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ABSTRACT

We consider a multi-agent learning problem with two layers: first, split up the tasks among the
agents, and then have them solve their allocated task. A set of algorithms is proposed based on
a policy gradient method with different reward functions and models of policy parameterizations.
The algorithms are proved to converge. Their performances are assessed and compared on several
synthetic data sets. The proposed algorithms prove to be more efficient than a naive multi-armed
bandit algorithm.

Keywords Credit assignment - Multi-agent sequential learning - Policy gradient algorithm

1 Introduction

The job assignment problem involves assigning n machines to m agents such that each machine is assigned to exactly
one agent, subject to certain constraints. This problem, as discussed in works like [1]], is a classic optimization problem
with no randomness and known constraints, making it inherently combinatorial in nature. The combinatorial nature of
the problem arises from the exponential number of possible allocations of machines to agents, which increases rapidly
with the number of agents and machines.

Similar to how Markov decision processes serve as stochastic generalizations of combinatorial problems, the problem
examined in this article represents a stochastic variant of the assignment problem. In our scenario, agents lack access
to the reward function they aim to optimize. Instead, they must estimate it by sampling combinations of agents and
machines and observing the resulting, potentially random, rewards.

Our formalization introduces an additional complexity layer to the assignment problem by requiring agents to select one
action among several available actions on the machines post-allocation. A practical example is when a manager assigns
projects to teams, where the success depends on both the allocation and subsequent decisions made by the teams [2} 3].

Thus, the problem we consider unfolds in two steps:

1. Centralized Allocation: Each agent is allocated a machine, ensuring a one-to-one assignment.

2. Decentralized Action Selection: Each agent chooses an action from several options available on their
allocated machine, where the number of possible actions is machine-specific.

Upon completing both steps, agents observe a reward, which is the same for all agents and can be used to update their
decision policies. This problem can also be conceptualized as a sequential decision process, where a single agent moves
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through a sequence of machines, selects an action at each machine, and receives a reward after interacting with all the
machines.

Our approach does not make assumptions about how the reward is calculated from machine allocations and action
choices. An example and the simplest way to formalize the action choices is to use Multi-Armed Bandits (MABs) [4} 5]
on each machine, and observe the sum of the rewards of all pulled arms.

Since a combination of multiple decisions results in a single reward, a significant challenge is identifying which decisions
are beneficial. This issue relates to the credit assignment problem in Reinforcement Learning (RL), where assigning
credit or blame for individual decisions in a sequence is challenging when only a global reward is available [6} [7].

Our problem is also close to Multi-Agent Reinforcement Learning (MARL) [8], where multiple agents make decentral-
ized decisions to maximize their own objectives. However, our scenario is distinct because all agents share the same
objective function, and there is a centralized step in the decision process (machine allocation), which can be viewed as
selecting the state of their environment.

Although there is increasing interest in experimentally studying sequential learning in MARL [9], convergence studies
of such approaches are scarce. In the Decentralized Partially Observable Markov Decision Processes (Dec-POMDP)
framework [10, 11, 112]], which our setting can be seen as a special case of, convergence studies typically address parallel
learning where agents make decisions independently.

We present and compare various models based on action sampling, permutation sampling, or a combination of both.
For each model, we introduce a policy gradient ascent algorithm [13]] and demonstrate that the algorithms converge to
a zero of the gradient of the expected reward. Our proposed method operates with polynomial complexity, making
it computationally feasible for larger problem instances. Additionally, we compare our method to a naive multi-
armed bandit approach, which treats each agent-machine allocation independently. Our results show that our method
outperforms the naive approach.

Our simulations on synthetic data sets, using several reward functions, provide insights into the limits of each model
and the conditions under which they might converge to a sub-optimal zero of the gradient of the expected reward instead
of the optimal decision.

2 Problem formulation

2.1 Notation and definitions

Let N* be the set of positive integers. For any n € N*, let [n] be the set {1,2,...,n}.

Let n € N* be a number of machines and agents, and write S(n) the set of permutations of [n]. Permutations are used
to specify what machines the agents are allocated to (or, when seeing the problem as a single agent sequentially acting
on each machine, in what order the machines are picked). We write o = (0¢) [, the random variable taking values in
G(n) that describes the allocation of the machines: for any ¢ € [n], oy is the machine picked by agent ¢ (or the ¢-th
machine picked by the agent in the sequential formulation).

Given a permutation 7 € &(n), we define

o Tp = {7t hree © [n], for all (k,1) € [n]?, as the machines allocated to the agents numbered between k and /
when their allocation is given by 7. If [ < k, take 7, = @.

» 771(i) € [n], for all i € [n], as the agent allocated to machine 7 when their allocation is given by 7 (or, in the
sequential formulation, the time step at which machine 7 is acted upon).

Let k1,...,k, € N*. For each i € [n], k; is the cardinal of the set of actions available when on machine i, denoted as
[ki]. Let A = [T;e[,][ki] be the set of vectors of actions.

Let A = (Ai)te[n] € A be the random variables that describes the vector of actions chosen by the agent on each
machines, i.e., A; € [k;] is the action taken on machine 7 (by agent, or at time, a’l(i)).

An ordered trajectory (or simply, a trajectory) is a vector (7,a) = ((7¢)te[n]; (@i)ic[n]) € ©(n) x A, where 7 € [n] is
the machine allocated to agent ¢ and a; € [k;] is the action selected on machine ¢. Thus, (o, A) is the ordered trajectory
selected by the agents. We call its distribution the policy.

The experiment proceeds as follows: the ordered trajectory (o, A) is sampled according to its policy, and the environment
returns a reward R. We call this procedure an episode. Then, the policy is updated based on the trajectory sampled, the
reward, and previous episodes.
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For each episode e > 1, let (¢(®), A(®)) be the random variable taking values in & (n) x A that describes the trajectory
sampled during the e episode, and let R(®) be the return of the environment at episode e.

Example 1
When the reward is of the form

R== 3% Ris1(:)4,

i€[n]

S

where the variables (R; 1,4 )it.qa are independent (R; ¢ o is the reward generated by machine i, when allocated to agent
t and when action a is chosen), our problem becomes a multi-agent multi-arm bandits [14, 15]], where one and only one
agent can act on each MAB and the reward from each MAB depends not only from the arm and MAB, but also on which
agents pulls the arm.

Remark 1
Despite the appellation “machine”, this problem is not, in general, a multi-agent multi-armed bandit, since these
models assume that the reward has a specific structure.

2.2 Optimization problem

At the end of each episode e > 1, after choosing the trajectory (a(e) LA ) the agents receive a reward R(®) € R whose

distribution depends only on the trajectory chosen. The goal of the agents is to maximize the expected value of R(®),
that is to maximize

T — Eﬂ_[R(l)] - Z 77(0’(1) =, A a) Aras (1)
TeS(n)
acA

where \; 5 = E[R(l) | oM =7 AW = a]. Note that this conditional expectation does not depend on the policy 7: itis a
function of the environment and the trajectory, not of the agents’ policy. In the following section, we present several
classes of policies over which this objective function can be optimized.

3 Policies

In this section, we introduce four classes of policies to sample ordered trajectories. All of them are split into two parts:
first, allocate the machine (i.e., sample the permutation o), and then, sample the actions. For each of these parts, we
propose two options.

Fig. [ represents the interactions of the multi-agent’s entities in an experiment. A leader agent matches agents and
machines (this is the sampling of the permutation o). Then, each agent makes its own decision independently of
the other agents. In this sense, this is a combination of a centralized policy —to allocate machines to agents— and a
decentralized policy [16] —to choose the actions.

R Q
f

Figure 1: Interactions of the multi-agent entities with the environment and optimization algorithm.
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We use the softmax function, denote as ®, for specifying the policy probabilities. Let I be a finite set and J c I. Given
avector ¥ = (¥; )ser € RY of real numbers and an element i € I, let

. e
O ;(0,1) = ]lieJWa

jeJ

be the i™ component of the softmax function evaluated on 49, restricted on the subset .J. It defines a probability vector
on I which gives mass 1 to J, from a vector of weights ©. When J = I, we simply write ®(9,14).

3.1 Permutation sampling

In this section, we propose two policies 77}3 and 77% to sample the permutation describing the allocation of the machines.

Model 1 Model 2
- B1 Bi1 - B o Bim
o) : : : :
Sl o=|Biferr | BB = B o Bun [eR™T
Z. : : : :
ﬂn 677,,1 611,2' Bn,n

3.1.1 Model 1

For each 8 = (f1,...,5,) € R", let wé be the distribution such that

Bi
. . € .
V(t,l) € [n]Q , 7'('/[13(0'15 = Z|011(t—1)) = ﬂieat:nw = ¢(Tt:n(/37l)'

JE€Tt:n

Hence, for all 7 € G(n)

mh(o=7) = H 75(00 =T | 011y = Trp-1y) = H @, (B,7t)-

te[n] te[n]

In this model, the same permutation credits 3 are used throughout the assignment of the agents. In particular, if a
machine with a high probability to be chosen is not allocated to an agent, it will still have a high probability to be
allocated to the next agent.

3.1.2 Model 2

For each 8 € M,,(R) let ﬂ% be the distribution such that

B

2: eﬁmj -

J€Oin

Vte[n], Vie[n], nj(or =i|org-1)) = Licor, Do, (B, 1)-

Hence, for all 7 € G(n),

w2(o=7)= [[73(00 = melong-ry = Tie-1y) = [ | @ron (Be 7).

te[n] te[n]

In this model, each step of the assignment process uses a different credit vector ;. In particular, the machine with the
highest probability to be allocated may be different depending on the agent. This also means that the optimization of
the permutation credits are decoupled between agents, making the optimization more flexible than in model 1, where
the dependency between allocations interferes with the convergence of the algorithm, as shown in Fig. [2] and may even
mislead it, see Fig.[3]
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3.2 Action sampling

In this section, we propose two policies 7r§4 and ﬂf for sampling the agents’ actions. These policies are conditional
distributions, conditioned on the allocation permutation, and such that each agent makes its decision independently of
the others (conditionally to the permutation).

In the first policy, the policy of the agent depends only on the machine it has been allocated, not on who the agent is. In
the second policy, the policy of the agent depends on the machine it has been allocated as well as who the agent is.

Model A Model B
- ;1 Oiin - Oina - Oiak,
ke : : : :
N— k,v
g O;=|0ia | R | 0;=|0is1 - Oita - Oitr |€ Mo ki,
Z. : : : :
0i i Oini = bina = Gink

3.2.1 Model A

Foreach 0 = (01,...,0,) e R¥1 x ... x R¥»_let 4! be the conditional distribution such that Vi € [n], Va € [k;], V7 €
&(n)
A eei,a
Ty (A’L :a|J :’7—) = W = @(Gi,a),
be[k;]

and the actions Ay, ..., A, are independent conditionally to o. Note that in this model, the actions taken are independent

of the allocation permutation .
Hence, for all (1,a) e S(n) x A, u e {1,2}, 8 and 6,

(0 A) = () =70 =) TT (4= aulo =)

=mg(o=7) [] ®(0i,0:).

i€[n]

3.2.2 Model B

For each 0 = (61,...,0,,) € My g, X - x My, 1., let 7ré.3 be the conditional distribution such that Vi € [n],Vt €
[n],Vace[k;],VT € S(n)
eai,t,a

B
'/Te (Ai=a|0'=7')= Z ]]-Tt=’i7)
te[n] Z eelmb

be[k; ]
= > 12 ®(0iy,0),
te[n]
and the actions Ay, ..., A, are independent conditionally to o.

Hence, for all (1,a) e S(n) x A, u € {1,2}, 8 and 6,
FZ:HB((O’,A) = (T,a)) =7mg(o="1) l[_[]ﬂf(Ai =a;|o= 7'),

= 7"5(‘7 = T) I_I ¢(97t7t7a7't)a

te[n]
= WE(U = T) H (I)(Hin"l(i)vai)'
i€[n]
3.3 Policy gradients

The gradient of the expected value of the reward for each model, which will be used in the Algorithms in Section[] is
as follows.
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Theorem 1
Let B be a random variable that is independent of o). For all (i,t) € [n]? and v € {A, B},

OELYIRM) s ()

M = Eé’fé[(l - Y 2 0(B))(RY- B(l))]. )
o8; 2 %

OE2V[RM

%gﬁ[m] - E?,Z[(ﬂiaﬁ” - q)agfn) (Bt Z'))(R(l) - B(l))]. 3)

Proof 1
Proof in supplementary materials Sec.2.1

Theorem 2
Let B be a random variable that is independent of (c(1), AN, Foralli,t € [n], a € [k;] and u € {1,2},

IRE%A W)
lt . 5| (Lo, - 00.0) (R - 5)|. “
OE%BIRM)
5(’).’:?[] - EE:‘gB[]la(l)—i(]lA(_l)—a ~®(0;4,a)) (R - B(l))]. 5)
i,t,a t i

Proof 2
Proof in supplementary materials Sec.2.2.

4 Policy search algorithm

Algorithm[I]is a gradient ascent algorithm based on the gradient from Theorems|[T]and[2] Let us define the empirical
gradient functions Grad"” = (GradY, Grads ), foru € {1,2} and v € {A, B}, by

Gradi(o, A, 3,0, X)).

( )7, = (1_2511(1) @Ut:n(ﬂﬂi))Xa
(Grad%(o" A’[g’o’X))t’i = (1i:”t - (I)O't:n(ﬂtai))Xa
(Gradj (0, A,8,0.X)), = (La,-a - ©(6:,0))X,
(

GradQB(a, Aa 67 97 X)) = ]lgt:i(]]‘A'i:a - (I)(ei,h a))X

i,a

i,t,a

Note that these gradients means that updating the policy parameters of sampling the actions of machine ¢ only relies on
the global reward, the action on this machine, the policy parameters of this machine, and (in Model B) on the agent the
machine has been allocated to. In that sense, both sampling the action on a machine and updating the policy of that
machine (given the allocation permutation) rely only on local information, not on what happens on the other machines.

Algorithm 1 GAtACA-Series ((n,A),u € {1,2},ve {A,B},a>0,e>0,7>0)

1: initialize: e = 1, B =0

2: repeat
3. sample (¢(9), A(©)) ~ Tate) o
get R(¢)

4
5 (B2, 0()) — (B 9(e)) 4+ O4(;,1%@“@(0(6)7A(e)’g(6)7g(e),R(e) - B(e))
6. Bl %W(R(e) +y(1-7*1)B®)

7 e«<e+1l
8: until |[R(¢™D) — B(®)]| < ¢

9: return (5(¢~1 gle-D)
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Theorem 3 (Convergence)
Let u € {1,2} and v € {A, B}. Assume that there exists r > 0 such that |[R®)| < r and |B®)| < r forall e > 1. Let
(@te)es1 be a sequence of nonnegative real numbers satisfying the Robbins-Monro conditions

+00 + 00

2
Zae =+o00 and Zae < +00.
e=1 e=1

Forallt € [n] and i € [n], update ((5(9),0())) 51 according to the rule

(8©,0)) (8, 6)) + o, Grad“* (o), A© 5 &) R _ B©).

Then the expected reward (]EZ’(Z)’H(E) [R(l)])e>1 converges. Moreover, if u = 2, for each e, t,1,a, let éfe()t)a = 9527)[1 -

and @(i) -5 ?61[213]( Bt(;). Let B be the (compact) set of parameters (Bt,,-)m such that Bm € [~00,0]

max 0% e

ae[k;] i,(t,)a’

and r_n[a)i; Bt,j = 0 for all t,i, and likewise, let © be the (compact) set of parameters (éi,t,a)i,t,a (when v = B, and
je[n

(éi,a)i,a when v = A) such that éi,(t’)a € [-00,0] and rn[%x] éi,(t))a =0forallt,i,a.

Tlfeiz the limit points of (B(e), 6 )es1 are all in the same connected component of the set of zeroes of the gradient of
(B,0) e Bx© —> E%’%[R(l)].

Proof 3
The proof'is similar to the proof of Theorem 2 of [15]: by Proposition 3 of [17], the expectation of the reward converges
and its gradient with respect to 3 and 0 converges to zero. The fact that the limits of the sequence belong to the same

connected component is due to the fact that |31, 6+ D) — (5(e) §())| — 0.

Changing (3, 60) into ( 8,0 ) ensures that the parameter space is compact and clears up potential problems with the

convergence of the parameters. For instance, consider the case where (5(¢)), is such that the policy of o converges
towards the policy 7 defined by (o1 = 1) = p and w(01 = 2) = 1 - p, with 1/2 < p < 1. To converge towards this

limit, (ﬁﬁ))e must converge to a 3 such that 31 = 3 = +o0 and 3; = —oo for j > 2 (since ¥; Bt(’ej) = 0 for all e, ).
This does not properly describe the distribution 7. In contrast, the sequence ( Nie_))e converges to a 6~ such that Bl =0,

By =log(1/p—1) and Bj = —oo for j > 2, which does define a proper policy.

5 Simulation results

Consider the following reward function

R:6(n)xA—R
1
(Ta a) — g Z Vt,‘rt,ana (6)

te[n]

where v; ., Jar is the reward of agent ¢ after having been allocated machine 7, and choosing action a € [k, ]. We test our
policy models 7', where (u,v) € {1,2} x {A, B}, for different reward functions for the problem stated in Section
and show the advantages and limitations of each model.

In section[5.1} we consider the case where the actions set is reduced to a single action for all the agents. That is, for all
i € [n], k; = 1. Therefore, the objective is to find the matching of agents and machines maximizing the total reward R.
This situation corresponds to an assignment problem. In this case, the policies comes down to the permutation sampling
models presented in Section[3.1]

In section[5.2] we consider the general case where each agent has to choose between one or more actions. The goal in
this case is to allocate the machines to the agents and pick one action per machine in a way that maximizes the total
reward.

Table[l] describes the different forms of reward functions and the different models considered.
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Model
Reward 1|2 |2A|2B
Z Ly (Sec./5.1.1 IV
ts [n]
ﬁ Z vy, (Sec.[5.1.2 X |/
te[ ]
— Z Vir,a (Sec.5.2.1 v |/
te [n]
Case 1: best action independent of agent
1
— Z Vi r.a (Sec.[5.2.2 X | v
M yeln]

Case 2: best action dependent of agent

Table 1: Reward functions and models. Green checks indicates cases where the algorithm’s limit is optimal. Red crosses
indicate cases where the algorithm’s limit is sub-optimal. Model 1 is not considered in Section[5.2] where the agents
must pick actions in addition to the allocation, since Model 1 is shown to converge either slower than Model 2, or to a
sub-optimal limit, in Section [3;1'}

5.1 Permutation sampling

For the permutation sampling of models 1 and 2, we consider two cases of reward functions, Eq. (7) and Eq. (9). For
both cases, we consider n = 12 agents, a constant learning rate o = 0.01 and 1.5 x 10° episodes. Each simulation is
performed over 30 replications. More details on the simulations can be found in supplementary materials Sec.1.

511 Casel

Let 7* € &(n) be a target permutation, and consider the following reward function:

R:7€6(n) — R(7) = % PR By ©)

This reward function returns the proportion of machines allocated according to the target permutation 7*.

Fig. shows the average rewards obtained by both models of the policy Wé and Wg respectively. Both model were able
to converge to an optimal policy for which the reward is maximized; however, model 1 converges slowly than model 2.

Figshows the evolution of the values of the parameter ( Bi)ie[n] for model 1 and the values of ( Bt,i)ie[n] at time step
t = 6 for model 2 (left and right respectively).

For example, consider the target order 7* = (12, 1,8,10,2,3,7,4,9,11,6,5) represented in the legend of Fig.|3|(right).
In model 1, the policy parameters [3’7; produced by the algorithm are such that the machine ¢ = 12 (in red), followed by
1 =1 (in blue) and so on, according to the target permutation 7* (the algorithm converged to the correct limit). In model
2 though, the parameters Bt -¢ are eventually notably higher than the other parameters ﬁt i, # 7, , making it almost
certain that the machine 7' w1ll be allocated to agent ¢. In the example above, the agent at time step ¢ = 6 is 7" = 3.

Its parameter value 6m continue to increase while the other agents 7(;,1)., parameter values decrease. Therefore, the
agent ¢ = 3 is more probable to be chosen at that time step, if it has not been chosen before).
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Model 1: o~} Model 2: o ~7}
1 =
0.8
- 0.6
=
0.4 — a=0.2
— a=0.4
0.2 — a=0.8
— R(r*)=1
0 10000 20000 30000 00 10000 20000 30000
Episodes e Episodes e

Figure 2: Average reward R on model 1 and on model 2 (left and right respectively) for different values of the learning
rates «e. The horizontal curve y = 1 corresponds to the optimum of the function R. Several learning rates o have been
tested to ascertain the best rate of convergence for Model 1, and it seems to be achieved for some « between 0.2 (red
curve) and 0.8 (green curve), for which the algorithm no longer converge. For this whole range of o, Model 1 is handily
beaten by Model 2. For some learning rates (e.g., o = 0.2), Model 1 converges slower than model 2, and sometimes
model 1 does not converge to the optimal solution (e.g., & = 0.8) while model 2 still converges to the optimal trajectory.

(e)
1:(t-1)

to a Dirac in 77, the parameters Bt, jforjery (t-1) will remain almost stationary, around 0 in Fig.

Note that during episode e, the parameters Bt, jforjeo will not change; in particular, when the policy converges

Model 1: o~} Model 2: o ~7}
6 — n-n|
— s
— =10
4 — =2
— =3
=T
) R
=9
- =11
0 =6 ||
"\_‘ .
=84
0 50000 100000 150000 720 50000 100000 150000
Episodes e Episodes e

Figure 3: Average (B)ie[n] on model 1 (left) and model 2 for agent ¢ = 6 (right). See Fig. for full visualization of
B¢,; on model 2. Each color and/or shape corresponds to a different machine. The legends shown in the right are sorted
w.r.t. the optimal allocation order 7*.

The most probable ordered trajectory 7 for both models at the last episode is defined as follows

1 = min ( argmax(B)Li)v

X . i€[n] ) (8)
Ty = mm( argmax (ﬁ)m), Vi > 2.

te[n]NTy(p-1)
In both case, 7 = 7. Fig. 4|shows the end policy for each model. That is
Vt e [n],Vie[n], WE(Z =7).

We sorted the columns with respect to the target order 7 to facilitate the comparison between the learned order 7 and
the target order 7* by looking at the diagonal of the matrix.
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Machine 1/ Machine 1/

12181023 7491165 1 121 8102 37 49116 5 n
0.8 0.8
! 0.6 L 0.6
= 0.4 < 0.4
0.2 0.2

0 0

Model 1: O’Nﬂ'j Model 2: UNTFJ

Figure 4: wg(at = 1) (t,i)e[n]?> w € {1,2}. Lines correspond to the agents ¢ € [1] and the columns correspond to the

machines i € [n]. The columns are sorted w.r.t. the optimal allocation order 7*. See Fig.[S.2|for full visualization of the
evolution of 7r,8(p y (0t = 1) (¢,i)e[n]2 for all episodes e.

Both models converge to an almost Dirac distribution, where at each time step ¢, 7, is the most likely to be chosen.
As discussed above, model 1 converge notably more slowly than model 2. This can be seen on the evolution of the
policy for model 1 in Fig.[S.2a]in supplementary materials. The policy probabilities converge faster to 0 or 1 for the
first and last agents, and take longer to converge for the agents in the middle. In comparison, in model 2, the algorithm
reinforces the probability of the "good" machine with the same speed for all agents.

5.1.2 Case2

Let (V¢,i)(t,i)e[n]2 € R™" and consider the following reward function
1
R:TeG(n)— R(T) =~ Y Vi, )
n

where v, ; is the reward of allocating machine ¢ at agent ¢. The reward function is this case returns the average reward
of the agents. The goal is to find the order 7* that maximizes the expected reward R.

Fig. shows the average rewards obtained by both models of the policy Tl'é and ﬂ'% respectively. For any learning rate

considered here, only model 2 was able to converge to an optimal policy for which the reward is maximized, whereas
model 1 converged to a non optimal policy where the reward is not maximized.

1.4 Model 1: o~} 1.4 Model 2: o ~7}

ol L

}.m\":u'
Ll
L

— a=0.005
— a=0.01
— «a=0.02
— R(*)~1.23
0 50000 100000 150000 0O 50000 100000 150000
Episodes e Episodes e

Figure 5: Average reward R on model 1 (left) and on model 2 (right) for different values of the learning rates . The
horizontal curve y ~ 1.23 corresponds to the maximum of the function R.

Fig. @ shows the evolution of the averaged values of the parameter (f3;);c[,] for model 1 and the values of (5 ;)ie[n]
for agent ¢ = 6 and model 2 (left and right respectively). In model 1, the algorithm did not manage to discriminate the
agents.In model 2, for each agent ¢, the algorithm manages to clearly identify the best machine, in the sense that the
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parameter 3; .~ grows significantly larger than the others, where 7* is the permutation that achieves the optimal reward.
For instance, at time step ¢ = 6, the "good" agentis 7 = 9.

15 Model 1: o~} ] Model 2: o ~7}

o)
[
=3

N
[
>

A
=

=
T

0 50000 100000 150000 720 50000 100000 150000

Episodes e Episodes e

Figure 6: Evolution of (f3;);c[,) on model 1 (left) and (53t ;)ie[n] for agent ¢ = 6 on model 2 (See Fig. for full
visualisation of j3; ;). Each color and/or shape corresponds to a different machine. The legends shown in the right are
sorted w.r.t. the optimal allocation order 7.

The most probable allocation permutation for models 1 and 2 (7! and 72 respectively) are computed as in the previous
section. We show the end policy for each model in Fig.[/| As stated before, model 1 did not converge to an optimal
policy (that is 7! # 7*), whereas model 2 has converged to an almost Dirac measure where 72 = 7*.

Machine 7 Machine T
0116 189 57 23 412 1 0116 1 895723 412 1
0.8 .
- 0.6 - .
= 0.4 = .
0.2 .
0 0

Model 1: o~ 71'3, Model 2: o~ 7T§

Figure 7: The end policy 75 (oy = i) (¢,i)e[nj2> © € {1,2}. Lines correspond to the agents ¢ € [n] and the columns
correspond to the machines ¢ € [n]. The columns are sorted w.r.t. the optimal allocation order 7*. (See Fig. for full
visualization of 7TZ<€> (0t = 1) (¢,5)e[n]> for all episodes e.)

5.2 Sampling permutation and actions

Consider the following reward function

R:6(n)xA—R

1
(7—7 a) —_ — Z Vt 1 ,a5 (10)
" teln]

where v -, o is the reward of machine 7 allocated to agent ¢ after action a € [kr,] is chosen.
In this section, we consider n = 9 agents, for which each machine 7 has k; € {1,..., 7} actions, and 3 x 10° episodes.

We keep model 2 for the permutation parameter (3, and test our policy models wé’.g, where v € {A, B}, for two cases

11
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Case 1: when there exists one action for each machine that returns the highest reward among the other actions
at any time step. That is,

Vie[n], Jae[k;]: Yte[n], argmax(vy,p)={a}.
belk;i]

In that case, the action that should be chosen on a machine does not depend on the agent the machine is
allocated to.

* Case 2: when the hypothesis in case 1 is not satisfied. That is, the action with the highest reward may depend
on the agent the machine is allocated to. In this case, model A is not be appropriate, as shown in Section[5.2.2]

For case 1, we order the vector (4 ;4 ) qe[,] in increasing order for each ¢ and i to ensure that action k; is the optimal
action on machine ¢, whichever the agent may be.

A notable difference between Algorithm [I]and the one we use in practice is the update of the parameters in this section:
instead of using the same learning rate « for /3 and 6, we update it as

Bleth) B g Grad%’”(a(e),A(e),ﬂ(e),0(5),]%(6) - B(e))
+

<«

ge+1) ge) Qg Grad;vq’((;(e)’A(e)’5(6)79(8)7R(@) - B(e))

. o
with ag = =,

n
While not covered by Theorem 3] this update scheme allows our algorithms to converge much faster in practice.

5.2.1 Casel

In this section, we assume that the best action on any given machine does not depend on the agent it is allocated to.

Fig. |8 shows the average rewards obtained by both models of policies ﬂ'é"g and W;’f. Both models were able to
converge to an optimal policy for which the reward is maximized for any value of the learning rate .

Model 2A: (o, A) ~ ﬂ%f Model 2B: (o, A) ~m5y

= 1
—  a=0.005
— a=0.01
— a=0.02
— R(r*,a%*)=2.19
0 150000 300000 0O 150000 300000
FEpisodes e FEpisodes e

Figure 8: Average reward R on model 2A (left) and on model 2B (right) for different values of the learning rates ov. The
horizontal curve y ~ 2.19 corresponds to the optimum of the function R.

Fig. |§| shows the evolution of the permutation parameter ([3;,;);e[,,] for agent ¢ = 3. Both models were able to

discriminate the "good" machine to be allocated to that agent (735 = 8, where (7*,a*) is the optimal trajectory). Both
models eventually recover to the optimal allocation 7.
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6 Model 24: (o, A) ~ 72 6 Model 2B: (0, A) ~m2f
4 4 |
35 2 5 2
0/ — 0
720 100000 2;);)_0-0-0 ------ .f;(-)(-)OOO 720 100000 200000 300000

Episodes e Episodes e

Figure 9: Evolution of ( Bt’i)ie["] on model 2A (left) and on model 2B (right) for agent ¢ = 3 (See Fig. for full
visualisation of 3; ;). Each color and/or shape corresponds to a different machines. The legend shown in the right are
sorted w.r.t. the optimal allocation order 7*.

We show in Fig.[10|the end policy (as defined in the previous section) ordered with respect to the optimal order 7*. For
both models, the policy of the permutation converges to a Dirac measure at 7*.

Machine 7/ Machine 1
358642791 1 35 8642791 1
1 1
2 0.8 2 0.8
3 3
=4 0.6 =4 0.6
55 55
) )
%“ 6 0.4 5? 6 0.4
7 7
8 0.2 8 0.2
9 9
2 A 0 2, B 0
Model 2A: (o, A) ~ 75 ) Model 2B: (o, A) ~ gy

Figure 10: WZ’Z(Ut =1)(t,i)e[n]?» ¥ € {A, B}. Lines correspond to the agents ¢ € [n] and the columns correspond to the

machines i € [n]. The columns are sorted w.r.t. the optimal allocation order 7. See Fig. for full visualization of
B(’) oo (0t = 1) (t,1)e[n]2) for all episodes e.

An optimal allocation order does not mean that the reward is maximized. It remains to be checked whether each agent
has selected the best action or not. Fig. (1 1|shows the evolution of machine i = 6’s action parameters (0;, a)a€ 1 and

(0i,t,a) ae[k,] for model 2A and model 2B respectively. In the latter, we considered agent ¢ = 4, as it was the best match
to machlne z =6.

Action a = 6 is most likely to be chosen in both cases, as its parameter is significantly larger than the other actions. In
model 2A, it increases faster than in model 2B. This may explains why the reward grows faster at the start for model 2A
than for model 2B on Fig.[§]

Fig. shows the w;’(i) 0(e) (A; = a) for each machine i € 7%, v € A, B at each episode e. The red curves represent the
action with the highest reward. Both models reinforce the actions with the highest reward.
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Model 2A: (o, A) ~ 72 Model 2B: (0, A) ~m2f
6 6
vigq=—1.011
4 4 — U462 =0.708
— s S — 1463=0.793
= 2 z5 2 — 144 =0.955
— 5 =1.301
0 g 0 vy 66 =2.934
—2 —2
0 100000 200000 300000 O 100000 200000 300000

Episodes e Episodes e

Figure 11: Evolution of (6;,q)qe[k,] for machine i on model 2A (left) and (6;,¢,a ) qe[k,] for the same machine allocated
to agent ¢ = 4 on model 2B (rlght) See F1g [S7) for full visualization of § on both models Each color corresponds to a
different action. The optimal action is in red.

5.2.2 Case2

Now, we allow the optimal action on a machine to depend on the agent it is allocated to.

Fig. [I2]shows the average reward obtained for both models 2A and 2B (left and right respectively). Model 2A does not
converge to an optimal ordered trajectory for which the reward is maximized, since it does not account for the fact that
the optimal action depends on the agent, whereas model 2B does. This is not an issue of the optimal trajectory being
unreachable, since a near-Dirac at the optimal trajectory is a valid policy under model 2A, but rather that the lack of
flexibility hinders the convergence of the algorithm.

Model 2A: (g, A) ~ 72 Model 2B: (0, A) ~72f

R BT

L |

— a=0.01
— a=0.02
— R(r*,a*)~2.19
0 150000 300000 0O 150000 300000
Episodes e Episodes e

Figure 12: Average reward IR on model 2A (left) and on model 2B (right) for different values of the learning rates «.
The horizontal curve y ~ 2.19 corresponds to the optimum of the function R.

Fig. 13| shows the evolution of the permutation parameter ([, )ie[,] for agent ¢ = 3. Only model 2B was able to
discriminate the “good” machine to be allocated to that agent (75 = 8), while model 2A tends to selecte a non-optimal
machine (here machine ¢ = 1 is most likely to be allocated to agent ¢ = 3). When comparmg the allocatlon order 724
and 727 learned by both models, only model 2B matches the optimal order 7* whereas 724 # 7*

The suboptimality of the limit of model 2A can be seen by comparing its end policy. Fig.[T4]shows the end allocation
policy for both models. Model 2A does not converge to the Dirac measure in 7*, even if it does approach a Dirac
measure, whereas model 2B converges as in the previous section.

Fig.|15|shows the evolution of machine i = 6’s action parameters (6; 4 ) ae[r,] and (i ,q ) ae[k,] for model 2A and model
2B respectively. For the latter, we took the agent ¢ = 4, as it was the best match for machlne z =6.

In addition to the fact that the order did not converge to the optimal order 7%, the best action available to each agent was
not chosen all the time by model 2A. In this example, we action a = 2 is the most likely, rather than the optimal action
a = 5. In contrast, for model 2B, the best action (a = 6) is the most likely to be chosen.
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Model 24: (o, A) ~ 72 Model 2B: (0, A) ~m2f

— =

0 100000 200000 300000 720 100000 200000 300000

Episodes e Episodes e

Figure 13: Evolution of (;,;);e[,,] on model 2A (left) and on model 2B (right) for agent ¢ = 3. See Fig for full
visualization of j3; ;. Each color and/or shape corresponds to a different machine. The legends shown in the right are
sorted w.r.t. the optimal allocation order 7*.

Machine 7* Machine *

358642791 358642791

1 1
1 1
2 0.8 2 0.8
3 3

=4 0.6 =4 0.6

55 55

8} )

<6 0.4 <6 0.4
7 7
3 0.2 3 0.2
9 0 9 0

Model 2A: (o, A) ~ TI'?):(;{ Model 2B: (o, A) ~ Trﬁ.'f

Figure 14: 772’;(@ =1)(t,i)e[n]?» ¥ € {A, B}. Lines correspond to the agents ¢ € [n] and the columns correspond to the

machines i € [n]. The columns are sorted w.r.t. the optimal allocation order 7. See Fig for full visualisation of
WZ’(Z) oo (01 = 1) (t,0)e[n)? for all episodes e.

Model 24: (o, A) ~ 72 Model 2B: (0, A) ~m2f
6 6
vi61=0.955
4 4 — uyg2=1.301
s s — w163 =0.708
= 2 =5 2 —  15.4=0.793
— s =2.934
0 0 vigs=—1.011
-2 -2
0 100000 200000 300000 0 100000 200000 300000
Episodes e Episodes e

Figure 15: Evolution of (6;,4)e[x,] for machine i = 6 for model 2A (left) and (6;,¢,q ) qe[k,] allocated to agent ¢ = 4 for
model 2B (right) (See Fig @] for full visualization of # on both models). Each color corresponds to a different action.
The optimal action is in red.
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6 Performance comparison: M1, M2 and a naive MAB

In this section, a comparison analysis is performed between the two GAtACA-Series variants designed for the agents-
machine assignment problem. For comparison, a naive deterministic simulation of a multi-armed bandit is executed. As
baseline, we consider the naive multi-armed bandit approach, where each possible permutation of the agents defines an
arm. Since it has to see each arm at least once, it needs at least n! to find the best permutation.

To facilitate a fair and unbiased comparison between the two GAtACA-Series models, the learning rates «; and
ag are optimized, for M1 and M2 respectively. The objective is to find the rates o] and o that ensure the fastest
convergence. This ensures that any observed differences in scalability are attributable to the models themselves and not
to a sub-optimal choice of learning rate. While the assumption in Theorem [3]suggests that the learning rate should
satisfy the Robbins-Monro conditions [18]], we use a constant learning rate to maintain a straightforward and efficient
learning procedure.

Algorithm [2illustrates the iterative process of searching the optimal learning rate for two models. Since, as mentioned
stated in Section 5.1 Model 1 works for a specific class of reward functions (see Table[T)), we will consider the reward
function given by Eq. ({7).

The algorithm begins with a small initial learning rate a;y and conducts K independent simulations. Each simulation
terminates when either the maximum number of episodes is reached (indicating lack of convergence) or when the
probability of assigning agent ¢ to machine 7;°, for all ¢ € [n], approaches 1 (within a margin of ¢), signifying
convergence. Upon convergence, the learning rate is incremented by a small step size n > 0. The algorithm stops
when it encounters an episode with a given learning rate « for which the number of episodes exceeds the predefined
maximum.

Algorithm 2 Find Best Learning Rate o).

(n,u) e N*x{1,2},e>0,7>0, 0 >0,7>0, emax € N*, K € N*
1: initialize: 7* € S(n), a < ap, E < Null
2: while T'rue do
3 E' <]

4. forkinl: K do
5: initialize: e = 1, 3(©) =0, B =0
6: while e < emax and 1 - @ (Bt(e), 1) <eg, Vte[n]do
7: sample o(¢) ~ 71';(6)
8: get R(¢) = 1 PIR NS
Mieln] ¢
o update 5D « B©) 1+ o Grad(o(©), B R _ ()
10: update B(*Y) 4 as in Algo. [} line 6.
11: e+=1
12: end while
13: if e > e then
14: returne = SUM(E)/K and o =«
15: else
16: E'.append(e - 1)
17: end if
18:  end for

190 a<a+n, E<« FE
20: end while

Fig.[I6]illustrates the comparative analysis between the two models M1 and M2. For each n, the iterative learning
rate search was started at oy = 0.1, conducting K = 1000 simulations. For each u € {1,2}, v, > 0 and n € N*, write
€(ay,,n) the average number of episodes ran by model u before stopping across the K simulations. Subsequently, the
learning rate was incremented by 7 = 0.1. For each n, let e, be twice the maximum number of episodes required
to converge when o = ), i.e., emax = 2 x max{E}°, k € [K']}, where £} is the number of episode the algorithm ran
before stopping during simulation k with learning rate «. The optimal learning rate differs between the two models:
aj < a;. Moreover, upon employing their respective optimal rates, Model 2 exhibits a faster convergence rate compared
to M1, and both reach the convergence criterion in polynomial time rather than the factorial of the naive multi-armed
bandit (MAB) scenario.
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Figure 16: Comparison between M1 and M2. Left: optimal learning rate o), w.r.t. the number of agents/jobs n. As n
varies, the best-suited learning rate a* is determined through Algo.[2| Right: the average number of episodes to reach
the convergence criteria for each model using best o, w.r.t. the number of agents/jobs n.

7 Conclusion

We proposed a formalization of the multi-agent sequential learning problem. Different reward functions and models of
policy for sampling the allocation of machines and actions have been proposed:

* Models 1 and 2, which sample the permutation describing the allocation of machines. In model 1, the
same permutation credits 5 were used throughout the assignment of the agents. In model 2, each step of
the assignment process uses a different credit vector 3;. The optimization of the permutation credits were
decoupled between individual time steps, making the optimization more flexible than in model 1. Also, as
shown by the simulations, the algorithm based on model 1 does not converge to an optimal policy in some
situations, whereas the one based on model 2 converges.

* Models 2A and 2B, which sample the agents’ actions based on the allocation permutation. In model 2A, the
policy of the agent depends only on the machine it has been allocated, not on who the agent is. In model 2B,
the policy of the agent depends on the machine it has been allocated as well as who the agent is.

 Several rewards based on Multi-agent Multi-Armed Bandits.
We rather recommend model 2B, as it converges in more cases and seems to converge more quickly than model 2A,

based on the simulations we have performed and shown in Fig.[12] This is an empirical result, which would require
further study of the rates of convergence.

Another interesting generalization would concern the case where each agent evolves in an environment and changes
states according to the choice (7, A) of both machine allocation and action.

Supplementary materials

Supplementary materials can be found online at https://hal.science/hal-04629461
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