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Definition 1 (Attack Problem). For any ⇡, the attacker’s seeks a policy
⌫⇤ 2 N that maximizes its expected reward from the victim-attacker-M
interaction:

⌫⇤ 2 argmax
⌫2N

E⇡,⌫
M

" 1X

t=0

�tg(st, at, rt)

#
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Definition 2 (Defense Problem). The victim seeks a policy ⇡⇤ that maxi-
mizes its expected reward from the victim-attacker-M interaction under the
worst-case attack:

⇡⇤ 2 argmax
⇡2⇧

min
⌫2BR(⇡)

V ⇡,⌫
1 .

BR(π) := arg max
ν∈N

Vπ,ν
2

Defense = WSE in a meta game.
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Proposition: The defense problem is as hard as solving 
POMDPs. Thus, is NP-hard to even approximate.

• WSE need not exist.

• WSE are generally non-Markovian.
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Zero-sum:

General-sum:

WSE MPNE

WSE Mutual Recursion

G

Solution: ban observation attacks.
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V ⇤
h,1(s) = max

a2A
min

a†2BRh(s,a)

⇥
rh(s, a

†) + Es0⇠Ph(s,a†)

⇥
V ⇤
h+1,1(s

0)
⇤⇤

Special Case: Action Attacks

1. Victim determines Attacker’s best response to any action :a

2. Victim picks  based on the worst-case best-response:a
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Defense Results

Theorem: An optimal defense can be computed as the WSE 
of a meta game (POTBMG). 

Moreover, the defense is computable in polynomial time if 
observation attacks are banned.

First results for the general defense problem!
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P2 gets /2 from (1/2,1/2) mixϵ
Solved by Nash LP!
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Solve a sequence of LPs for MG case!
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Results

Theorem: rationality enables the polynomial-time computation 
of misinformation attacks that are optimal amongst the set of 
dominant-mixture reward functions.

First efficient misinformation attacks on Markov games!
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Challenges

1. Feasible policies non-Markovian

2. Optimization is NP-hard

3. Determining feasibility of  constraints is NP-hard 
 Hardness of (value) Approximation

≥ 2
⟹
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s′￼, c

(s, c)

a′￼

M

a

s

M

2. BFS Generate 
Feasible Costs

1. State-Cost 
Augmentation

≤ B

Solve  using RL!M
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cost precision → k =↑ |S| → SH2k+1

Theorem (Fixed-Parameter Tractability): If the cost precision 
, our algorithm outputs an optimal, anytime-

constrained policy in polynomial time.
k = O(log(SAH))
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P⇡
M

"
8k 2 [H],

kX

t=1

ct  B + ✏

#
= 1,

and ✏-relative feasible if,

P⇡
M

"
8k 2 [H],

kX

t=1

ct  B(1 + ✏)

#
= 1.
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2. -Discretizeℓ

1. Truncate (c, c)

= c + ⌊ c
ℓ ⌋ ℓ(c, c) ⌊ c + c

ℓ ⌋ ℓ

[B − Hcmax, B + 1]
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*Guarantees are best-possible given hardness results.

<latexit sha1_base64="YNOuJ+7HnFM8PorMu0LUdFdc/iI="></latexit>

ω =
ε

H
=→ c ↑ ĉ+

ε

H
=→

∑

h

ch ↑ B + ε

Theorem (Approx): If  is constant and , our algorithm 

outputs an optimal-value, -feasible policy in time 

d cmax ≤ poly( |M | )
ϵ poly( |M | ,

1
ϵ

)

First poly-time algorithm for anytime and almost sure constraints!
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(
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M
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⇡ deterministic
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t
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min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)
<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)
<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→

<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)
<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→

<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

<latexit sha1_base64="2w8f+J9igFgQQWyQ+sCIprmXFiI=">AAACO3icbVDLSgMxFM3UV1tfre50EyyiG0unFHUjFNx0WcE+oB2HTJq2oXkMSaZQhgG/xq3+gB/i2p24dW/6AG31QOBwzrnc3BOEjGpTKr05qbX1jc2tdCa7vbO7t5/LHzS1jBQmDSyZVO0AacKoIA1DDSPtUBHEA0Zaweh26rfGRGkqxb2ZhMTjaCBon2JkrOTnjro64n5M4Q10k4dYn124CQx9OvapnyuUiqUZ4F/iLkgBLFD3806m25M44kQYzJDWHbccGi9GylDMSJLtRpqECI/QgHQsFYgT7cWzIxJ4apUe7EtlnzBwpv6eiBHXesIDm+TIDPWqNxX/8zqR6V97MRVhZIjA80X9iEEj4bQR2KOKYMMmliCsqP0rxEOkEDa2t+UtbCBtYMiXTxGSiJ7341KcZG157mpVf0mzXHQvi5W7SqFaW9SYBsfgBJwDF1yBKqiBOmgADB7BE3gGL86r8+58OJ/zaMpZzByCJThf32NhrSg=</latexit>

s→→1∑

i=1

pivi



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)
<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→

<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

<latexit sha1_base64="2w8f+J9igFgQQWyQ+sCIprmXFiI=">AAACO3icbVDLSgMxFM3UV1tfre50EyyiG0unFHUjFNx0WcE+oB2HTJq2oXkMSaZQhgG/xq3+gB/i2p24dW/6AG31QOBwzrnc3BOEjGpTKr05qbX1jc2tdCa7vbO7t5/LHzS1jBQmDSyZVO0AacKoIA1DDSPtUBHEA0Zaweh26rfGRGkqxb2ZhMTjaCBon2JkrOTnjro64n5M4Q10k4dYn124CQx9OvapnyuUiqUZ4F/iLkgBLFD3806m25M44kQYzJDWHbccGi9GylDMSJLtRpqECI/QgHQsFYgT7cWzIxJ4apUe7EtlnzBwpv6eiBHXesIDm+TIDPWqNxX/8zqR6V97MRVhZIjA80X9iEEj4bQR2KOKYMMmliCsqP0rxEOkEDa2t+UtbCBtYMiXTxGSiJ7341KcZG157mpVf0mzXHQvi5W7SqFaW9SYBsfgBJwDF1yBKqiBOmgADB7BE3gGL86r8+58OJ/zaMpZzByCJThf32NhrSg=</latexit>

s→→1∑

i=1

pivi



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)
<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→

<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

<latexit sha1_base64="2w8f+J9igFgQQWyQ+sCIprmXFiI=">AAACO3icbVDLSgMxFM3UV1tfre50EyyiG0unFHUjFNx0WcE+oB2HTJq2oXkMSaZQhgG/xq3+gB/i2p24dW/6AG31QOBwzrnc3BOEjGpTKr05qbX1jc2tdCa7vbO7t5/LHzS1jBQmDSyZVO0AacKoIA1DDSPtUBHEA0Zaweh26rfGRGkqxb2ZhMTjaCBon2JkrOTnjro64n5M4Q10k4dYn124CQx9OvapnyuUiqUZ4F/iLkgBLFD3806m25M44kQYzJDWHbccGi9GylDMSJLtRpqECI/QgHQsFYgT7cWzIxJ4apUe7EtlnzBwpv6eiBHXesIDm+TIDPWqNxX/8zqR6V97MRVhZIjA80X9iEEj4bQR2KOKYMMmliCsqP0rxEOkEDa2t+UtbCBtYMiXTxGSiJ7341KcZG157mpVf0mzXHQvi5W7SqFaW9SYBsfgBJwDF1yBKqiBOmgADB7BE3gGL86r8+58OJ/zaMpZzByCJThf32NhrSg=</latexit>

s→→1∑

i=1

pivi



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)
<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→

<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

<latexit sha1_base64="2w8f+J9igFgQQWyQ+sCIprmXFiI=">AAACO3icbVDLSgMxFM3UV1tfre50EyyiG0unFHUjFNx0WcE+oB2HTJq2oXkMSaZQhgG/xq3+gB/i2p24dW/6AG31QOBwzrnc3BOEjGpTKr05qbX1jc2tdCa7vbO7t5/LHzS1jBQmDSyZVO0AacKoIA1DDSPtUBHEA0Zaweh26rfGRGkqxb2ZhMTjaCBon2JkrOTnjro64n5M4Q10k4dYn124CQx9OvapnyuUiqUZ4F/iLkgBLFD3806m25M44kQYzJDWHbccGi9GylDMSJLtRpqECI/QgHQsFYgT7cWzIxJ4apUe7EtlnzBwpv6eiBHXesIDm+TIDPWqNxX/8zqR6V97MRVhZIjA80X9iEEj4bQR2KOKYMMmliCsqP0rxEOkEDa2t+UtbCBtYMiXTxGSiJ7341KcZG157mpVf0mzXHQvi5W7SqFaW9SYBsfgBJwDF1yBKqiBOmgADB7BE3gGL86r8+58OJ/zaMpZzByCJThf32NhrSg=</latexit>

s→→1∑

i=1

pivi

<latexit sha1_base64="nwnCL20t/lSWDhnPkVJmf1847+Q="></latexit>

s→∑

i=1

pivi



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)
<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→

<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Round for approx



Solving  FastM
<latexit sha1_base64="GHSZU/r51qgxLtuGGIGSBnkxo+0="></latexit>

C
→
h(s, v) = min

(a,v)
ch(s, a) +

∑

s→

Ph(s
↑ | s, a)C→

h(s, vs→)

s.t. rh(s, a) +
∑

s→

Ph(s
↑ | s, a)vs→ → v

Optimality Equations
<latexit sha1_base64="+3lHs6WLbOq07yxRtAELlmD6pJY="></latexit>

min
v→VS

<latexit sha1_base64="AOJ9sjVDF4RlAt2nvpbJxyI3h/k=">AAACJXicbVDLSgMxFE3qq62vVpdugkV0VTqlqMuCmy4r2Ae0Q8lkMm1sJhmSjFCG+Qe3+gN+jTsRXPkrpu2AtvXAhcM593LvPV7EmTa12hfMbW3v7O7lC8X9g8Oj41L5pKtlrAjtEMml6ntYU84E7RhmOO1HiuLQ47TnTe/mfu+JKs2keDCziLohHgsWMIKNlbrRKNGX6ahUqVVrC6BN4mSkAjK0R2VYGPqSxCEVhnCs9cCpR8ZNsDKMcJoWh7GmESZTPKYDSwUOqXaTxbkpurCKjwKpbAmDFurfiQSHWs9Cz3aG2Ez0ujcX//MGsQlu3YSJKDZUkOWiIObISDT/HflMUWL4zBJMFLO3IjLBChNjE1rdwsfSNkzC1VeEpMJ3f11G0qINz1mPapN061Xnutq4b1SarSzGPDgD5+AKOOAGNEELtEEHEPAInsELeIVv8B1+wM9law5mM6dgBfD7Bw4YpY0=</latexit>ps→

<latexit sha1_base64="ANP2rLnHzTWAHRLdoblV6yHbl0s=">AAACJXicbVBdSwJBFJ21L7UvrcdehiTqSVyR6lHoxUeD1EAXmZ2d1cn5WGZmC1n2P/Raf6Bf01sEPfVXGnWh1A5cOJxzL/fe40eMalOrfTm5jc2t7Z18obi7t39wWCofdbWMFSYdLJlU9z7ShFFBOoYaRu4jRRD3Gen5k5uZ33skSlMp7sw0Ih5HI0FDipGxUvdpmOjzdFiq1Kq1OeA6cTNSARnaw7JTGAQSx5wIgxnSuu/WI+MlSBmKGUmLg1iTCOEJGpG+pQJxor1kfm4Kz6wSwFAqW8LAufp3IkFc6yn3bSdHZqxXvZn4n9ePTXjtJVREsSECLxaFMYNGwtnvMKCKYMOmliCsqL0V4jFSCBub0PIWNpK2YcyXXxGSiMD7dSlOizY8dzWqddKtV93LauO2UWm2shjz4AScggvggivQBC3QBh2AwQN4Bi/g1Xlz3p0P53PRmnOymWOwBOf7BxpfpZQ=</latexit>ws→
<latexit sha1_base64="kPZ3rrEMM3yHQZzXz7o+QIP5lao=">AAACKHicbVDLasJAFJ30qfal7bKbUCm1G0lE2i6FblxaqI+iQSaTiQ7OI8xMBAn5im7bH+jXdFfc9ks6aqBVe+DC4Zx7ufceP6JEaceZWzu7e/sHh7l84ej45PSsWDrvKBFLhNtIUCF7PlSYEo7bmmiKe5HEkPkUd/3J48LvTrFURPBnPYuwx+CIk5AgqI30Elamw0TdpLfDYtmpOkvY28TNSBlkaA1LVn4QCBQzzDWiUKm+W4u0l0CpCaI4LQxihSOIJnCE+4ZyyLDykuXFqX1tlMAOhTTFtb1U/04kkCk1Y77pZFCP1aa3EP/z+rEOH7yE8CjWmKPVojCmthb24n07IBIjTWeGQCSJudVGYygh0iak9S10JEzDmK2/wgXmgffrEpQWTHjuZlTbpFOrunfV+lO93GhmMebAJbgCFeCCe9AATdACbYAAA6/gDbxbH9an9WXNV607VjZzAdZgff8AzDimaA==</latexit>

f(vs→)

Knapsack Approx!

<latexit sha1_base64="Asu5P82hURt/wAPK7h90+Hb8afI="></latexit>

min
x→Xn

∑

i

wixi

s.t.
∑

i

pixi → P

Knapsack Problem

<latexit sha1_base64="/COOKrYtuPt9yniANOJFENTHJc8="></latexit>

MC(s→, p) = min
vs→↑V

Ph(s
→ | s, a)C↓

h+1(s
→, vs→) +MC(s→ + 1, p+ Ph(s

→ | s, a)vs→)

Round for approx



Time-Space Rounding



Time-Space Rounding
Round  down  cost goes down!v′￼s ⟹



Time-Space Rounding
Round  down  cost goes down!v′￼s ⟹ Feasible!



Time-Space Rounding
Round  down  cost goes down!v′￼s ⟹ Feasible!

Rounding  causes error over timev′￼s



Time-Space Rounding
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Results

Theorem (FPTAS): If the rewards are poly-bounded, our algorithm 

outputs a feasible policy with value  in time V* − ϵ poly( |M | ,
1
ϵ

)

*Guarantees are best-possible given hardness results.

First ever poly-time algorithm for deterministic, 
expectation-constrained policies!
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Chance:            


Almost Sure:    


Anytime:           

𝔼π
M [

H

∑
h=1

ch] ≤ B

ℙπ
M [

H

∑
h=1

ch > B] ≤ δ

ℙπ
M [

H

∑
h=1

ch ≤ B] = 1

ℙπ
M [∀t,

t

∑
h=1

ch ≤ B] = 1

Can we create a framework that works for any combination of constraints? 
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Budget Augmentation

Primal = V*1 (s0, B)

Use previous approach but with rounding up! 
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Results

Theorem (Bicriteria): Our algorithm computes an optimal-value, 
-feasible policy in polynomial time, so long as the costs are 

poly-bounded and satisfy the SR condition. 
ϵ

*Guarantees are best-possible given hardness results.

First ever poly-time algorithm for chance 
constraints and non-homogenous constraints!

Includes all classical constraints!



Future Directions

1. Beyond Worst-case Analysis for all works  
(especially POMDPs for defense and anytime constraints)


2. Submodular Constrained Reinforcement Learning


3. Optimal learning under constraints.



Thank you!
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Motivating Example

1. Robust to visual 
noise (ash)

2. Robust to other 
rescue vehicles 

3. Coordinate well 
with teammates

1. Effective fuel  
management

2. Avoids dangerous 
terrain (lava)

3. Balances risks of 
difficult terrain
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Framework Extensions
1. Multiple agents

2. Infinite discounting

3. Stochastic costs

1. Discrete

2. Bounded Continuous

4. Continuous States
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Action Space

Policy Evaluation Equation: Cπ
h (s) = ch(s, a) + ∑

s′￼

Ph(s′￼ ∣ s, a)Cπ
h+1(s′￼)

Same form as before!
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Actions of form: 
(a, b1, b2, …, bS)

as, h

π
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s′￼n, h + 1
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Generalization

Recursive cost optimization suffices for our algorithm

Assumption [time-space recursive]: the optimal cost is 
computable recursively over both time and state space

*holds for expectation, almost sure, and anytime constraints
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Action-Space Dynamic Programming
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Action-Space Dynamic Programming
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Why Deterministic Policies?

• Cheap [1]

• Multi-agent coordination [2]

• Trust-worthy [3]

• Predictable

• Optimal for modern constraints [4]
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General Formulation

max
π

Vπ

s.t.  constraints on 
H

∑
h=1

ch

Agent's goal:  

a
π s

{rh ∼ Rh(s, a)

ch ∼ Ch(s, a)


