
Structured Actor-Critic for  
Managing Public Health Points-of-Dispensing

Daniel Jiang 
joint work with Yijia Wang 

Operations Management Seminar, April 9, 2021

Singapore Management University



Outline

• Introduction to the public health problem


• Hierarchical MDP inventory and dispensing model


• The structured actor-critic approach


• Synthetic experiments


• Case study: Naloxone for First Responders Program



Introduction

• Public health organizations manage “points-of-dispensing” (PODs) for dispensing 
critical medical supplies during emergency situations.


• Examples: vaccines, antibiotics, and others, such as naloxone, an opioid 
overdose reversal drug for harm reduction.


• Our problem: optimal inventory control and dispensing for a public health 
agency and “independent” PODs.



Problem preview

• Components of our problem:


• A central inventory storage managed by the public health agency


• Inventory is replenished periodically


• A lower-level dispensing coordinator that interfaces with PODs


• Receives inventory from central storage


• Receives requests from arriving PODs (demands)

Central inventory 
manager

Dispensing 
coordinator

Various points-of-
dispensing (PODs)

Periodically:  
Inventory allotment Requests

Periodically:  
Inventory replenishment 



Problem preview

• Features of our problem:


• Heterogeneous utility functions that depend on the requesting POD


• Effectiveness of the public health intervention can vary across different groups of 
the affected population


• Trade-off for the dispensing coordinator: 


• Should we satisfy a lower-priority demand now, or save the inventory for a 
possible higher-priority demand in the future?


• Two timescales


• Slower one for inventory replenishment (central inventory manager)


• Faster one for dispensing decisions (dispensing coordinator)


• Stochastic demands


• Discrete inventory states



Example 1: Opioid overdose epidemic

• The U.S. Department of Health and 
Human Services (HHS) declared it a 
public health emergency in 2017.


• HHS: “Increased prescription of 
opioid medications led to widespread 
misuse of both prescription and non-
prescription opioids before it became 
clear that these medications could 
indeed be highly addictive.” 

• Previously, pharmaceutical 
companies said that these drugs 
were not addictive. 



Example 1: Opioid overdose epidemic

Source: Economist, 2017



Example 1: Opioid overdose epidemic

Source: Economist, 2021

• Spreading to the western part of 
the country


• Job losses and social isolation 
may have worsened the situation


• Using drugs alone is more 
dangerous (no one to help)


• In King County (where Seattle is):


• 2015 overdose deaths: 3


• 2020 overdose deaths: 176



Example 1: Opioid overdose epidemic

• Naloxone is a drug that has the ability to reverse overdoses within minutes


• To save lives, it is critical that this drug is widely distributed


• “Harm reduction” programs are distributing naloxone free of charge to first 
responders (incl. EMS, law enforcement, fire fighters, public transit drivers)


• Utility of naloxone varies across regions due to the varying levels of opioid usage in 
different populations


• e.g., West Virginia DHHR distributes extra naloxone to high priority counties


• Utility of naloxone also varies across different types of first responders


• e.g., law enforcement officers are “often a community’s first contact with opioid 
overdose victims after 9-1-1 services have been summoned” (Goodloe and 
Dailey (2014); Rando et al. (2015))



Example 2: Vaccine distribution, COVID-19 & H1N1

• Heterogenous utilities are very clear:


• COVID-19: Compared with 5-17 age group, the rate of death is 1100 times 
higher in 65-74 age group, 2800 times higher in 75-84 age group, and 7900 
times higher in 85 and older age group (CDC, 2021).


• H1N1: The reported H1N1 cases from April 15 to July 24, 2009, show that the 
infected rate (number of cases per 100,000 population) of 0 to 4 age group is 
17.6 times of the infected rate of 65 and older age group, and the rate of 5 to 
24 age group is 20.5 times of the rate of 65 and older age group (CDC, 2009).



Sequence of events

• In each period, there are  sub-periods for which dispensing takes place


• Timing of events:


• The central inventory manager decides how much to replenish and how 
much to dispense throughout the  sub-periods


• The dispensing coordinator receives the inventory allotment and the 
sequentially receives POD requests and allocates inventory to maximize utility

n

n



Lower-level problem: Dispensing MDP

• The dispensing coordinator optimizes utility over  sub-periods (they want spend 
their allotment of inventory for this period optimally)


• In sub-period  of period , the arriving POD is represented by an attribute-demand 
pair , with .


• When there is no arriving POD, demand is zero.


• The utility function of satisfying  units of demand is 


• Lower-level objective:


n

i t
(ξt,i, Dt,i) Dt,i ∈ {0,1,…, Dmax}

xi u(xi, ξt,i)

U0(x, ξ | w) = max
μ∈ℳ

E [
n−1

∑
i=0

u(min(μi(xi, ξi), Di), ξi) x0 = x, ξ0 = ξ, Wt = w] .

Lower-level dispensing policy

An information state that transitions at the upper-level timescale



Upper-level problem: Inventory control MDP

•  planning periods, with two decision to be made in each period:


• Replenish-up-to level 


• Dispense-down-to level 


• The inventory state is  and information state is 


• The information state may contain information such as past demands, current 
disease trends, or other dynamic information


• Holding cost , ordering cost 

T
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zdis
t
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Amount given to dispensing coordinator



Upper-level problem: Inventory control MDP

• Objective is to maximize dispensing utility minus costs





• Bellman equation


max
π∈Π

E[
T−1

∑
t=0

(−hRt − cWt(πrep
t (Rt, Wt) − Rt) + U0(πrep

t (Rt, Wt) − πdis
t (Rt, Wt), ξt,0 | Wt)] .

Vt(r, w) = max
zrep,zdis

(cw − h) r − cwzrep + Ew[U0(zrep − zdis, ξt,0 |w) + Vt+1(zdis, Wt+1)] .

Rt

zrep
t

zdis
t = Rt+1

Amount given to dispensing coordinator



Upper-level problem: Inventory control MDP

• Note that we can compute the Bellman step in two steps, one for replenishment 
and one for dispensing:





• With a post-decision reformulation, we get the following:








• Policies (in red) and values (in blue) can be written in interleaving fashion

Vt(r, w) = max
zrep,zdis

(cw − h) r − cwzrep + Ew[U0(zrep − zdis, ξt,0 |w) + Vt+1(zdis, Wt+1)] .

Ṽ rep
t (zrep, w) = − cwzrep + Ew[U0(zrep−πdis,*

t (zrep, w), ξt,0 |w)] + Ṽdis
t (πdis,*

t (zrep, w), w)],

Ṽdis
t (zdis, w) = Ew[(cWt+1

− h)zdis+Ṽ rep
t+1(πrep,*

t+1 (zdis, Wt+1), Wt+1)]

Can consider this the “dispensing” value function after replenishment is decided



Structural properties of the MDP

• Assumption: For any , the utility function is discretely concave in . 


• Proposition: 

1. The lower-level MDP value function  is discretely concave in the 
inventory state  for all , and . 


2. The upper-level MDP value functions  and  are 
discretely concave in  and , resp.


3. Optimal policies are both state-dependent, discrete basestock policies:


• 


• 


• where .
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Structural properties of the MDP

Main algorithmic research question:  

In a data-driven setting, is it possible to take advantage of both the structure in the 
policy and structure in the value function?



Approximate dynamic programming (ADP) 
Reinforcement learning (RL)

• ADP/RL algorithms can be classified into the following classes:


1. Value-based methods, such as Q-learning (Watkins et al., 1989), use a 
combination of stochastic approximation and the Bellman equation to 
iteratively learn an approximate value function (or state-action values Q):


• 


2. Policy-based methods, such as policy gradient (Sutton et al., 1999), directly 
parameterize a class of approximate policy functions  and optimize it via 
stochastic gradient methods.


3. Actor-critic methods (Konda & Tsitsiklis, 2000) approximate both the policy 
and value function. Typically use linear models for function approximation.


• Our method is falls here, but we utilize two types of structure.


• “Actor” is the policy approximation, “critic” is the value approximation


Qn
t (s, a) = (1 − αn

t ) Qn−1
t (s, a) + αn

t ⋅ observation

πθ



Structured actor-critic algorithm

• Recall:








• Also, note that:


                                                 





• If the optimal policy and next stage value is known, we can write the current value


• If the optimal value is known, then we can write the current policy


• Let’s apply these relationships in an alternating fashion

Ṽ rep
t (zrep, w) = − cwzrep + Ew[U0(zrep−πdis,*

t (zrep, w), ξt,0 |w)] + Ṽdis
t (πdis,*

t (zrep, w), w),

Ṽdis
t (zdis, w) = Ew[(cWt+1

− h)zdis+Ṽ rep
t+1(πrep,*

t+1 (zdis, Wt+1), Wt+1)]

πrep,*
t (r, w) ∈ argmaxzrepṼ rep

t (zrep, w),

πdis,*
t (zrep, w) ∈ argmaxzdis,zrep) U0(zrep − zdis, ξt,0 |w)+Ṽdis

t (zdis, w)



Structured actor-critic (S-AC) algorithm

t
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· · ·<latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit><latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit><latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit><latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit> T
<latexit sha1_base64="9BPnxuHOulRy5Nsnxw7hrB55RU8=">AAACAXicbVC7TgJBFL3rE9cXamkzEU2syK6NdpLYWELCKwFCZoe7MGH2kZlZE7KhsrTVgs6Wztj6JX6DP+EsUAh4kklOzrmvOV4suNKO821tbG5t7+zm9uz9g8Oj4/zJaV1FiWRYY5GIZNOjCgUPsaa5FtiMJdLAE9jwhg+Z33hCqXgUVvUoxk5A+yH3OaPaSJVqN19wis4MZJ24C1K4n04m7wBQ7uZ/2r2IJQGGmgmqVMt1Yt1JqdScCRzb7URhTNmQ9rFlaEgDVJ10duiYXBmlR/xImhdqMlP/dqQ0UGoUeKYyoHqgVr1M/M9rJdq/66Q8jBONIZsv8hNBdESyX5Mel8i0GBlCmeTmVsIGVFKmTTZLW7LZUvlqTIhtm3Tc1SzWSf2m6DpFt+IUSpcwRw7O4QKuwYVbKMEjlKEGDBBe4BXerGdran1Yn/PSDWvRcwZLsL5+AepOmS8=</latexit><latexit sha1_base64="wvDnxPhzhTRmSVr5gileuM3aDCw=">AAACAXicbVC7TgJBFL2LL1xfqKXNRDSxIrs22kliYwkJrwQImR3uwoTZR2ZmTciGytJWC/0DOmPrl/gN/oSzQCHgSSY5Oee+5nix4Eo7zreV29jc2t7J79p7+weHR4Xjk4aKEsmwziIRyZZHFQoeYl1zLbAVS6SBJ7Dpje4zv/mIUvEorOlxjN2ADkLuc0a1kaq1XqHolJwZyDpxF6R4N33L8F7pFX46/YglAYaaCapU23Vi3U2p1JwJnNidRGFM2YgOsG1oSANU3XR26IRcGqVP/EiaF2oyU/92pDRQahx4pjKgeqhWvUz8z2sn2r/tpjyME40hmy/yE0F0RLJfkz6XyLQYG0KZ5OZWwoZUUqZNNktbstlS+WpCiG2bdNzVLNZJ47rkOiW36hTLFzBHHs7gHK7AhRsowwNUoA4MEJ7hBV6tJ2tqfVif89Kcteg5hSVYX79z15r0</latexit><latexit sha1_base64="wvDnxPhzhTRmSVr5gileuM3aDCw=">AAACAXicbVC7TgJBFL2LL1xfqKXNRDSxIrs22kliYwkJrwQImR3uwoTZR2ZmTciGytJWC/0DOmPrl/gN/oSzQCHgSSY5Oee+5nix4Eo7zreV29jc2t7J79p7+weHR4Xjk4aKEsmwziIRyZZHFQoeYl1zLbAVS6SBJ7Dpje4zv/mIUvEorOlxjN2ADkLuc0a1kaq1XqHolJwZyDpxF6R4N33L8F7pFX46/YglAYaaCapU23Vi3U2p1JwJnNidRGFM2YgOsG1oSANU3XR26IRcGqVP/EiaF2oyU/92pDRQahx4pjKgeqhWvUz8z2sn2r/tpjyME40hmy/yE0F0RLJfkz6XyLQYG0KZ5OZWwoZUUqZNNktbstlS+WpCiG2bdNzVLNZJ47rkOiW36hTLFzBHHs7gHK7AhRsowwNUoA4MEJ7hBV6tJ2tqfVif89Kcteg5hSVYX79z15r0</latexit><latexit sha1_base64="L5pIwM0Zc5UqMXLuYi8GGzCpqJo=">AAACAXicbVC7SgNBFL0bX3F9RS1tBqNgFXZttAzYWCaQFyRLmJ3cTYbMPpiZFcKSytJWP8JObP0Sv8GfcDbZwiQeGDicc19z/ERwpR3n2yptbe/s7pX37YPDo+OTyulZR8WpZNhmsYhlz6cKBY+wrbkW2Esk0tAX2PWnD7nffUKpeBy19CxBL6TjiAecUW2kZmtYqTo1ZwGySdyCVKFAY1j5GYxiloYYaSaoUn3XSbSXUak5Ezi3B6nChLIpHWPf0IiGqLxsceicXBtlRIJYmhdpslD/dmQ0VGoW+qYypHqi1r1c/M/rpzq49zIeJanGiC0XBakgOib5r8mIS2RazAyhTHJzK2ETKinTJpuVLflsqQI1J8S2TTruehabpHNbc52a23Sq9asipzJcwCXcgAt3UIdHaEAbGCC8wCu8Wc/Wu/VhfS5LS1bRcw4rsL5+Afc2lnU=</latexit>

t+ 3
<latexit sha1_base64="0Byuz7FAtQE4+4ijZ1u8gjjuwAQ=">AAACA3icbVC7SgNBFL3rM66vqKXNYBQEIexqoY0Y0MIyonlAsoTZyWwyZPbBzF0hhJSWtvoRdmLrh/gN+hHOJilM4oGBwzn3NcdPpNDoOF/WwuLS8spqbs1e39jc2s7v7FZ1nCrGKyyWsar7VHMpIl5BgZLXE8Vp6Ete83vXmV975EqLOHrAfsK9kHYiEQhG0Uj3eHLWyhecojMCmSfuhBSufm4uSwBQbuW/m+2YpSGPkEmqdcN1EvQGVKFgkg/tZqp5QlmPdnjD0IiGXHuD0alDcmSUNgliZV6EZKT+7RjQUOt+6JvKkGJXz3qZ+J/XSDG48AYiSlLkERsvClJJMCbZv0lbKM5Q9g2hTAlzK2FdqihDk87Ulmy20oEeEmLbJh13Not5Uj0tuk7RvXMKpUMYIwf7cADH4MI5lOAWylABBh14hhd4tZ6sN+vd+hiXLliTnj2YgvX5C9d4mPM=</latexit><latexit sha1_base64="VJyKAx2ldpWqJLaERjy5g19tKEs=">AAACA3icbVDLSgMxFM3UVx1fVZduglUQhDKjC92IBUVcVrQPaIeSSTNtaCYzJHeEUrp06VY/wl1x64f4DfoBLs20XdjWA4HDOfeV48eCa3CcTyuzsLi0vJJdtdfWNza3cts7FR0lirIyjUSkaj7RTHDJysBBsFqsGAl9wap+9yr1q49MaR7JB+jFzAtJW/KAUwJGuofj02Yu7xScEfA8cSckf/l9fXEz7P6UmrmvRiuiScgkUEG0rrtODF6fKOBUsIHdSDSLCe2SNqsbKknItNcfnTrAh0Zp4SBS5knAI/VvR5+EWvdC31SGBDp61kvF/7x6AsG51+cyToBJOl4UJAJDhNN/4xZXjILoGUKo4uZWTDtEEQomnakt6WylAz3A2LZNOu5sFvOkclJwnYJ75+SLB2iMLNpD++gIuegMFdEtKqEyoqiNntELerWerDdraL2PSzPWpGcXTcH6+AXcIJsO</latexit><latexit sha1_base64="VJyKAx2ldpWqJLaERjy5g19tKEs=">AAACA3icbVDLSgMxFM3UVx1fVZduglUQhDKjC92IBUVcVrQPaIeSSTNtaCYzJHeEUrp06VY/wl1x64f4DfoBLs20XdjWA4HDOfeV48eCa3CcTyuzsLi0vJJdtdfWNza3cts7FR0lirIyjUSkaj7RTHDJysBBsFqsGAl9wap+9yr1q49MaR7JB+jFzAtJW/KAUwJGuofj02Yu7xScEfA8cSckf/l9fXEz7P6UmrmvRiuiScgkUEG0rrtODF6fKOBUsIHdSDSLCe2SNqsbKknItNcfnTrAh0Zp4SBS5knAI/VvR5+EWvdC31SGBDp61kvF/7x6AsG51+cyToBJOl4UJAJDhNN/4xZXjILoGUKo4uZWTDtEEQomnakt6WylAz3A2LZNOu5sFvOkclJwnYJ75+SLB2iMLNpD++gIuegMFdEtKqEyoqiNntELerWerDdraL2PSzPWpGcXTcH6+AXcIJsO</latexit><latexit sha1_base64="rjEMf0xCfXcBSiXOido+kfc+n3g=">AAACA3icbVDLSsNAFL2prxpfVZduBqsgCCXRhS4LblxWtLXQhjKZTtqhkwczN0IJXbp0qx/hTtz6IX6DP+GkzcK2Hhg4nHNfc/xECo2O822VVlbX1jfKm/bW9s7uXmX/oKXjVDHeZLGMVdunmksR8SYKlLydKE5DX/JHf3ST+49PXGkRRw84TrgX0kEkAsEoGukezy97lapTc6Ygy8QtSBUKNHqVn24/ZmnII2SSat1xnQS9jCoUTPKJ3U01Tygb0QHvGBrRkGsvm546IadG6ZMgVuZFSKbq346MhlqPQ99UhhSHetHLxf+8TorBtZeJKEmRR2y2KEglwZjk/yZ9oThDOTaEMiXMrYQNqaIMTTpzW/LZSgd6Qohtm3TcxSyWSeui5jo1986p1k+KnMpwBMdwBi5cQR1uoQFNYDCAF3iFN+vZerc+rM9Zackqeg5hDtbXLw2plwc=</latexit>

· · ·<latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit><latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit><latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit><latexit sha1_base64="C+s4dqrPsXGQPUSLP4wE1VB4x+8=">AAACCHicbVC7TsMwFHXKq4RXgZHFokViqpIuMFZiYSwSfUhtVDmO01p17Mi+Qaqi/gAjK3wEG2LlL/gGfgK3zUBbjmTp6Jz78glTwQ143rdT2tre2d0r77sHh0fHJ5XTs45RmaasTZVQuhcSwwSXrA0cBOulmpEkFKwbTu7mfveJacOVfIRpyoKEjCSPOSVgpV5tQCMFpjasVL26twDeJH5BqqhAa1j5GUSKZgmTQAUxpu97KQQ50cCpYDN3kBmWEjohI9a3VJKEmSBf3DvDV1aJcKy0fRLwQv3bkZPEmGkS2sqEwNise3PxP6+fQXwb5FymGTBJl4viTGBQeP55HHHNKIipJYRqbm/FdEw0oWAjWtkyn61NbGYYu65Nx1/PYpN0GnXfq/sPjWqzVuRURhfoEl0jH92gJrpHLdRGFAn0gl7Rm/PsvDsfzueytOQUPedoBc7XL+5amSo=</latexit>

{V̄ rep,k}, {V̄ dis,k}

{⇡̄rep,k}, {⇡̄dis,k}

• On policy update steps:


• Use the value function approximation to update the policy


• On value function update steps:


• Simulate the policy approximation forward (red) to update the value function



How do we represent the structure?

• For the policy:


• Only store the base-stock threshold  and then make use of the base-
stock form when using the policy


• In the case of , reduces the need to store individual policies for each inventory state


• On value function update steps:


• Store the value function as a sequence of slopes between points


• After each observation, project the value function to maintain concavity (i.e., make sure 
the slopes are non-increasing) (Nascimento and Powell, 2009)

lrep
t (w), ldis

t (zrep, w)

lrep
t (w)



How do we represent the structure?

z
<latexit sha1_base64="PLqzVNpWYSva7xRr66qzJ/vz2Ls=">AAACAHicbVC7TsMwFL3hWcKrwMhiUZCYqoQFmKjEwthKhFZqo8pxndaq40S2g1SiToysMHRj7YRY+RO+gZ/AaTvQliNZOjrnvnyChDOlHefbWlldW9/YLGzZ2zu7e/vFg8MHFaeSUI/EPJaNACvKmaCeZprTRiIpjgJO60H/Nvfrj1QqFot7PUioH+GuYCEjWBup9tQulpyyMwFaJu6MlG7Go9E7AFTbxZ9WJyZpRIUmHCvVdJ1E+xmWmhFOh3YrVTTBpI+7tGmowBFVfjY5dIjOjNJBYSzNExpN1L8dGY6UGkSBqYyw7qlFLxf/85qpDq/8jIkk1VSQ6aIw5UjHKP816jBJieYDQzCRzNyKSA9LTLTJZm5LPluqUA0Rsm2TjruYxTLxLsrXZafmliqnMEUBjuEEzsGFS6jAHVTBAwIUXuAV3qxna2x9WJ/T0hVr1nMEc7C+fgGKApkp</latexit><latexit sha1_base64="8+/yO7cqS+BlhnN1Pw0Olxush/0=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHaQSdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/Ecaa7g==</latexit><latexit sha1_base64="8+/yO7cqS+BlhnN1Pw0Olxush/0=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHaQSdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/Ecaa7g==</latexit>

r
<latexit sha1_base64="BDViASWcJgF40BHS7YVfNzbyp7w=">AAACAHicbVA9T8JAGH6LX1i/UEeXi2jiRFoXdZLExRESKyTQkOtxhQvXa3N3NSENk6OrDmyuTMbVf+Jv8E94BQYBn+SSJ8/zft0TJJwp7TjfVmFtfWNzq7ht7+zu7R+UDo8eVZxKQj0S81g2A6woZ4J6mmlOm4mkOAo4bQSDu9xvPFGpWCwe9DChfoR7goWMYG2kuuyUyk7FmQKtEndOyreT8fgdAGqd0k+7G5M0okITjpVquU6i/QxLzQinI7udKppgMsA92jJU4IgqP5seOkLnRumiMJbmCY2m6t+ODEdKDaPAVEZY99Wyl4v/ea1Uh9d+xkSSairIbFGYcqRjlP8adZmkRPOhIZhIZm5FpI8lJtpks7Alny1VqEYI2bZJx13OYpV4l5WbilN3y9UzmKEIJ3AKF+DCFVThHmrgAQEKL/AKb9azNbE+rM9ZacGa9xzDAqyvX30imSE=</latexit><latexit sha1_base64="qaliTgUZqKmFCcFHgG1GIjh6Qu4=">AAACAHicbVC7TgJBFL3rE/GFWtpMRBMrsmujVpLYWELiCglsyOxwFybMPjIza0I2VJa2WugfUBlb/8Rv8CecBQoBTzLJyTn3NcdPBFfatr+tldW19Y3NwlZxe2d3b790cPig4lQydFksYtn0qULBI3Q11wKbiUQa+gIb/uA29xuPKBWPo3s9TNALaS/iAWdUG6kuO6WyXbEnIMvEmZHyzfgtx3utU/ppd2OWhhhpJqhSLcdOtJdRqTkTOCq2U4UJZQPaw5ahEQ1Rednk0BE5M0qXBLE0L9Jkov7tyGio1DD0TWVIdV8tern4n9dKdXDlZTxKUo0Rmy4KUkF0TPJfky6XyLQYGkKZ5OZWwvpUUqZNNnNb8tlSBWpESLFo0nEWs1gm7kXlumLXnXL1FKYowDGcwDk4cAlVuIMauMAA4Rle4NV6ssbWh/U5LV2xZj1HMAfr6xcE5prm</latexit><latexit sha1_base64="qaliTgUZqKmFCcFHgG1GIjh6Qu4=">AAACAHicbVC7TgJBFL3rE/GFWtpMRBMrsmujVpLYWELiCglsyOxwFybMPjIza0I2VJa2WugfUBlb/8Rv8CecBQoBTzLJyTn3NcdPBFfatr+tldW19Y3NwlZxe2d3b790cPig4lQydFksYtn0qULBI3Q11wKbiUQa+gIb/uA29xuPKBWPo3s9TNALaS/iAWdUG6kuO6WyXbEnIMvEmZHyzfgtx3utU/ppd2OWhhhpJqhSLcdOtJdRqTkTOCq2U4UJZQPaw5ahEQ1Rednk0BE5M0qXBLE0L9Jkov7tyGio1DD0TWVIdV8tern4n9dKdXDlZTxKUo0Rmy4KUkF0TPJfky6XyLQYGkKZ5OZWwvpUUqZNNnNb8tlSBWpESLFo0nEWs1gm7kXlumLXnXL1FKYowDGcwDk4cAlVuIMauMAA4Rle4NV6ssbWh/U5LV2xZj1HMAfr6xcE5prm</latexit>

w
<latexit sha1_base64="q/Ck8HMkgAkUqMJhyavP8nKwVMw=">AAACAHicbVC7TsMwFL3hWcKrwMhiUZCYqoQFmKjEwthKhFZqo8pxndaq40S2A6qiToysMHRj7YRY+RO+gZ/AaTvQliNZOjrnvnyChDOlHefbWlldW9/YLGzZ2zu7e/vFg8MHFaeSUI/EPJaNACvKmaCeZprTRiIpjgJO60H/Nvfrj1QqFot7PUioH+GuYCEjWBup9tQulpyyMwFaJu6MlG7Go9E7AFTbxZ9WJyZpRIUmHCvVdJ1E+xmWmhFOh3YrVTTBpI+7tGmowBFVfjY5dIjOjNJBYSzNExpN1L8dGY6UGkSBqYyw7qlFLxf/85qpDq/8jIkk1VSQ6aIw5UjHKP816jBJieYDQzCRzNyKSA9LTLTJZm5LPluqUA0Rsm2TjruYxTLxLsrXZafmliqnMEUBjuEEzsGFS6jAHVTBAwIUXuAV3qxna2x9WJ/T0hVr1nMEc7C+fgGFLpkm</latexit><latexit sha1_base64="bTmPq8nbBzR7ncOt4zhjRqDM9CE=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHVAVdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/DPKa6w==</latexit><latexit sha1_base64="bTmPq8nbBzR7ncOt4zhjRqDM9CE=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHVAVdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/DPKa6w==</latexit>w

<latexit sha1_base64="q/Ck8HMkgAkUqMJhyavP8nKwVMw=">AAACAHicbVC7TsMwFL3hWcKrwMhiUZCYqoQFmKjEwthKhFZqo8pxndaq40S2A6qiToysMHRj7YRY+RO+gZ/AaTvQliNZOjrnvnyChDOlHefbWlldW9/YLGzZ2zu7e/vFg8MHFaeSUI/EPJaNACvKmaCeZprTRiIpjgJO60H/Nvfrj1QqFot7PUioH+GuYCEjWBup9tQulpyyMwFaJu6MlG7Go9E7AFTbxZ9WJyZpRIUmHCvVdJ1E+xmWmhFOh3YrVTTBpI+7tGmowBFVfjY5dIjOjNJBYSzNExpN1L8dGY6UGkSBqYyw7qlFLxf/85qpDq/8jIkk1VSQ6aIw5UjHKP816jBJieYDQzCRzNyKSA9LTLTJZm5LPluqUA0Rsm2TjruYxTLxLsrXZafmliqnMEUBjuEEzsGFS6jAHVTBAwIUXuAV3qxna2x9WJ/T0hVr1nMEc7C+fgGFLpkm</latexit><latexit sha1_base64="bTmPq8nbBzR7ncOt4zhjRqDM9CE=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHVAVdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/DPKa6w==</latexit><latexit sha1_base64="bTmPq8nbBzR7ncOt4zhjRqDM9CE=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHVAVdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/DPKa6w==</latexit>

z
<latexit sha1_base64="PLqzVNpWYSva7xRr66qzJ/vz2Ls=">AAACAHicbVC7TsMwFL3hWcKrwMhiUZCYqoQFmKjEwthKhFZqo8pxndaq40S2g1SiToysMHRj7YRY+RO+gZ/AaTvQliNZOjrnvnyChDOlHefbWlldW9/YLGzZ2zu7e/vFg8MHFaeSUI/EPJaNACvKmaCeZprTRiIpjgJO60H/Nvfrj1QqFot7PUioH+GuYCEjWBup9tQulpyyMwFaJu6MlG7Go9E7AFTbxZ9WJyZpRIUmHCvVdJ1E+xmWmhFOh3YrVTTBpI+7tGmowBFVfjY5dIjOjNJBYSzNExpN1L8dGY6UGkSBqYyw7qlFLxf/85qpDq/8jIkk1VSQ6aIw5UjHKP816jBJieYDQzCRzNyKSA9LTLTJZm5LPluqUA0Rsm2TjruYxTLxLsrXZafmliqnMEUBjuEEzsGFS6jAHVTBAwIUXuAV3qxna2x9WJ/T0hVr1nMEc7C+fgGKApkp</latexit><latexit sha1_base64="8+/yO7cqS+BlhnN1Pw0Olxush/0=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHaQSdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/Ecaa7g==</latexit><latexit sha1_base64="8+/yO7cqS+BlhnN1Pw0Olxush/0=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHaQSdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/Ecaa7g==</latexit>

w
<latexit sha1_base64="q/Ck8HMkgAkUqMJhyavP8nKwVMw=">AAACAHicbVC7TsMwFL3hWcKrwMhiUZCYqoQFmKjEwthKhFZqo8pxndaq40S2A6qiToysMHRj7YRY+RO+gZ/AaTvQliNZOjrnvnyChDOlHefbWlldW9/YLGzZ2zu7e/vFg8MHFaeSUI/EPJaNACvKmaCeZprTRiIpjgJO60H/Nvfrj1QqFot7PUioH+GuYCEjWBup9tQulpyyMwFaJu6MlG7Go9E7AFTbxZ9WJyZpRIUmHCvVdJ1E+xmWmhFOh3YrVTTBpI+7tGmowBFVfjY5dIjOjNJBYSzNExpN1L8dGY6UGkSBqYyw7qlFLxf/85qpDq/8jIkk1VSQ6aIw5UjHKP816jBJieYDQzCRzNyKSA9LTLTJZm5LPluqUA0Rsm2TjruYxTLxLsrXZafmliqnMEUBjuEEzsGFS6jAHVTBAwIUXuAV3qxna2x9WJ/T0hVr1nMEc7C+fgGFLpkm</latexit><latexit sha1_base64="bTmPq8nbBzR7ncOt4zhjRqDM9CE=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHVAVdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/DPKa6w==</latexit><latexit sha1_base64="bTmPq8nbBzR7ncOt4zhjRqDM9CE=">AAACAHicbVC7TsMwFL0prxJeBUYWi4LEVCUswEQlFsZWIrRSG1WO67RWHSeyHVAVdWJkhQH+oBNi5U/4Bn4Cp+1AW45k6eic+/IJEs6Udpxvq7Cyura+Udy0t7Z3dvdK+wf3Kk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLBTe43HqhULBZ3ephQP8I9wUJGsDZS/bFTKjsVZwK0TNwZKV+P33K81zqln3Y3JmlEhSYcK9VynUT7GZaaEU5HdjtVNMFkgHu0ZajAEVV+Njl0hE6N0kVhLM0TGk3Uvx0ZjpQaRoGpjLDuq0UvF//zWqkOL/2MiSTVVJDpojDlSMco/zXqMkmJ5kNDMJHM3IpIH0tMtMlmbks+W6pQjRCybZOOu5jFMvHOK1cVp+6WqycwRRGO4BjOwIULqMIt1MADAhSe4QVerSdrbH1Yn9PSgjXrOYQ5WF+/DPKa6w==</latexit>

optimize value function
<latexit sha1_base64="+pcO64YtCI67YHk9Q+vq6FNLOGI=">AAACGHicbVC7TsMwFHV4lvAqMDCwWFRITFXSBdgqsTAWidBKbVQ57k1r1XEi26lUonwJIyt8BBNiZeMb+AmcNgNtOdKVjs6519f3BAlnSjvOt7W2vrG5tV3ZsXf39g8Oq0fHjypOJQWPxjyWnYAo4EyAp5nm0EkkkCjg0A7Gt4XfnoBULBYPepqAH5GhYCGjRBupXz2NE80i9gR4QngKOEwFnTs1p+7MgFeJW5IaKtHqV396g5imEQhNOVGq6zqJ9jMiNaMccruXKkgIHZMhdA0VJALlZ7MDcnxhlAEOY2lKaDxT/05kJFJqGgWmMyJ6pJa9QvzP66Y6vPYzJpJUg6DzRWHKsY5xkQYeMAlU86khhEpm/orpiEhCtclsYUvxtlShyjG2bZOOu5zFKvEa9Zu6c9+oNXEZUwWdoXN0iVx0hZroDrWQhyjK0Qt6RW/Ws/VufVif89Y1q5w5QQuwvn4BtdigMw==</latexit><latexit sha1_base64="+pcO64YtCI67YHk9Q+vq6FNLOGI=">AAACGHicbVC7TsMwFHV4lvAqMDCwWFRITFXSBdgqsTAWidBKbVQ57k1r1XEi26lUonwJIyt8BBNiZeMb+AmcNgNtOdKVjs6519f3BAlnSjvOt7W2vrG5tV3ZsXf39g8Oq0fHjypOJQWPxjyWnYAo4EyAp5nm0EkkkCjg0A7Gt4XfnoBULBYPepqAH5GhYCGjRBupXz2NE80i9gR4QngKOEwFnTs1p+7MgFeJW5IaKtHqV396g5imEQhNOVGq6zqJ9jMiNaMccruXKkgIHZMhdA0VJALlZ7MDcnxhlAEOY2lKaDxT/05kJFJqGgWmMyJ6pJa9QvzP66Y6vPYzJpJUg6DzRWHKsY5xkQYeMAlU86khhEpm/orpiEhCtclsYUvxtlShyjG2bZOOu5zFKvEa9Zu6c9+oNXEZUwWdoXN0iVx0hZroDrWQhyjK0Qt6RW/Ws/VufVif89Y1q5w5QQuwvn4BtdigMw==</latexit><latexit sha1_base64="+pcO64YtCI67YHk9Q+vq6FNLOGI=">AAACGHicbVC7TsMwFHV4lvAqMDCwWFRITFXSBdgqsTAWidBKbVQ57k1r1XEi26lUonwJIyt8BBNiZeMb+AmcNgNtOdKVjs6519f3BAlnSjvOt7W2vrG5tV3ZsXf39g8Oq0fHjypOJQWPxjyWnYAo4EyAp5nm0EkkkCjg0A7Gt4XfnoBULBYPepqAH5GhYCGjRBupXz2NE80i9gR4QngKOEwFnTs1p+7MgFeJW5IaKtHqV396g5imEQhNOVGq6zqJ9jMiNaMccruXKkgIHZMhdA0VJALlZ7MDcnxhlAEOY2lKaDxT/05kJFJqGgWmMyJ6pJa9QvzP66Y6vPYzJpJUg6DzRWHKsY5xkQYeMAlU86khhEpm/orpiEhCtclsYUvxtlShyjG2bZOOu5zFKvEa9Zu6c9+oNXEZUwWdoXN0iVx0hZroDrWQhyjK0Qt6RW/Ws/VufVif89Y1q5w5QQuwvn4BtdigMw==</latexit>

run policy and observe new value
<latexit sha1_base64="nkKjppXGn1YL9q3qf7Y7kSGAZxA=">AAACIXicbVC7TgJBFJ31ifhCLW1uJCZWZKFROxIbS0xESGBDZoe7MGF2ZjMzi9kQWr/E0lY/wsrYGT/Bn3B4FAKe5CYn59w7d+4JE8GN9f0vb219Y3NrO7eT393bPzgsHB0/GJVqhnWmhNLNkBoUXGLdciuwmWikcSiwEQ5uJn5jiNpwJe9tlmAQ057kEWfUOqlTAJ1KSJTgLAMqu6BCg3qIIPERhlSk2CkU/ZI/BayS8pwUyRy1TuGn3VUsjVFaJqgxrbKf2GBEteVM4DjfTg0mlA1oD1uOShqjCUbTS8Zw7pQuREq7kham6t+JEY2NyeLQdcbU9s2yNxH/81qpja6CEZdJalGy2aIoFWAVTGKBLtfIrMgcoUxz91dgfaopsy68hS2Tt7WJzBggn3fplJezWCX1Sum65N9VilWYx5Qjp+SMXJAyuSRVcktqpE4YeSIv5JW8ec/eu/fhfc5a17z5zAlZgPf9C/2to24=</latexit><latexit sha1_base64="nkKjppXGn1YL9q3qf7Y7kSGAZxA=">AAACIXicbVC7TgJBFJ31ifhCLW1uJCZWZKFROxIbS0xESGBDZoe7MGF2ZjMzi9kQWr/E0lY/wsrYGT/Bn3B4FAKe5CYn59w7d+4JE8GN9f0vb219Y3NrO7eT393bPzgsHB0/GJVqhnWmhNLNkBoUXGLdciuwmWikcSiwEQ5uJn5jiNpwJe9tlmAQ057kEWfUOqlTAJ1KSJTgLAMqu6BCg3qIIPERhlSk2CkU/ZI/BayS8pwUyRy1TuGn3VUsjVFaJqgxrbKf2GBEteVM4DjfTg0mlA1oD1uOShqjCUbTS8Zw7pQuREq7kham6t+JEY2NyeLQdcbU9s2yNxH/81qpja6CEZdJalGy2aIoFWAVTGKBLtfIrMgcoUxz91dgfaopsy68hS2Tt7WJzBggn3fplJezWCX1Sum65N9VilWYx5Qjp+SMXJAyuSRVcktqpE4YeSIv5JW8ec/eu/fhfc5a17z5zAlZgPf9C/2to24=</latexit><latexit sha1_base64="nkKjppXGn1YL9q3qf7Y7kSGAZxA=">AAACIXicbVC7TgJBFJ31ifhCLW1uJCZWZKFROxIbS0xESGBDZoe7MGF2ZjMzi9kQWr/E0lY/wsrYGT/Bn3B4FAKe5CYn59w7d+4JE8GN9f0vb219Y3NrO7eT393bPzgsHB0/GJVqhnWmhNLNkBoUXGLdciuwmWikcSiwEQ5uJn5jiNpwJe9tlmAQ057kEWfUOqlTAJ1KSJTgLAMqu6BCg3qIIPERhlSk2CkU/ZI/BayS8pwUyRy1TuGn3VUsjVFaJqgxrbKf2GBEteVM4DjfTg0mlA1oD1uOShqjCUbTS8Zw7pQuREq7kham6t+JEY2NyeLQdcbU9s2yNxH/81qpja6CEZdJalGy2aIoFWAVTGKBLtfIrMgcoUxz91dgfaopsy68hS2Tt7WJzBggn3fplJezWCX1Sum65N9VilWYx5Qjp+SMXJAyuSRVcktqpE4YeSIv5JW8ec/eu/fhfc5a17z5zAlZgPf9C/2to24=</latexit>

update value function,
enforce structure

<latexit sha1_base64="dp1KTrHkgmP1VPQEuX5godpSisY=">AAACEnicbVC7TgJBFJ3FF+ILtLSZSEysyC6N2pHYWGLiCglsyOxwFybMzm5m7moI4TMsbfUjrIytP+A3+BMOsIWAJ7nJybmvkxOmUhh03W+nsLG5tb1T3C3t7R8cHpUrxw8myTQHnycy0e2QGZBCgY8CJbRTDSwOJbTC0c2s33oEbUSi7nGcQhCzgRKR4Ayt1CtXQEWJPUUN6oxjpqFXrro1dw66TrycVEmOZq/80+0nPItBIZfMmI7nphhMmEbBJUxL3cxAyviIDaBjqWIxmGAytz6l51bpU2vBlkI6V/9uTFhszDgO7WTMcGhWezPxv14nw+gqmAiVZgiKLx5FmaSY0FkOtC80cJRjSxjXwnqlfMg042jTWvoyu61NZKaUlko2HW81i3Xi12vXNfeuXm3QPKYiOSVn5IJ45JI0yC1pEp9w8kReyCt5c56dd+fD+VyMFpx854Qswfn6BQZ6nbY=</latexit><latexit sha1_base64="dp1KTrHkgmP1VPQEuX5godpSisY=">AAACEnicbVC7TgJBFJ3FF+ILtLSZSEysyC6N2pHYWGLiCglsyOxwFybMzm5m7moI4TMsbfUjrIytP+A3+BMOsIWAJ7nJybmvkxOmUhh03W+nsLG5tb1T3C3t7R8cHpUrxw8myTQHnycy0e2QGZBCgY8CJbRTDSwOJbTC0c2s33oEbUSi7nGcQhCzgRKR4Ayt1CtXQEWJPUUN6oxjpqFXrro1dw66TrycVEmOZq/80+0nPItBIZfMmI7nphhMmEbBJUxL3cxAyviIDaBjqWIxmGAytz6l51bpU2vBlkI6V/9uTFhszDgO7WTMcGhWezPxv14nw+gqmAiVZgiKLx5FmaSY0FkOtC80cJRjSxjXwnqlfMg042jTWvoyu61NZKaUlko2HW81i3Xi12vXNfeuXm3QPKYiOSVn5IJ45JI0yC1pEp9w8kReyCt5c56dd+fD+VyMFpx854Qswfn6BQZ6nbY=</latexit><latexit sha1_base64="dp1KTrHkgmP1VPQEuX5godpSisY=">AAACEnicbVC7TgJBFJ3FF+ILtLSZSEysyC6N2pHYWGLiCglsyOxwFybMzm5m7moI4TMsbfUjrIytP+A3+BMOsIWAJ7nJybmvkxOmUhh03W+nsLG5tb1T3C3t7R8cHpUrxw8myTQHnycy0e2QGZBCgY8CJbRTDSwOJbTC0c2s33oEbUSi7nGcQhCzgRKR4Ayt1CtXQEWJPUUN6oxjpqFXrro1dw66TrycVEmOZq/80+0nPItBIZfMmI7nphhMmEbBJUxL3cxAyviIDaBjqWIxmGAytz6l51bpU2vBlkI6V/9uTFhszDgO7WTMcGhWezPxv14nw+gqmAiVZgiKLx5FmaSY0FkOtC80cJRjSxjXwnqlfMg042jTWvoyu61NZKaUlko2HW81i3Xi12vXNfeuXm3QPKYiOSVn5IJ45JI0yC1pEp9w8kReyCt5c56dd+fD+VyMFpx854Qswfn6BQZ6nbY=</latexit>

update structured policy,l̄rep,kt (w)

V̄ rep,k
t (z, w) V̄ rep,k+1

t (z, w)⇡̄rep,k
t (r, w)



Structured actor-critic algorithm

• Input: random initial policies and 
piecewise concave value function


• At each iteration , loop through all 
time periods 


• Simulate current policy forward to get 
new slope observations


• Update value function using the slope 
observations (and do concave proj.)


• The updated value function implies 
new basestock thresholds


• Update the policies


• Repeat

k
t



Almost sure convergence of S-AC

Theorem. Both the value function and policy approximations converge to their 
optimal counterparts almost surely. We have








almost surely. Same holds for the dispensing values and policies.


v̄rep,k
t (zrep, w) k→∞ vrep,*

t (zrep, w),

π̄rep,k
t (r, w) k→∞ πrep,*

t (r, w),



Baseline algorithms vs S-AC

• Multi-stage version of SPAR (Nascimento and Powell, 2009) 

• Uses concave value functions + a temporal difference to update slopes without 
a policy approximation


• Actor-critic (AC) with linear function approximations for both policy and value 
function


• Monte-Carlo policy gradient (PG) with the same policy function approximation as 
the AC algorithm


• Q-learning (QL): each state-action pair is updated independently


• S-AC and SPAR lie in between the extremes of AC/PG and QL



Synthetic experiments (iterations)

• Main takeaways: 

• AC is the most competitive when accounting for the number of iterations


• PG and AC do well initially, especially for the largest problem, likely due to the fact 
that they use stochastic policies (initially random) that encourage exploration early on


• Vanilla Q-learning is largely ineffective



Synthetic experiments (CPU time)

• Main takeaways: 

• SPAR (value functions with concavity projection) is most competitive


• PG and AC act on the original action space , so updates are slightly 
slower than SPAR and S-AC (which take advantage of structure)

(zrep, zdis)



Synthetic experiments (convergence of thresholds)

Instance 1: 9 information states

Instance 2: 12 information states

Instance 3: 15 information states

• Main takeaway: 

• S-AC exhibits more stable convergence to the true threshold, compared to the “implied” 
thresholds of the other algorithms



Synthetic experiments (sensitivity analysis)



Case study: Naloxone for First Responders Program

• Setup: 

• Motivation: the NFRP program’s hierarchical structure relies on a centralized 
coordination entity (our “dispensing coordinator”)


• Data: monthly opioid overdose data from the five most-affected counties in 
Pennsylvania (these are the PODs)


• Utility function of a county is based on proportion of incidents occurring there relative 
to the other counties



S-AC with clustered information states

• Weakness of S-AC: Exploits 
structure in the inventory 
dimension but not the information 
dimension


• The case study has a 5-
dimensional information space, 
which becomes challenging to 
handle


• Minor extension: Perform k-
means clustering in the information 
dimension and then run S-AC on 
an “aggregated MDP”


• Similar to aggregation in 
Tsitsiklis and Van Roy, 1996, 
but only in the information state



Case study: Naloxone for First Responders Program

• Heuristics 

• Upper-level: Mean = replenish up to the mean demand


• Lower-level: FCFS = dispense in a first-come-first-serve manner


• Lower-level: DPR = solve using DP with discrete states, then regress on result



Case study: Naloxone for First Responders Program



Case study: Naloxone for First Responders Program



Thank you! Questions?

Please feel free to email me at drjiang@pitt.edu for additional comments!


A revised version of this paper will be available soon.

mailto:drjiang@pitt.edu

