, = v) - 2= Lp(a) -

n—1
1 a 1 a
L@ , 1y~ PO |y (34)
pu(au> n m Py (au) mn w' =0 DPu’ (au’)
From equation (2, 3,4), wehave i = u x m+v,7 =u X m+wv
1 1 . )

I_AZ%TAPiZ_,: W mn Yu=u 35
( )i, {_mln ifu (35)



If we consider w as the following 7y = ug X m + vy

wi, = > _P@ (36)
Ge0io) Pug (Qug)
Thenfori=uxm+wv
_ At o LN
(I-APTAP)w) = > - wzo + >0 — = )W, (37)
i €[mn] 10:UQ=U

uFug

Lo @, 1-p@)
_Za:_m“u%ﬂ%(au«)b”m; M) 9

Notice that this is exactly the last two terms in equation (5). Therefore, the optimal solutions of this weighted linear regression
problem can be written as: i = u X m + v,v € [m],u € [n] and an arbitrary vector w € R™".

* p(a_') n—1
x* bd' .1 — Ei W,/ + — W, v 39
i — u( u) (au U) n p( § g m+ (39)

i’€[mn] v’ €[m]
This completes the proof. O

B.2 Omitted Proofs for Theorem /1]

Definition 1 (FQI-LVF). FQI-LVF is an instance of FMA-FQI stated in Algorithm|[I| which specifies the action-value function
class with linear value factorization:

QLVF = {Q ’ Qt()t &€, a ZQ’L xuaz ] 6 RXXAVL} (7)

Theorem 1. Let Q1) = TETQW denote a single iteration of the empirical Bellman operator. ¥i € N',¥(z,a) € X x A,

the individual action-value function Qgtﬂ) (x4, a;) is updated to

n—1
[y(t) (ml D x/,i, a; P a/,l)] — [y(t) (w/7 a/)} + wz(mb), 8)
(z”_ 50’ )~pp(-lxs) " alal~pp (|AT(24))
evaluation of the individual action a; counterfactual baseline
where z; ® z!_; denotes (2}, -+ ,2}_1, 2,2 1, -+ ,2),), and z_; denotes the elements of all agents except for agent i. A~ (z;)

denotes the inverse of observation emission, which decodes the current latent state from x;. The residue term w = [wi]?zl is an
arbitrary function satisfying Ve € X, Z:,L:l w;(z;) = 0.

Proof. In the formulation of FQI-LVF stated in Definition |1} the empirical Bellman error minimization in FQI-LVF can be
regarded as a set of weighted linear least squares problems as the following form:

min | vp' - (Ax —b) [|3 . (40)
To construct such a linear regression problem, we first fix a latent state s.

* n denotes the number of agents;

 m denotes the number of individual observation-action pairs (x;, a;) such that ; encodes the same latent state as s. We
assume this amount is symmetric among agents to simplify the notations;

« A € R"™"*™" denotes the multi-agent credit assignment coefficient matrix of action-value functions with linear value
decomposition;

n
* x € R™" denotes individual action-value functions Qgt)(azi, a;) € Rm} under the empirical Bellman error
i=1

minimization;
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* According to Lemma b € R™" denotes the regression target 3(*) (x, a) derived by the Bellman optimality operator,

* p € R™" denotes the empirical probability of joint action a executed on observation x, pp(alx), which can be
factorized to the production of individual components illustrated in Assumption

Besides, A is m-ary encoding matrix namely Vi € [m"],j € [mn]

A= {1, if Jueln],j=mxu+ (|i/m"| modm), @)

0, otherwise.
For simplicity, j' row of A corresponds to a m-ary number @; = (j),, where @ = aga; ... a,_1, with a,, € [m],Vu € [n].

According to the factorizable empirical probability pp shown in Assumption|[l} p is a corresponding positive vector which
follows that

p; = p(aj) = H pu(au,j)v where py, : [m] - (07 1) and Z pu(au) = I,Vu € [n] 42)

u€[n] ay €[m)]

According to Lemmal[2} we derive the optimal solution of this problem is the following. Denote i = u x m +v,v € [m],u € [n]
and an arbitrary vector w € R™"

. p(a) B n—1 1 1
xi = oty e Law =v) = —=p(@ba — 20 D Wik ) W @)
a i’ €[mn] v’ €[m]

which means Vi € A/, V(x,a) € X x A, the individual action-value function Qgtﬂ)(xi, a;) =

n—1

{y(t) (z; D2’ a; ® a/_i)} - [y(t) (', a’)] + w;(z4), (44)

(&0 )~pp(-|i) T aal~pp (AT (24)

where z; ® z_; denotes (21, ,2/_1, 2,2/, ,2,), and z’_; denotes the elements of all agents except for agent i. A~ (x;)

rn

denotes the inverse of observation emission, which decodes the current latent state from z;. The residue term w = [w;]"_; is an
arbitrary function satisfying V& € X, >, w;(z;) = 0.

O

B.3 Equivalent between Least-Squares Problem and FQI-LVF in Dec-POMDPs

Recall that the closed-form solution derived in Theoremﬂ]relies on two assumptions, decentralized data collection and rich-
observation problem formulation. In this section, we argue that, without either of these assumptions, an intuitive closed-form
solution unlikely exists. Formally, we show that the problem complexity of solving one iteration of FQI-LVF is equivalent
to solving general least-squares problems with binary weight matrices, which does not have existing analytical solutions.
Proposition [3| characterizes the hardness of solving the closed-form solution of FQI-LVF without the rich-observation assumption.
Proposition 4] characterizes the hardness without the decentralized data collection assumption.

Proposition 3. Computing linear least-squares problems with binary weight matrices can be reduced to computing one iteration
of FQI-LVF with some dataset collected in a Dec-POMDP with a decentralized policy.

Proof. Consider the following linear least-squares problem:

(1) = axgmin 3wy - (¢ x+b—y;)° 45)
X, j=1

where {c;}7", are a set of given binary vectors, {y;}/; are given labels, and {w;}"2; denote the weights of each data point.

Using linear least-squares to solve one-iteration of FQI-LVF is directed. We only need to consider how to solve the above
least-squares problem using an oracle that can compute one-iteration of FQI-LVF without the assumption of rich observability.

We construct the dataset by executing a decentralized policy in the following Dec-POMDP:

* This Dec-POMDP contains 2™ latent state. Each latent state is represented by a binary string with length n. Recall that
n denotes the number of agents.

+ Agent i can observe the i dimension of the latent state.
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* Atstate s = c;, no matter executing what action, the transition would lead to a termination signal and the reward is
equal to ;. i.e., the transition function does not depend on the action. For brevity, we consider the individual action
space | A| = 1.

* The initial state distribution of state s = c; is proportional to w;.

Note that all actions are equivalent in this Dec-POMDP. Let Q;(0) and Q;(1) denote the individual value function of agent 4
w.r.t. two local observations computed by FQI-LVF, i.e.,

{(Qi(0),Q:(1)}_, = argéninzwj : (Z Qilcj,i) — yj) -

The solution of the given least-squares problem can be computed as follows:

x* = (Qi(1) = Qi(0);—, ,
b = ZQi(O)'

Thus computing linear least-squares problems with binary weight matrices is equivalent to computing one iteration of FQI-LVF
with some dataset collected in a Dec-POMDP with a decentralized policy. O

Proposition 4. Computing linear least-squares problems with binary matrices can be reduced to computing one iteration of
FQI-LVF with some dataset collected in an MMDP with a centralized policy.

Proof. Consider the following linear least-squares problem:

(x*,b%) = argmin » _w; - (aj-Tx+b—yj)2, (46)
x,b :
s j=1

where {a;}7" are a set of given binary vectors, {y;}"", are given labels, and {w;}7’

=1 denote the weights of each data point.

Using linear least-squares to solve one-iteration of FQI-LVF is directed. We only need to consider how to solve the above
least-squares problem using an oracle that can compute one-iteration of FQI-LVF without the assumption of decentralized data
collection.

We construct the dataset by executing a centralized policy in the following MMDP:

» This MMDP contains only one latent state. Each agent have two individual actions, i.e.,

Al =2.
* All actions lead to a termination signal. The joint action a; produces a reward y;.

* The probability to executing joint action a; is proportional to w;, which is a centralized policy.

Note that all actions are states in this MMDP. Let );(0) and @;(1) denote the individual value function of agent ¢ w.r.t. two
actions computed by FQI-LVE, i.e.,

m n 2
{(Qi(0),Q:(1)}_, = arnginij : (Z Qilaj,i) — yj) :

j=1

The solution of the given least-squares problem can be computed as follows:

x* =(Qi(1) — Qi(0))"_,,
b* = ZQi(O)'
i=1

Thus computing linear least-squares problems with binary matrices is equivalent to computing one iteration of FQI-LVF with
some dataset collected in an MMDP with a centralized policy. O
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C Onmitted Proofs in Section

C.1 Onmitted Proofs in Section 5.3.1]

Note that, since we adopt the reactive function classes for analyses (see Appendix[A.T), the infinite-norm of value functions is
defined over a finite set.

Proposition 1. The empirical Bellman operator T5'F is not a y-contraction, i.e., the following important property of the
standard Bellman optimality operator T does not hold for T5'F anymore.

('y-contraction) thOlv Q;oz € Q7 ||TQtot - TQ;m”oo S ’Y”Qt()t - Q;(;[HOO

Proof. Suppose the empirical Bellman operator 75" is a y-contraction. For any Dec-ROMDPs, when using a uniform data
distribution, the value function of FQI-LVF will converge [27] because of the contraction of the distance (infinity norm) between
any pair of Q). However, one counterexample is indicated in Proposition[2] which shows that there exists Dec-ROMDPs such
that, when using a uniform data distribution, the value function of FQI-LVF diverges to infinity from an arbitrary initialization
Q). The assumption of y-contraction is not hold and the empirical Bellman operator TEVE is not a y-contraction. O

Proposition 2. There exist an MMDP such that, when using uniform data distribution, the value function of FQI-LVF diverges
to infinity from an arbitrary initialization Q(®).

Proof. We consider the following environment with 2 agents, 2 states (s1,s2) and each agent (¢ = 1,2) has 2 actions
A= {A(l), A®) } Both agents can directly observe full state information without noises. The reward function is listed below
where 7(s;,a) denotes the reward of (s;,a), and a = (a1, as).

r<sl>—(8 8) r(Sz)—(é 8) )

Besides, the transition is deterministic.

T(sl)z(ji 2) T(sﬂz(jj ﬁf) (48)

Furthermore, v € (%, 1). (In practice, -y is usually chosen as 0.99 or 0.95.) The following proves that this example will diverge
for any initialization.

To make the notations more accessible, we let the value function explicitly depend on the global state within this example.
Denote Q! (s i, a;) as the decomposed Q-value of agent 4 after t!h value-iteration at state s 7 with action a;. Then, the total Q-value
can be described as Qf(s;,a) = Q' (s;,a1) + Q5(s;, az). For brevity, 0™ Q-value is its initialization.

First, we clarify the process of each iteration. Since the value-iteration for linear decomposed function class is solving the MSE
problem in Lemma 2] b is target one-step TD-value w.r.t the Q-value of the last iteration. Through described in Lemma 2} the
optimal solution of this MSE problem is not unique. We can ignore the term of an arbitrary vector w when considering the joint
action-value functions because w does not affect the local action selection of each agent and will be eliminated in the summation

operator of linear value decomposition. In addition, under uniformed sampling, we observe that p, (a,,) = % for any @, u. Then,
in equation [34]
1 — 1 n—1 —
1@ 1N @ )
mpu(a)  mn 5= pu(aw)

Second, we denote Vi (s;) = maxa Qf(s;,a) and observe that Vt > 1, s;

1 1 1
Qi(sj,a1) = 3 > (r(sjra) + 4V (T(s5,a)) — 3 > 1 (r(sj,a) + Vi (T(s,a))) (50)
az€A acA
= Q3(sj,a2) ©b)

The second equation holds because the transition 7" and the reward R are symmetric for both agents. Thus, we omit the subscript
of local Q-values as Q*(s;j,a) when t > 1.

Third, we analyze the Q-values on state s;. Clearly, its iteration is irrelevant to s». According to equation@ Vae At >1

Q'(s1,0) = SV (s1) (52)
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=7 e (@ orm) + @ o1,0) &

Clearly, when t > 1,Q" (s1,AY) = Q* (s1,.A?). Therefore, we observe that Q*(s1,-) = ~'q1,Vt > 1 where g; is
determined by the initialization Q° (s1, ), Va € A.

Last, we consider state so. It is straightforward to observe the following recursion for ¢ > 2 from equation 50|

1 1
Q" (52 A ) = (1 29l (s2)) = L+ 2BV (52) + Vi (s1)]

et 3 1
=3 Vi H(s2) + 3 Z“Ytql
5y t—1 3 [
2 > 1 4
4 max Q" (sz,a) + o — 7@ (54)
_ 1 _ _
Q" (52, AP ) = SO (52) 4 AV (1)) = L+ ABVE (52) + Vi (1)
7 _ 3
= thét H(s2) — gt Z’Yt(h
_ 7 t—1 _1 § t
= 41513}@ (52,0) 3 + R (55)
We consider some § > 0 and t5 = [logﬂ/ W—" Then, t > t5
146 146
t (2) > t—1 > t—1 (2)) _
Q' (52,4 = Tmax Q' (s2.0) = —— > 1Q" (52, A?) = — (56)

Eenote Qt (52, A@)) = %@t_l (52, A®)) — L2 vt > ¢;5 and Qts (52, A@) = Q% (s2,A?). Consequently, Q(s2, as) >
QY (52, A®) ¥t > ts5 by equation Since t > t5

@ (s0a®) = ()" (Q“ (52, 4®) - ;7 i 58) + ;j_ ? (57)

Furthermore, v € (%, 1). There exists some T > t5 which

_ 1425 1420
Ts 2)) > OTs 2)) > —
Q" (52, A®) = Q™ (52,4 )_27_8> - (58)

According to equation|54|and let § < ..

5y 3 1
Ts+1 MY > 27 Ts (2) Z_ At
7 ) 2 () 2 L
5+105 3 1
o s (60)
1
> — 61
3 (61)
Similar to equation@ we observer from equation@that VE>Ts 1 +1
1
o' (32 A<1>) Qt 1( (1)) +5 (62)
and
Vit (52) = 2Q" (52, AV) (63)
1
>2 <57Q“ (52, A0) + 4> (64)
5 1
= 2LV (s2) + (65)

Slnce L > 1 and the initial point at T5_ 1+ 1is larger than , this suggests that V;}, (s2) will eventually diverge.

Noticing that our proof holds with respect to any {th (sj,a)|lVjeS,ae A}. Thus, value-iteration on linear decomposed
function class w.r.t this MDP will diverge evnetually under any circumstances. O
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C.2 Omitted Statements in Section

Algorithm 2 On-Policy Fitted Q-Iteration with e-greedy Exploration

1: Initialize Q(®)

2. fort=0...T—1do > T' denotes the computation budget
3: Construct an exploratory policy 7, based on Q(*). > i.e., e-greedy exploration
7i(alx) = H <4 (1 =€) |a; = argmax Qgt)(xi, ay) (66)
=1 |A| aleA
4: Collect a new dataset D; by running 7.

5: Operate an on-policy Bellman operator Q1) «— TIVFQ(t) = TIVFQ®),

Algorithm[2]is a variant of fitted Q-iteration which adopts an on-policy sample distribution. At line 3] an exploratory noise is
integrated into the greedy policy, since the function approximator generally requires an extensive set of samples to regularize
extrapolation values. Particularly, we investigate a standard exploration module called e-greedy, in which every agent takes a
small probability to explore actions with non-maximum values. To make the underlying insights more accessible, we assume the
data collection procedure at line ] can obtain infinite samples, which makes the dataset D; become a sufficient coverage over the
state-action space (see Assumption|[T). This algorithmic framework serves as a foundation for discussions on local stability.

We consider an additional assumption stated as follows.

Assumption 3 (Unique Optimal Policy). The optimal policy ™* is unique.

The intuitive motivation of this assumption is to have the optimal policy 7* be a potential stable solution. In situations where the
optimal policy is not unique, most Q-learning algorithms will oscillate around multiple optimal policies [66]], and Assumption 3]

helps us to rule out these non-interesting cases. Based on this setting, the local stability of FQI-LVF can be characterized by the
following lemma.

Lemma 3. There exists a threshold § > 0 such that the on-policy Bellman operator T is closed in the following subspace
B C OMF, when the hyper-parameter € is sufficiently small.

= {Q e QI'F Q=m7", mezngm,(m,ﬂ*(m)) —V*(x)| < 5}

Formally, 36 > 0, 3¢ > 0, VQ € B, there must be THFQ € B.

Lemma indicates that once the value function () steps into the subspace B, the induced policy g will converge to the optimal
policy 7v*. By combining this local stability with Brouwer’s fixed-point theorem [47], we can further verify the existence of a
fixed-point solution for the on-policy Bellman operator 7VF (see Theorem [4).

Theorem 4 (Formal version of Theorem[2)). Besides Lemma 3] Algorithm[2|will have a fixed point value function expressing the
optimal policy if the hyper-parameter € is sufficiently small.

Theorem [ indicates that, multi-agent Q-learning with linear value decomposition has a convergent region, where the value
function induces optimal actions. Note that Q"VF is a limited function class, which even cannot guarantee to contain the one-step
TD target 75F Q. From this perspective, on-policy data distribution becomes necessary to make the one-step TD target projected
to a small set of critical observation-action pairs, which help construct the stable subspace B stated in Lemma 3]

C.3 Omitted Proofs in Section[5.3.2]

In this section, we only consider the data distribution generated by the optimal joint policy 7r*.
To simplify the notations, we use € = |LA\ to reformulate the exploratory policy generated by e-greedy exploration as follows
7(a|x) = H (E + (1 -8 lai = arg max Qf(x,,ai)]) (67)
=1 a,eA
where € = (JA| — 1)e.
In addition, we use f(x, -, -) to denote the corresponding coefficient in the closed-form updating

(T5FQ)or(x, a) Z f(z,a,a")(TQ)w(x,a’) (68)

a’€e An
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where (TQ)wt = 7(s,a’) + YE[Viee(x')] denote the precise target values derived by Bellman optimality equation.
Formally, according to Eq. (8)),

(1) / (0) / 7o ’ * /
f(w,a, a/) _ (h (m’aja) + h (337873) o (n _ 1)) (1 _ é)h (z,a )Enfh (z,a ), (69)
1-¢ €
in which
a)= Z]I[ai =7} ()] (70)
AV (z,a,a’) Z]I ; N[a; = a] (71)
hO(z,a,a’) Z]I a; # [a; = af] (72)

As a reference indicating whether the learned value function produces the optimal policy, we denote

(C/‘ =
(Q) rgeag{ |:a€(.»4”\{7r*(m

(Qtot( ( )) - Qtot(ma a)) (73)

Notice that 7v* denotes the optimal policy of the given MDP, so £((Q)) might be negative for a non-optimal or inaccurate value
function Q.

Lemma 4. Given a dataset D generated by the optimal policy w* with e-greedy exploration, for any target value function @,

1)
Vo >0,V0<e< ) 74
n2| A" 2" (Ryax + || Viorll o) ™

we have
Vs €S,

(T5" Q)ior(, 7 () — (T Q)1or(m, 7* ()| < 6, (75)
where (T Q)wi(x,a) = r(s,a) + YE[Vio(2")] denotes the regression target generated by Q.

Proof. Vx € X,
(T5F Q)iot(, 7 () = (TQ)tor (, 7" ()

< [(f(z, 7" (@), 7" (2)) = )(T Q)or(@, 7" (2))[ + Y. flaw(@),a)(TQw(e,a)

o/ €A™\ (" ()}

IN

(If(fcm*(w)m*(w)) -1+ ) If(w,ﬂ*(w)aa')> (T @)tot | oo (76)

a’ e A"\ {m*(x)}
In the first term, V& € X,

|f (@, m* (), 7" (x)) — 1] =

I
—~
—
+
—~
3
\
—_
SN—
™
S~—
/_\qh‘
o~
I I
=)
7N
3
~ |
—_
N———
T
—_
S~—
Y
(S
~
\
—_
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é2<(n—1) (1+(n—1)e :z_é(””) “)‘

< AP (#mé ("2 1))

< [APPe? (n® +27)
< e2n?|Al%2m. (77)

In the second term, V& € X,

IN

hﬂ* ¢ * ’ * ’
Z * ( 1(11:76?) _ (n _ 1)> (1 _ &:)h (z,a )En—h (x,a”)

= Y (" @a) - (- D -8) (- @t @)

< Z 2n(1— é)h"*(m’a/)*ls"*h”* (@,2")
a’eA\{r*(2)}

< Z 2ne
a’eA\{m*(2)}

< 2ne|A|". (78)

Thus Va € X,
(75" Q)ot(®, 7 (®)) = (T Q)ior (, 7" ()]

< (If(wﬂf*(w)ﬂf*(w)) 1+ > If(w,ﬂ*(w),a')l) (T Q)rorll oo

a’c An\{w*(x)}

< (®n®|APP2" + 2nel A]™) (T Q) ot o

< en®| A" 2" (T Q)eot | oo

< en®|A["2" ™ (Riax + V|| Viot|l o)

<. )
O

Lemma 5. Given a dataset D generated by the optimal policy w* with e-greedy exploration, for any target value function @),

(1 —7)EQ") (80)

V0 < e S )
Y3 A 2 (Ryan /(1 — 7) + IVl = V¥ 0)
we have
1—
Ve € X, [(TH Qe m (@) = V' (@) < AIVE = V7o + 5 TE@), (81)

where Vtat ( ) sz(.’ll,ﬂ*(m))~

Proof. Vx € X,
(T5F Q)a(, 7" () — V()]
< (T5F Q)r(@, 7 () — (T Q)ot(, 7 ()| + (T Q)rot (, 7" () — V* ()|
= [(T5 Q)(m, 7" (@) — (TQ)t(m, 7 (®))| + (T Q) (®, 7" () — Q* (z, 7* (2))|
= (75" Q)at(, 7" (2)) = (TQ)t(®, 7* (2))| + (T Q)tot(m, 7 (2)) — (TQ*) (2, 7" ()|



< (75" Qua(@, 7 (@) = (TQ)un(, 7" ()| + Y [Viar(z') — V* ()]
< |(T5F Q) 7 (@) = (TQ)r(2, 7" (@))| + 7|Qua(', 7 () — V(')
< [(T5F Q)ai(@, 7" (@) = (TQ)wi(@, 7" (@) +7IIViy = V"l

Letd = é;—lvé' (Q*). According to LemmaEl with the condition

0<e< 0 L (1=9)E@")/(8ny)

we have

(75" Qun(, 7 (2)) = (TQ)n(, 7" (x))| < 6 = e,

8nry
Notice that
[Viotlloo < [V {loo + [[Viet = V7 [loo
< T VR = Ve
The overall statement is
e (1-1E@) L (1-9E@)/6m)

n2 A2 (Rinax + Y[ Viatlloo) — 2 AP 27 (Rinax +7[[Viot o)

we have Vo € X,
(TEF Q)or(, 7" () — V* ()|
< [(T5F Q@ 7 () — (TQ)wr(@, 7 ()| + YV = V*|loo

* * 1_7 *
<[V =V ||oo+%5(Q )-

Lemma 6. For any value function Q, the corresponding sub-optimality gap satisfies

E(TQ) = €(Q7) = 29[IVier = V7l

3 A2 (Rinax /(1 = ) +9IViE = V¥ lloe) — 12 A*27 ! (Rmax + 7| Viot | o0)

(82)

(83)

(84)

(85)

(86)

87)

(88)

(89)

Proof. With a slight abuse of notation, let x; and x5 denote the observations at the next timestep while taking actions 7* ()

and a upon the current state, respectively. According to the definition,

&(TQ) = max )})((TQ)not(w,W*(w)) — (TQ)wi(w,a))

(z,a)e X X (A \{7* (x

2 e oy (T@) @ 7 (@) = (TR (@, ) = 4E [[Via (1) = V7 (@1)] + [Viw(2) =V (2)])
2 e oy (T @7 (2)) = (TR (@, 2) = 29|[Viee = V7 [oc)

= et oy (@ @7 (@) = QN (@,2) = 29[V = Vo)

= 5(Q*) — 2y |Vtol - V*”oo

(90)
O

Lemma 7. Given a dataset D generated by the optimal policy w* with e-greedy exploration, for any target value function @),

1)
n2|A["2" (Ryax/ (1 =) + A Vior = V*lo0) ’

V>0, V0<e<

we have Vx € X, Va € A"\ {r*(x)},
(TI%VFQ)M(:B, a) < (TQ)mt(mv " (:B)) - 5(62*) + 2”’7”‘/;0! - V*HOO +0
where (T Q)wi(x, &) = r(s,a) + YE[Vie(2")] denotes the regression target generated by Q.
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Proof. Vx € X,Va € A"\ {7*(x)},

In the first term,
f(z, a, ﬂ*( NTQ)(z, 7" (x))

IN

IA

IA

IN

IN

IN

In the second term,

<h

(
(
(
(n
(v
(v
(v
(v
(

hw
h‘rr
h‘lr
h™

™

™

™

3

h

h‘l\'

1—5

M

(75" Qot(, 2) Z f(@,a,a")(TQ)w(z,a)

a’'eAn

= f(:B, a, 7r*<w)>(TQ)t0t(w’ 7T*(:B))
+ Z f(w’ a, a/)(TQ)lOI(wv a/)

a’€eA":h™" (z,a’)=n—1

+ Z f(ZB, a, a/)(TQ)tOt(wﬂ a/)

a’€A":h™" (z,a')<n—1

> (1 =" (TQ)w(, 7" (x))

(n=1D)(1=8)) (1= )" (TQu(=, 7" (@))

(n—1)+ (n—1)(Al - 1) ) (1 - 8" N (TQ)w(m, 7" ()

”‘1) )" N T Q@ w () + enl Al (T Q)| o

(n=1)) @+ ~ D(TQ)un(z, 7" () + en| Al|(T Qoo
(TQ)or(, 7 ‘h"

(
(TQ)wi(, 7 ( +2n2<n£> )iet
(=

—1
n —

nfl)

nfl)

n—l)Tthmﬂ +2nz~:(
L=

)= (1= 1) (TQala. 7" @) + En2"|(TQ)ll + enlAl(TQuoll

n—l)

TQ tot w " +€n2n‘A|H(TQ tot”oo +5774‘A|H(TQ tot”oo

f(m7 a, a/)(TQ)lOI(mv a/)

a’c An:hT" (z,a/)=n—1

a’cA™:h™" (a:a)—n 1

IN

IN

Y (x,a,a’) h(o(:vaa)

. 1)) (1= " e(TQ)u(a, )

1-¢ €

D (xz,a,a’)
1-¢€

Y (xz,a,a")

(=
(h<°> 2a,8) (1= &) (TQ)m(z,a) + (
G

(M@= (T Qe ) + 2nel(T Q)

(h@(w,a, ) (E_Z <" , 1) <1>Zéf> (TQulz.a) + 2ne|<m>m|oo)

30

,a) = (n—1) ‘ (1 =8)""" = T Qulle + enl AT Qoo

(T Q)wlloo + enl A[(T Q)earll oo

¢ >> ” TQ lOtHOO +€n‘A|||(TQ)lotHoo

(= 1)) (1= (T Qu(aa)

K (a.a,) (1~ 9" (Tl + | P22 1) (- 9 (TQwl )

W (z,a,a") (1 +>° <” . 1) (-1)%‘) (TQ)w(z,a") + 2n6||(7—Q)mm||oo>

93)
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<

IN

IN

IN

a’CA™:hT" (z,a/)=n—1

a’€A":h™ (z,a/)=n—1

a’c A":h™* (z,a')=n—1

(]

(h(o) x,a,a ) (TQ)w(xz,a") +

> (”E 1)(—1)%2

1

5 ()

n—1
(h“” z,2,a ) (TQ)u(x,a") (Z (” )) (T Q)ratll +2na||<’rc2>m||oo>

£=1

(T Q)willo + 2n6||(TQ)mt|oo)

(]

(h(0>maa (TQ)or(z,a") + €

(T Q)eotll oo + 2ne]| (TQ)IO[”OO)

(]

> h(o)(m a,a)(TQ)w(x,a') + e A]2" "

(T Q)ell e + 20 (T Qe )

a’cA™:hAT" (z,a’)=n—1

( T RO (2, a, a’)(TQ)m‘(w,a')) +en|A]2" Y

(TQ)willoo + 2n°e[(TQ)wil |

a’cA™:hT" (z,a/)=n—1

( > W (. a, a’)(TQ)ml(m,a’)> + en? A2 (T Qoo

a’cAn:h™ (xz,a’)=n—1

In the third term,

IN

IN

IN

IN

<

<

<

Z f(:c,a, a/>(TQ)t0l(waal>

a’€A™:h™" (xz,a’)<n—1

|f(z.a,a") (T Q) (z,a")|

(]

a’€A™:RT" (z,a’)<n—1

h(l) ) Ay ! h(O) ) Ay ! ™ ' " :
(@,2,a) (“a)—m_n\u_é)h (@a) n=h™ (@) | (TQ) (. &)

1-¢ €

(]

a/€A™:h™" (xz,a’)<n—1

Y (xz,a,a’ hO(z,a,a’ A () e T (a
> z22) , )+<n—1)‘<1—s)h (a)en ™ @) |(TQ) (. )|

a’eAm:h™" (z,a’)<n—1

(]

11 " (ma)) nh™ (.0’
n(1+.1é-%g)(l—éﬁ/(%a%"ql(%a)NTQ%m@zd)
a/€A™:h™" (xz,a’)<n—1

(]

n(Hj)(l £ @) b @) | (T Q) ()|

a’€A™:h™" (xz,a’)<n—1

3n€n7h"' (:E,a’)—l ‘(TQ)tOt(ma a/)|

(]

a’€A™:h™" (z,a’)<n—1
) 3ne ]| (T Qoo
a’€ A™:h™" (xz,a’)<n—1

3ne| A" (T Q) oo

Combining the above terms, we can get

(TDLVFQ)tot(CU7 a)

= f(z,a, 7" () (T Q)wi(x, 7" ()) + > f(@,a,a)(TQ)w(x, )
a’€A™:h™" (z,a’)=n—1
+ Z f(ﬂ'), a, a/)(TQ)tot(mv a/)

a’€A":h™" (z,a’)<n—1

(h”* (x,a) = (n— 1)) (TQ)wr(z, 7" (2)) + en2" | Al (T Q)rotl oo + enl A[[[(T Q)tot | o

IN

+ > hO(z,a,a")(TQ)w(z,a’) | +en|A12"|(TQ)willo + 3nel A" [(TQ)rotlloc

a’€An:h™" (z,a')=n—1
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< (W @.2) = (1= 1) (TQr(a, 7" () + ( > WO (@, a,2")(TQ)uw (. a’>)

a’e A":h™" (z,a’)=n—1
+en’| A2 (T Q)rotl
in which

Z h(o)(w, a,a’)(TQ)w(x,a")

a’'e An:h™" (z,a')=n—1
< Z hO(z,a,a’) max (TQ)ot(x,a)
a’€A":h™" (z,a')=n—1 &/ CAMRT (@,a)=n—1

=(n—h" (z,a)) max (TQ)wi(z, ")

a’€A™:h™" (z,a’)=n—1
< (TL - hﬂ-* (.’13, a)) a’eA*IRE{l;(* (m)}(TQ)tOl(m’ a/)
=(n—h" (x,2) (TQ)w(x, 7*) — E(TQ))
Thus Vx € X,Va € A"\ {n*(z)},

(TEVFQ)tot(w, a)

< (W @.2) = (1= 1) (TQr(a, 7" () + ( > WO (x,a, a’><m>m<w,a’>>

a’€A":h™" (z,a’)=n—1

+en?| A2 (T QoI

o7

(98)

< (W (.2) — (0= 1)) (TQuul " () + (n = I (2 2)) (TQu( ") — E(TQ)) + n? | AP"2" | (T Qi

= (TQa(@, " (@) = (n = k™ (2,2))E(TQ) + en®[A"2" [ (TQ)ot oo
According to Lemmalf] £(TQ) > £(Q*) — 27||Vit = V*||o- S0 V& € X, Va € A"\ {m*(x)},

(TJ%VFQ)tot(CB’ a)
— 1™ (x,a))E(TQ) + en®|A"2" (T Q)|

99)

n—h" (z,2)) (E(Q") = 29[|Vt = V"[loo) + en®[A"2" (T Q)otlloo
)+ 209 Vit — V*[loo + en®| A" 2™ [(TQ)rotl I
)+ 2109 Viot — V| + 1% A" 2" (Rimax + 7| Viot |00 )
) + 207 Vir = V*[loo + en®|AI"2" (Rinax + 7V [loo + 71 Vior = V*[|o)
) 4 209 Viet — V¥ loo + €n2|A|n2n(RmaX/(1 =)+ Vit = V¥{l0)
) 4209 Viot = V¥ |loo + 6 (100)

ININ AN IN IAN IN TN
<

Lemma 8. Let B denote a subspace of value functions

B — {Q c QLVF <
8nry

EQ) 20, [[Vier = V7loo < 15(@*)} (101)

Given a dataset D generated by the optimal policy * with e-greedy exploration,

(1-7&@)

0SS A AT Ry (1 — ) + £(@7)/(51))

(102)
we have ¥Q € B, THFQ € B C B where

B: {QE QLVF

* 1 *
Q) > 0. Vi~ V'l < e@) | (103
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Proof. According to Lemma ] with the condition

£(Q")/4 ) £(Q")/4

0 S A2 T R/ (1= ) + E(Q)/(80) = W2 AT 2 (R + Vil ) (oD
we have VQ) € B,Vx € X,
1
(T5F Q) 7 () — (TQ)t(2, 7" ()] < 15@) (105)
which implies VQ) € B, Vx € X,
1
(5" Qai(m, 7* () > (TQ)oi(x, 7" () — 1@ (106)
According to Lemma([7} with the condition
E(Q*)/4
0
S A2 (o /(1= ) + £(Q7)(80))
£(Q*)/4
< 107
= AT B/ (L= ) + 2 Vi — Vo) aon
we have VQ € B,Vx € X,Va € A"\ {w*(x)},
1
(757 Q)wt(,2) < (TQ)oi(, 7 () — E(Q") + 2n7||Vior — V¥ [|oo + ZE(Q*)
1 1
< (TQlula, m () — £(Q°) + 1E(Q) + {EQ°)
1
= (TQ(@, 7" (@) - 5€(Q7)
<(T5 Qor(m, 7* () (108)
which implies £(T5FQ) > 0.
According to Lemmal[5} with the condition
(1-7)EQ")
0
S AT T B/ (1 — ) + E(Q7)/(51))
(1 -7)&(@)
= , 109
= AT R/ (1= ) + 7V — V1) (1
we have VQQ € B,Vx € X,
(T V) (@) = V()| = |(TH Qui(x, () — V* ()]
" * 1- Y * 1 *
<H|Vix =V ||OO+W8(Q )S% Q). (110)
Combing Eq. (T04), (I07), and (T09), the overall condition is
(1 —7)&@)
VS S AT R/ (L~ 7) + £(Q7)(5)) (b
O

Lemma 3. There exists a threshold § > 0 such that the on-policy Bellman operator T is closed in the following subspace
B C OMF, when the hyper-parameter € is sufficiently small.

B= {QE QLVF

wo =7, magfd@,m(w,w*(w)) —V*(x)| < (5}
xe

Formally, 36 > 0, 3¢ > 0, VQ € B, there must be THFQ € B.

Proof. 1t is implied by Lemma(g] O
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Theorem 4 (Formal version of Theorem[2). Besides Lemmal[3} Algorithm[2|will have a fixed point value function expressing the
optimal policy if the hyper-parameter € is sufficiently small.

Proof. Notice that the observation-value function Vi is sufficient to determine the target values, so the subspace B defined in
Lemma is a compact and convex space in terms of V.. The operator 75"F is a continuous mapping because it only involves
elementary functions. According to Brouwer’s Fixed Point Theorem [47], there exist Q € B satisfying 75FQ € B. In addition,
according to the definition stated in Eq. (I03)), the fixed point must represent the unique optimal policy since it cannot lie on the
boundary with £(Q) = 0. O

D Omitted Proofs for Theorem

Lemma 9. The empirical Bellman operator TEI,GM stated in Deﬁnitionis a ~y-contraction, i.e., the following important property
of the standard Bellman optimality operator T will hold for TM.

le()l‘a Q;ol‘ S Q7 ||TQtof - TQ;U[HOO S ’YHQIOI - Q;at”oo (112)
Proof. First, we want to prove (7']:1,("1"[@)[0t = r(s,a) + YE[Vic(x’)] which indicates that the empirical Bellman error is zero:
2
errfM= min 3" polale) (40 (@) - Quiw.a)) = 0. (113)
(z,@)EX XA

Let a*() = [a.’(t)} = argmax,c 5 ¥ (z,a). We construct Qi (z,a) = y*)(z,a) and its corresponding local action-

v i=1
value functions [@;]!-_, satisfying IGM principle:
1 ;‘x(t)’
) (114)
0, whena; #a;"".

3

, whena; =a

Qi(ri, a;) = {

To avoid the multiple solutions of arg max operator in a*(*), we consider the lexicographic order of joint actions as the second
priority. Thus, we illustrate the completeness of IGM function class in our problem setting. According to Eq. and Lemma
1.5 in RL textbook [67], we can prove that T/M is a vy-contraction, 7/°M is a y-contraction in Dec-ROMDPs while using
reactive function classes. O

Theorem 3. FQI-IGM globally converges to the optimal value function in arbitrary Dec-ROMDPs.

Proof. Let Q*(x,a) = mazrcnQ™ (x,a) where I is the space of all policies. According to Lemma[9]and Theorem 1.4 in RL
textbook [|67], we have that

* There exists a stationary and deterministic policy 7r such that QF, = Qy,.
* A vector Qo € RISIXIMI™ is equal to @y, if and only if it satisfies Qi = (TAMQ)

* VQ{OK € QM

tot”

1@ = (T5™Q) il = T5™MQ7) o = (T5™MQ) .
S’Y ||Ql*ot - Q:(nHoo .

Thus, FQI-IGM will globally converge to optimal value function. O

(115)

E Experiment Settings and Implementation Details

E.1 Implementation Details and Evaluation Setting

We adopt the PYMARL [20] implementation with default hyper-parameters to investigate state-of-the-art multi-agent Q-learning
algorithms: VDN [10], QMIX [12], QTRAN [[13]], and QPLEX [19]. The training time of these algorithms on an NVIDIA RTX
2080TI GPU is about 4 hours to 12 hours, which is depended on the number of agents and the episode length limit of each map.
The performance measure of StarCraft II tasks is the percentage of episodes in which RL agents defeat all enemy units within the
limited time constraints, called test win rate. The dataset providing off-policy exploration is constructed by training a behavior
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Map Name  Replay Buffer Size  Behaviour Test Win Rate ~ Behaviour Policy
253z 20k episodes 91.2% VDN
3s5z 20k episodes 77.5% VDN
2s_vs_lsc 20k episodes 99.6% VDN
3s_vs_5z 20k episodes 94.2% VDN
1c3s5z 30k episodes 92.1% VDN
3c7z 30k episodes 94.4% VDN
Sm_vs_6m 50k episodes 61.7% VDN
10m_vs_11m 50k episodes 88.7% VDN
3h_vs_4z 50k episodes 83.1% VDN

Table 1: The dataset configurations of offline data collection setting.

Map Name Ally Units Enemy Units
2583z 2 Stalkers & 3 Zealots 2 Stalkers & 3 Zealots
355z 3 Stalkers & 5 Zealots 3 Stalkers & 5 Zealots
2s vs_1sc 2 Stalkers 1 Spine Crawler
3s_vs_5z 3 Stalkers 5 Zealots
1c3s5z 1 Colossus, 3 Stalkers & 5 Zealots 1 Colossus, 3 Stalkers & 5 Zealots
3¢7z 3 Colossi & 7 Zealots 3 Colossi & 7 Zealots
S5m_vs_6m 5 Marines 6 Marines
10m_vs_11m 10 Marines 11 Marines
3h_vs_4z 3 Hydralisks 4 Zealots

Table 2: SMAC challenges.

policy of VDN and collecting its 20k, 30k or 50k experienced episodes. The dataset configurations are shown in Table[T] We
investigate five multi-agent Q-learning algorithms over 6 random seeds, which includes 3 different datasets and evaluates two
seeds on each dataset. We train 300 epochs to evaluate the learning performance with a given static dataset, of which 32 episodes
are trained in each update, and 160k transitions are trained for each epoch totally. Moreover, the training process of behavior
policy is the same as that discussed in PyYMARL [20], which has collected a total of 2 million timestep data and anneals the
hyper-parameter € of e-greedy exploration strategy linearly from 1.0 to 0.05 over 50k timesteps. The target network will be
updated periodically after training every 200 episodes. We call this period of 200 episodes an Iferation, which corresponds to an
iteration of FQI-LVF (see Definition|[T)).

E.2 Two-State Example

In the two-state example shown in Figure[Ta| due to the GRU-based implementation of the finite-horizon paradigm in the above
five deep multi-agent Q-learning algorithms, we assume that two agents starting from state s, have 100 environmental steps
executed by a uniform e-greedy exploration strategy (i.e., ¢ = 1). We use this long-term horizon pattern and uniform e-greedy
exploration methods to approximate an infinite-horizon learning paradigm with uniform data distribution. We adopt v = 0.9
to implement FQI-LVF and deep MARL algorithms. In the FQI-LVF framework, V,,4, = ﬁ = 100 as shown in Figure

Figuredemonstrates that Optimal line is approximately Z?io 4% = 63.4 in one episode of 100 timesteps.

E.3 StarCraft I1

StarCraft II unit micromanagement tasks consider a combat game of two groups of agents, where StarCraft II takes built-in Al to
control enemy units, and MARL algorithms can control each ally unit to fight the enemies. Units in two groups can contain
different types of soldiers, but these soldiers in the same group should belong to the same race. The action space of each agent
includes no-op, move [direction], attack [enemy id], and stop. At each timestep, agents choose to move or attack in continuous
maps. MARL agents will get a global reward equal to the amount of damage done to enemy units. Moreover, killing one enemy
unit and winning the combat will bring additional bonuses of 10 and 200, respectively. The maps of SMAC challenges in this
paper are introduced in Table[2]in the episodes of 100 timesteps. To approximate the Dec-ROMDP setting, we concatenate the
global state with the local observations for each agent to handle partial observability.

All networks are trained using GeForce GTX 1080 Ti and Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz. Each single learning
curve can be completed within 36 hours.
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F Experiments on a Two-Player Matrix Game

F.1 Value Estimation in Multi-Agent Q-Learning Algorithms

1AM | A®@ | AB) ALl A | A@ | 4B Gl A | A@ | 4B
a9 as ag
A 8 12 | -12 AM 7.98 | -12.09 | -12.10 AD 8.00 | -12.00 | -12.00
A®@ -12 0 0 A@ 1218 | -0.02 | -0.02 A@ 112,00 [ -0.00 | 0.00
AB) -12 0 0 A® 1 -12.11 | -0.03 | -0.03 ABG)1-12.00 [ 0.00 0.00
(a) Payoff matrix (b) Qo of QPLEX (¢) Qo of QTRAN
G AW | 4@ | 4B G AW | 4@ | 4B A AW | 4@ | 4B
as az a2
AT 1798 [ -798 | -7.98 AT 1 -623 | -4.90 | -4.90 AD | 622 | -4.89 | -4.89
A@ | -7.98 | -0.00 | -0.00 A® | 490 | -3.57 | -3.57 A | 489 | -3.56 | -3.56
A®) [ -7.98 | -0.00 | -0.00 AB®) 1490 | -3.57 | -3.57 A® | -489 | -3.56 | -3.56
(d) Qior of QMIX (€) Quor of VDN () Qo1 of FQI-LVF

Table 3: (a) Payoff matrix of the one-step game. Boldface means the optimal joint action selection from payoff matrix. (b-f)
Joint action-value functions @), estimated by a suite of algorithms. Boldface means the greedy joint action selection from Q.

Table 3] reveals the following observations regarding the representational capacity of these value factorization structures:

* QPLEX and QTRAN, two algorithms using IGM value factorization structure, can almost perfectly fit the payoff matrix.

* QMIX cannot find the ground truth best actions, since its monotonic value factorization structure cannot express the
given payoff matrix.

* The value estimation generated by tabular FQI-LVF matches its deep-learning-based implementation (i.e., VDN).

F.2 The Learning Curve of Table3¢|

1.0%

. 0.8%

£

m 0.6%

o

2 0.4%

<

2 0.2%
0.0% VDN

0 200 400 600 800 1000
Iteration t

Figure 3: The learning curve of Table Every iteration contains 200 gradient steps. The relative error is defined as
Q™" = QN oo/ 1 Quat "

tot tot tot | | oo

36



G Ablation Studies on Network Capacity

G.1 Ablation Studies in Matrix Game

a1 A | 4@ | 4® ar A | 4@ | 4® QA | 4@ | 4®
az as a
AD 8 -12 | -12 AD 7.98 | -12.09 | -12.10 AD 8.00 | -12.00 | -12.00
A®) -12 0 0 A®@ 11218 | -0.02 | -0.02 A@ 1 -12.00 | -0.00 | 0.00
A®) -12 0 0 A®) | -12.11 | -0.03 | -0.03 A®) | -12.00 [ 0.00 | 0.00
(a) Payoff of matrix game (b) Qor of QPLEX (¢) Qo of QTRAN
G AW | A@ | 4B Y1 AW | 4@ | 4B
az a2
AD | 624 | -4.90 | -4.90 AD 1803 | -8.03 | -8.03
A®@ 1490 | -3.57 | -3.57 A®@ 1803 | -0.01 | -0.01
AB®) 1490 | -357 | -3.57 A®) 1 -8.03 | -0.01 | -0.01
(d) Qo1 of Large-VDN (e) Qo of Large-QMIX

Table 4: (a-c) The ground-truth payoff matrix and the joint action-value functions of QPLEX and QTRAN. (d-e) The joint
action-value functions @, of Large-VDN and Large-QMIX. Boldface means the greedy joint action selection from Q.

To address the concern that QPLEX naturally uses more hidden parameters than VDN and QMIX, which may also improve its
representational capacity. To demonstrate that the performance gap between QPLEX and other methods does not come from the
difference in term of the number of parameters, we increase the number of neurons in VDN and QMIX so that they have the
comparable number of parameters as QPLEX. Formally, Large-VDN and Large-QMIX have the similar number of parameters as
QPLEX. The experiment results are presented in Table[d] both the “Large-" versions of VDN and QMIX cannot represent an
accurate value function in this matrix game. Increasing the number of parameters cannot address the limitations of VDN and
QMIX on representational capacity.

G.2 Ablation Studies in StarCraft II Benchmark Tasks

= O\Q o
=100 o 100 <5100
5 | TR S 5
~ 80
SR R— = o 80
Z 60| — QTRAN = 60 Z 60
2 YPN 7 7
& 40| —— Large-VDN ﬁ 40 e 40
= 20 === Behavior = 20 = 20
8 S 8
E e 3 g oA
0 60 120 180 240 300 2 0 0 60 120 120 340 300 0 60 120 180 240 300
Epochs Epochs Epochs
(a) 3s_vs_5z (b) 253z (c) 2s_vs_lsc
X X N
Sl oo < 100 <, 100
5 5] 5
e~ 80 ~ 80 &~ 80
8 8 R
B 60 B 60 3 60 ====T=======s=s====s===9=¢
E 40 E 40 E 40
= = =
s 20 s 20 s 20 .
= Ak . = =
g | o g, j T g N
0 60 120 180 240 300 = 0 60 120 180 240 300 0 60 120 180 240 300
Epochs Epochs Epochs
(d) 1c3s5z (e) 3s5z (f) Sm_vs_6m

Figure 4: Evaluating the performance of Large-VDN with a given static dataset.

In addition to the ablation study in the matrix game, Figure ] and Figure 5] present the ablation studies in StarCraft IT benchmark
tasks with offline data collection. In comparison to the standard versions of VDN and QMIX, we introduce Large-VDN and
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Figure 5: Evaluating the performance of Large-QMIX with a given static dataset.

Large-QMIX, which have a similar number of parameters as QPLEX. As shown in Figure ] increasing parameters can benefit
VDN in some easy maps such as 2s3z and 2s_vs_1sc, but it cannot provide fundamental improvement in harder tasks. As shown
in Figure 3] the effects of increasing parameters are rather weak for QMIX. These experiments demonstrate that increasing the
number of parameters cannot address the limitations of VDN and QMIX on representational capacity.

H Additional Experiments on Two-State Example

Remark. Assumption |1{assumes that the dataset D is collected by a decentrailized and exploratory policy 7. All algorithms
discussed in the paper, including VDN, QMIX, QTRAN, and QPLEX, learn decentralized policies, which are executed in a
decentralized manner. To investigate the dependency of our theoretical implications on Assumption[I] we provide an experiment
to evaluate the performance of deep multi-agent Q-learning algorithms on the general datasets. Figure[6]present the learning
curves of VDN, QMIX, QPLEX, and QTRAN in the example shown in Figure[Ta with a specific dataset D constructed by a
parameter 77 as follows:

VseS, pp(AD, A |4 = ( 0.57 + 0.25(1 — n) 0.25(1 — 1) ) .

0.25(1 — 1) 0.57 + 0.25(1 — 1)

As shown in Figure [6] the choice of parameter 7 has no impacts on the performance of QPLEX and QTRAN, which matches the
fact that Theorem [3]does not rely on the assumption of the decentralized data collection. As the extension of Proposition 2} VDN
and QMIX empirically suffer from unbounded divergence when the dataset is not collected by a decentrailized policy. The only
exception is the case of n = 1, in which the dataset only contains two kinds of joint actions. In this case, the given example
degenerates to a single-agent MDP because agents only perform the same actions in the dataset. As a result, VDN and QMIX
would not diverge in this special situation.
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Figure 6: The learning curves of ||Qot||cc While running several deep multi-agent Q-learning algorithms with a new dataset.

I Diagnosing the Divergence of QMIX

As shown in Figure [, QMIX also suffers from unbounded divergence in this MMDP. To investigate this phenomenon, we
conduct an ablation study and find that the divergence is caused by choice of the activation function. The default implementation
of QMIX uses Elu as activation, which contains a linear component on the positive side. We hypothesize that the behavior of
this linear piece may resemble that of linear value factorization which leads to unbounded divergence. As shown in Figure[7}
using Tanh instead of E1u can prevent the divergence of QMIX in this example task.

300 —— QMIX-Elu (Default)
—— QMIX-Tanh
g 240 —— QMIX-Relu
= === Optimal
:§ 180
O 120
60 ]%_“mv_ ____________
0
0 100 200 300 400 500

Iteration t

Figure 7: The learning curves of ||Qot||cc While running QMIX with different activation functions.
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