arXiv:2105.08848v1 [math.OC] 18 May 2021

Optimal Control of the SIR Model with
Constrained Policy, with an Application to
COVID-19

Yujia Ding, Henry Schellhorn
May 20, 2021

Abstract

This article considers the optimal control of the SIR model with both
transmission and treatment uncertainty. It follows the model presented
in Gatto and Schellhorn (2021). We make four significant improvements
on the latter paper. First, we prove the existence of a solution to the
model. Second, our interpretation of the control is more realistic: while
in Gatto and Schellhorn the control « is the proportion of the population
that takes a basic dose of treatment, so that a > 1 occurs only if some pa-
tients take more than a basic dose, in our paper, « is constrained between
zero and one, and represents thus the proportion of the population under-
going treatment. Third, we provide a complete solution for the moderate
infection regime (with constant treatment). Finally, we give a thorough
interpretation of the control in the moderate infection regime, while Gatto
and Schellhorn focussed on the interpretation of the low infection regime.
Finally, we compare the efficiency of our control to curb the COVID-19
epidemic to other types of control.

1 Introduction

This article extends the analysis of the model presented in Gatto and Schellhorn
(2021).We make four significant improvements on the latter paper. First, we
prove existence of a solution. Second, In Gatto and Schellhorn (2021) the op-
timal control « has the interpretation of the proportion of the population that
takes a basic dose of treatment, so that o > 1 occurs only if a proportion of
the population takes more than a basic dose of treatment. In the low infection
regime part of our paper, « is constrained to be between zero and one, and rep-
resents thus the proportion of the population undergoing treatment. The latter
interpretation is much more realistic, as it is uncommon to ration treatment.
Third, we provide a complete solution for the moderate infection regime (with
constant treatment). The final improvement is a thorough numerical analy-
sis and sensitivity analysis of the moderate infection regime, while Gatto and
Schellhorn (2021) focused exclusively on the interpretation of the control in the



low infection regime. This enables us to discover some errors in the second-
order term of the solution in Gatto and Schellhorn (2021), which we correct
here. Finally, we compare the efficiency of our control to curb the COVID-19
pandemic to other types of control. While our solution is complex, it allows to
satisfy the objective better. Also, our analytical solutions allow for an intuitive
understanding of the optimal control compared to a purely numerical solution.

The structure of the article is as follows. In section 2 we briefly introduce
the model in Gatto and Schellhorn (2021), and provide a proof of existence of
the solution. In section 3, we show our results for the low infection regime. In
section 4, we extend and analyze the solution in the moderate infection regime.
Section 5 shows our experimental results when applying our methodology to the
COVID-19 in the US in 2020. We draw the conclusion in Section 6. We refer the
reader to our earlier paper, Gatto and Schellhorn (2021) for a literature review.

2 A Stochastic SIR Model with Treatment Un-
certainty

Let S, I, R be the proportions of susceptible, infected, and out of infection
(recovered, and dead), respectively. Let 8 be the transmission rate and p be
the death rate.

In the SIR model, the rate of decrease ‘fl—f of the proportion of susceptible is
equal to the constant transmission rate 8 time SI. As in Gatto and Schellhorn

(2021), we add a term o5v/STBL where 481 is white noise, in order to model

dt dt
the error in the transmission rate:
ds dB;
— = —pB851 vVSI——
dt pSI+os dt

The optimal policy « is the proportion of the infected population that re-
ceived treatement, thus a(t) € [0,1]. The presence of this constraint is an
important addition to the model in Gatto and Schellhorn (2021). Depending
whether the individual is treated or not, there are then four different ways for
an infected individual to exit the pool of infected:

e not treated and recover

e not treated and die

e treated and recover

e treated and died.

Thus, the ”out of infection rate” will be:

dR(t
MO — 1010y + (1~ 0O+ aBIOK(E)
not treated and recover not treated and die treated and recover
dB» (1)
+oa®Im —  a®)It)e2
——

treated and die
treatment measurement error



For simplicity, we assume that the Brownian motion driving transmission
uncertainty (B;) is independent from the Brownian motion driving treatment
uncertainty (Bs). We suppose that 1o > w1 (people die faster without treatment
than with treatment), but the reader will not lose any intuition by supposing
that po = p1. Most of the time K (t) > K (treatment is better than no treat-
ment), but not necessarily. We relax this requirement somewhat by requiring:

P(Ky < K1(t)) is close to one (2)
We model the treatment rate as an Ornstein-Uhlenbeck process:
dK 1 (t) = Me(ky — K1 (t))dt 4 opdBs(t)
with the mean-reversion rate Ay > 0 and the long run value of the treatment
rate k1. It is well-known that K is Gaussian, with variance equal to:
2

Var|[K, (t)] = 2k

_ —2X\it
= 2)\13(1 e )

Thus, if mean-reversion is large compared to volatility ok, constraint (2) is
satisfied. We simplify (1) by:

dR(t) B,
Icéé) = Ko+ po + at)(—Ko + Ki(t) — po + p1) — a(t)UW
Putting everything together, the dynamics of the infected is:
dI(t) dR(t) dB
“ar —/BS(t)I(t)_T—US S(t)l(t)ﬁ

We try to minimize a measure of the infected over our horizon 7. To model
risk-aversion to unfavorable treatment decisions, the decision-maker is supposed
to minimize the expected value of a convex and increasing function of I(7T).
Alternately, one can maximize the negative thereof, i.e., maximize the expected
value of a concave and decreasing function of I(T'). Such a function U is called
a wutility function in financial economics. The policy obtained in maximizing
the expected value of a concave utility function can be showed, under certain
conditions, to maximize the expected value of the outcome (here —I) under a
constraint on the dispersion of the outcome. Out of the universe of concave
decreasing utility functions, we choose the power utility function:

'

_177
The coefficient v is often called the risk-aversion parameter. When v = 0
the decision-maker is risk-neutral, meaning that the uncertainty does not have

an influence on her decisions. It is straightforward to check that this power
utility function is concave in I when v < 0,which we will assume. Taking for

U(I) =

instance v = —1, we see that the objective is to
12
maxE| — —
-4



which returns the same policy as:

2
minE[%}

The importance of analytic formulations is that other figures of interest in
this model, like the expected number of deaths from treatment can be analyt-
ically calculated, and depend on «. Thus, a decision-maker can calibrate its
risk-aversion parameter v on other goals. Expected number of deaths is only
one type of goal and economic factors that can be easily added. We define

7 =min{t > 0|I(t) <0 or I(¢t) > 1}

Our controlled SIR model is thus:

0<a(t)<1 11—~

dS(t) = —BS(H)I(#)dt + os+/SOTE B (1) (3)
dI(t) = (BS(t) — (Ko + po) + a(t)(Ko — K1 (t) + po — pa)) I(t)dt

+ a(t)I(t)odBs(t) — o5\/SE)I(t)dB1 (¢) (4)
dK (t) = A\ (K — K(t))dt + 01,dBs(t) (5)

The relative sign of our volatilities ¢ and oy, is important. We will assume
without loss of generality that ¢ < 0. The sign of oy is the sign of covariance
between the measured value of today’s treatment rate and the change in value
of the treatment rate between today and a future date. An example may help
illustrate the difference. Suppose that over a week one performs daily measure-
ments of the treatment recovery rate as well as daily forecasts of the evolution
of the treatment recovery rate over the next day. The two quantities measured
each day t are proportional to the same white noise By(t+1 day) — Ba(t). One
then calculates weekly estimates & of o and 6, of oy over these 7 daily observa-
tions. Since we arbitrarily choose o > 0, a positive 6}, shows a correlation of +1
between the measurement (of today’s treatment rate) and the forecast. Figure
1 is a depiction of our model.

Theorem 1. For any given intial value (S(0),1(0), R(0)) and any X (0) there
exists a unique solution of (3)(4)(5) up to time 7.

The proof of Theorem 1, included in Appendix A, follows the proof of a
theorem of Yamada and Watanabe (1971), as exposed in the book by Karatzas
and Shreve (2014, Prop. 2.13, Sec. 5.2).

3 Results in the Low Infection Regime

We assume S(¢) close to one and og = 0. Thus the term:

r=f3S(t) — (Ko + po) ~ 8 — Ko — o



[ Susceptible J
S(t)

|

[ Infected ]
I(t)
a(pul+K1)*

aK1*

(1-a)(nO+KO)*I

Not
treated

[ Recovered

Figure 1: A stochastic SIR model

is assumed constant. With this simplification, we give an analytical solution

to the constrained problem, i.e., the case where 0 < «a(t) < 1, a significant

improvement over Gatto and Schellhorn, who considered the unconstrained case.
We define the impact of treatment risk X:

_ Ko+ po—pm = Ki(t)

g

X(t)

as well as the long run impact of the treatment risk X:

Ko-&-/lo—,ul—ffl
o

X:

We define A\, = Ay and o, = o /o. For simplicity we write u = Ko + po.
We consider first the case where the treatment rate is constant, and then the
case where it follows an Ornstein Uhlenbeck process.

3.1 Constant Treatment Rate
Let b= — 11 — k1. The problem is:



1—y
sup IE[ — i) }
0<a(t)<1 1—y (6)

dI(t) = (r + a(t)(b — 1)) I(£)dt + a(t)oI(t)dBs(t)

Theorem 2. The optimal control is constant, and satisfies

: ki1 — Ko
a = min (l,max 0, )
e

The proof is the Appendix B, and follows closely Cvitani¢ and Karatzas
(1992).

3.2 Treatment Rate as Ornstein-Uhlenbeck Process
The problem is

[ 1)
dI(t) = (r + a(t)o X () I(t)dt + a(t)oI(t)dBs(t) (™)

dX(t) = M\ (X — X(t))dt — 0,dBs(t)

In the low infection regime our solution will depend on a kernel Hy(X¢, 7)
with 7 = T — ¢, while in the moderate infection regime it will also depend on
two other kernels Hy (X, 7) and Ha(X¢, 7) that are closely related. In order to
unify notation we define the kernels. Define

Ho(Xer) = exp (£ (AU 4 sy Xeot s + (1= 7))

(8)

and, for i > 0

T, 1 2
1:%,7) = exp (L(AEDXE L )Xo+ Aalrnf)) ) 0)
where
1-—n 2(1 — exp(=6(7)7))
) = e e 0000 — (o)
- ) ey )7 /2))"
SO i @) - 00 TR - eolama)
par) = ( A ) % Ay(s,7) + (v~ Dpds (12)
b1(7)=1_77 2(7 As) b3(7)::§




We provide an explicit formula for As(7,) in Appendix C. The solution to
(7) is shown in Gatto and Schellhorn (2021, Prop. 1), but with some typos in
the expression of Hy(X¢, 7), hence we correct the mistake by providing (8) in
this paper.

4 Results in the Moderate Infection Regime

We first handle the Ornstein-Uhlenbeck treatment rate case, which was pre-
sented in Gatto and Schellhorn (2021, Prop. 2). In this work, we aim to correct
the typos and provide more detials for the Proposition 2 in Gatto and Schellhorn
(2021).

4.1 Treatment Rate as Ornstein-Uhlenbeck Process

The problem is defined in Section 2. We rewrite here for convenience,

I(min(r, T))lfw

supE[ - 1 ]
dS(t) = —BSt)I dt+aS\/S (t)dB (¢
dﬂﬂzz@S()—u+«u>aX<» (Mt+a(ﬂ@wd3ﬂﬂ (13)
— o5/ SH)I(t)dB(t)
dX(t) = M\ (X — X(t))dt — 0,dBs(t)
To express the solution of (13), we further define
N - 29(7)6%(52(’7/2)—b2(7)—9(7))(7'—0
M“””‘2ww—wmw»+mw>u—e4WW=% )
my (r,2) = M(t,7) + tM(s,T)()\ X + 1A2(7’—8 ~))ds
As(T —7,7)
AT )
Vy (1,2) = o / M?(s,7)ds
1 B? 1
o0 = [ i T MG OLT 0k
A%( -7, P)/)
X exp (;Ag(T —-7,7) — AT =7.7) (15)

(RO 7)),
V= 2VY(7—7 X)Al(T - T, ’V)




From this, we can calculate:

1 1
2087 \/1—2W (1, X)A (T — 7,7) /7
2 (T — 7m) — A3(T —71,79) mi (1, X) A (T — 1,7)
XexP(vA“‘(T AT ) v—zv;»(r,X)Al(T—rm))
X(Al(T—t,’y/Q)X(t)+A2(T—t,’y/2)
v/2
2my(T,X)A1(T—T,’7)
v =2Vy (1, X) A1 (T — 7,7)

dg T
87X—/T:tH2(X7T—t)

M(t,T))dT

Theorem 3. Let I(0) = e. Suppose I(t) < 1. If 0, < 0 then the problem (13)
has a solution such that

I(t) = eZYV () Hi (X (1), T — t) + 227 (£)S(t)g(X (t), 1) + O(?)
where Z(t) satisfies:

dz 281 VST
7:(*M+X2+602 )dtfﬁas dB; + XdB,
S

2(0) = (—H1<X<o>,T> + VHE(X(0),T) — 4=5(0)9(X(0), 0)(O(?) - 1))”

2e5(0)g(X(0),0)

The optimal control a*(t) = ap(t) + eaq (t) + O(?) where:

Oéo(t) = )i/(;) — % (Al(T — t/Y)X(t) + AQ(T — t,’y))
an(t) = Z7(t)S(t) (g(X(t)J)X(t) _,. 99
"W H(X(6),T - to 5 "X

T

" Q(XSW (AT = £, 7)X (1) + Ao(T — 1,7)) )

The proof is in Appendix D. We refer to Gatto and Schellhorn (2021) for a
discussion of ag. The sign of oy is determined by the signs of o and

9(X(t),1) dg

— 1
y Trox (16)

(X(6) + 00 (AT = £,1)X (1) + Aa(T — 1,7)) ) -
More specifically, oy is positive if o and (16) are both positive or negative. ay
is negative if one of them is positive and the other one is negative.

It is obvious that the magnitude of both g(X(¢),¢) and g—j"( decrease with time
and are equal to zero when ¢t = T. Therefore, the importance of a; decreases
as time increases.

To further discuss the sign of (16), we rewrite it by

’g(X(t),t)’ (( 0. Az (T —t,7) D 10,129
v xr
Y

1+ |opAr(T — t,7)) X (t) + X - e




Thus, suppose %, X (t), and X are all positive, (16) is positive, and vice versa.
In the following cases, we provide two simple cases that we can easily discuss
the sign of aq:

. 1f 290 >0, p— p > max(Ki(t), k1), then o is positive.

. 1f 290 <0, p—p <min(Kq(t), k1), then oy is negative.

In the following, we discuss the full expansion of the solution in Theorem 3.
Consider equation (57) in Gatto and Schellhorn (2021):

(%+L1+5L2)f=o
This time we use full asymptotic expansion:
f—f1+sf2+...—ifl—s“
and obtain: 1
o (@) S (G s )

The terms of our asymptotic expansion are thus determined by:

(2 +L)n=0 (a7)
(gt+L1)fz+1 —Lof; i=1,2,... (18)

We use the Ansatz:
FZW),X(#),0) =2 SH)F Tlg(X(t),t)  i=1,2,...
We have showed that ¢y = H; and g, = ¢ in the proof of Theorem 3. By the
same process, we can also calculate the expressions for gs, g4, ... in the sequel.
4.2 Constant Treatment Rate
The problem is:
I (T)l’”]
L=~
dS(t) = —BS()I(t)dt + o5/SOIA)dB (¢ (19)
dI(t) = (r+a(t)(b— r)I(t )dt+a( Yol(t) ng —os\/S)I(t)dBy(t
Let 7 = T — t, the solution kernels h;(7) for i = 1,2,... are given by:

hi(T) = exp (2:1 (%(b?%)z + ai,2)7') (20)

supE[—




where

1—q/27!
dil = ~y/2i1 (21)
ais = (7/27 = 1)u (22)

Theorem 4. Let I(0) = ¢, then the problem (19) has a solution such that
=2 s e
i=1

where g1(t) = hi (T —t), gi(t), i > 1 can be obtained by (44), and Z(t) satisfies:

dz b— 281 ST b—
—:(—u+( D)2y B )dtﬂgdB1+ UT

Z o US
1= Z(0)%/78(0)* 1gi(0)e’
=1

Moreover the optimal proportion undergoing treatment a*(t) equal to ap(t) +
ey (t) + O(e?), where ag(t) and ay(t) are equal to
b—r ZYVYH)S(Et) b—r
Qo =773 a1 = 2
o h(T —t)g2(t) vo

The proof is in Appendix E, where we also provide a formula for g3. Observe
that

B ho(T — t) — h2(T —t) k2 hQ( - mT )
20% (b;r)2(a1,1 —ag1) +2(a1,2 — azz2) 203 ( )

g2(t) =

is always positive because the signs of ho(T —t) — h3(T —t) and YL — ( )

5 Application to COVID-19

We use the same data set and parameters (see Table 1) as in Gatto and Schell-
horn (2021), but this time we show the optimal control (result of Theorem 2)
of problem (6). We compare in Figure 2 three types of treatment:

e no treatment
e full control, i.e., a(t) =1

e optimal control, given in Theorem 2

We can see that, for all risk-aversion parameters vy considered (between —1 and
—5), our control is better.
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‘ Treatment Parameter ‘ Symbol ‘ Value ‘

Death rate/no treatment 1o 0.0575
Death rate 1 0.0575
Recovery rate/ no treatment Ky 0.2559
Recovery rate at time 0 K1(0) 0.2559
Long run value of recovery rate k1 0.4612
Volatility of the measurement of today’s recovery rate | o 0.4418
Volatility of changes in the recovery rate ok -1.1647
Speed of mean-reversion of the recovery rate Ak 0.7692
Transmission rate 153 0.025
Proportion of infected at time 0 € 0.01
Time step At 0.001

Table 1: Parameters

-y —e- Optimal Control

of Low Infection with Constant Treatment

1-y le—3 le—4 --#- Full Control
1 s PRl 9 T eeaapast
I —£. -1.0 -
>-' T T I'.up_."l ‘l
0 5 10 15 20 0 5 10 15 20
~ 0 le—3 le—6
! -0.5 [}
] IR oo tesessecteef
>“ T T IH -I- “ T _1;5 T T T **\‘I.** T
0 5 10 15 20 0 5 10 15 20
o 0 le—3 le—8
- T —0. fmﬂﬂﬂmuuoﬂ
Il :i@ oy Ak
> =24 T T «Hl"‘a T ' F T T *-*\‘I’** T
0 5 10 15 20 0 5 10 15 20
le—4 le—10
¥ Or"'““!:"'"""q 0
1l oy At _ gy . o
>~ =5 F T T “f“ T 2 F T T *‘"‘l'* T
0 5 10 15 20 0 5 10 15 20
le—4 le—-12
Cal 0 0.0 ;
o g _ T, e
>" 1 T T “‘-‘ T 2I5 T T T *l*‘f' T
0 5 10 15 20 0 5 10 15 20

Figure 2: Optimal control of low infection with constant treatment. Weekly US
COVID-19 data from June 7, 2020 to November 1, 2020. Github repository for
generating the plot: https://github.com/yujiading/optimal-control-sir-model.
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6 Conclusion

We showed that a stochastic optimal control approach enables to fight the
COVID-19 epidemic better. Many interesting problems remain to be solved.
For instance, we could analytic constrained policies in the multiple treatment
case or the Ornstein-Uhlenbeck case. Optimal vaccination is another area where
we believe a similar asymptotic approach can be used. Finally, Bertozzi et al.
(2020) use Hawkes processes to model COVID-19. The control of Hawkes pro-
cesses remains a largely open problem that deserves attention, in particular for
its application to epidemiology.

Appendix A Proof of Theorem 1

We follow the proof in Karatzas and Shreve (2014, Prop. 2.13, Sec. 5.2). They
consider the one-dimensional case. Let h : [0,00) — [0, 00) be a strictly increas-
ing function with A(0) and

/ h™2(u) = 00, Ve >0 (23)
(0,6)

In our case, we take h(z) = . Because of (23), there exists a strictly decreasing
sequence {a,} C (0,1] with a¢ and lim,_ a,, = 0 such that f;l"_l h=2(u)du =
n. For every n there exists continuous function p, on R with support on
(an,an—1) so that

2

0< pnlz) < : 0

< pn(z) < @) ©7

and f o (u)du = 1. Then the function
l|  ry

:c):/ / pn(u)dudy
o Jo

is even and twice continuously differentiable, with |/ (x )| 1 and lim, 0

U, (x) = |z|. Suppose there are two strong solutions (11, §(* ) d (I®,53),
d(I® — 1@ _E[1MD - 1?]) — ac(IV — 1?)dB,
= —05 (\/su)](l) - V5@1@) dB,
= d(S(l) S(2 [S(l 5(2)])

so that

(d(IV — 1@))2 < 628V 1D — s 1)t + (ao)2 (1Y — 1?))2at
(d(SM — §@Y))2 < g2(SWOTN — A2t
d((IM — 1@y (sM — §@))) <« —o2(SW M) _ P12t

12



Thus, since |¥| < 1,
E[dW, (I — 1) + d,(s;" — 5*))]
= B[, (1" — 1)@ = 1?)) + (5" = 5 (d(sM) - 5?)))]
1
+ B - 1)@ — 1)y

1
+ SB[ (S = ) (s — 57))?)
< E[28|SVTW — SP[Pat + | DTN — 1?)|at]

1
+ B/ (1) — 1)e2 (S 1M — g 1))

2

+ %E[m;g(sg” — SN2 (SM 1M — g2 1)) gy
1

+ 51&[\1:;;(15” — I (a0)2 (M — 1@)?)at

where
D = —(Ko + po) + (Ko — K1 + pro — p11)
Observe that:

SO _g@r@ — g _ 1@y 4 1@ (g _ 5(2))
< [IW — @] 4150 — 53

Since ¥!' < 2/nh and h is positive,

(\Ifii(lt(” Iy st - 552’)) (SmI(l) _ s<2>1<2>)

2 1 1
2 7 _ @) (1) _ g2
<2 (sgr = * s sy ¢ 187 =57
2 ( [1V — 13 1S — 52
S (h<|1<1> —1@)) " (S - s<2>|>)
Taking h(z) = x results in

E[dT, (I} 1) + d¥, (5 — 5()]
< (El@18] + IDDIIY — 1] + E2|8)|S® - 5]

20%  (ao)?
=S 4 LRI — 1)) at
+ 75+ 2K )
Since limy, 00 Uy () = |2],
1 2 1 2
B - 1)+ 15 — 57

t
< [ Ei@I81+ ID.DID ~ 1)) + BB — SP
0

2
+ g )
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But,
E[(218] + |D: )1 ~ 1)) < VE[RIBT+ DDAV ENLEY - 172

Since IV — 1?] < 1, B[(1Y — 12 < 1 and \/E[(IY — 1)) < E[II{Y —
1] thus
B[V - 117+ |5tV - 5]
t oo 2
< [ (Ve 1o + g ) e - £
+2|BIE[ISD — 52 Jds
t . (a0)2
< | max (VE[CIBI+ D7 + 25, 218]
0
x E[lI{Y — 1?50 — 5@ Jds

and local uniqueness follows by Gronwall’s inequality.

Appendix B Proof of Theorem 2

We refer to the problem treated by Gatto and Schellhorn (2021) as the uncon-
strained problem. Indeed, in that problem « was not constrained. We refer
to our problem as the constrained problem. We follow the method of proof
in Cvitani¢ and Karatzas (1992), referred to hereafter as CK. They introduce
auzxiliary problems, which are unconstrained. They show that there exists an
auxiliary problem which solution can be used to construct the solution of the
original constrained problem. We follow the numbering of the sections in CK
in order to ease understanding.

CK Section 2. The Model. To ease the correspondence with the CK paper,
we define b —r = Ko+ po — pp1 — k1, 0 := (b—r) /0o, and

HO(t) = exp(—rt) exp ( — /Ot 0dBs(s) — ;/Ot 92ds)

Observe that ]E[f(f 62ds] < oo.
CK Section 3. Portfolio and consumption processes. Define:
t
B (t) = By(t) + / Ods
0

Denote by I»* the infected process subject to 1(0) = i and control a. It is
admissible if _
0<I"*(t)<1 Vvo<t<T

14



The set of admissible « is denoted Ay(i). Note that (See (3.5) in CK)

HOMI(t) =i+ /0 t HO (5)I(s)((s)o — 0)dBa(s)

CK Section 4. Convex sets and their support functions. The difference
between CK and this paper is that our objective is to minimize. This means
that the key relation between our auxiliary infected and infected is reversed
compared to the first equation in CK. Indeed if o, solves the auxiliary problem
and « the original problem, we must have:

IDov () < I (t)

Define
0 v<0
5(1/){ v v>0 (24)
It is subadditive:
(A +v) <d(N)+6(v) (25)

CK Section 5. Utility functions. The main difference between our utility
functions and the utility functions in financial economics is that our utility
functions are decreasing for positive arguments. Recall indeed that our utility
function is, for v < 0:

Uli) = —1—
1) = —
1—v
Since
U'(i)=—i""

We have lim;_,oo U'(i) = —o0 and lim; o U’(i) = 0, again for v < 0. This is
unlike CK and Wachter (2002) who consider the case 0 < v < 1 with utility of

wealth Us(x) = Il_,: In their case, lim,_,o Uj(z) = 0 and lim,_,o Uj(z) = oo.
We define I to be the inverse of U’, with I5(y) on y < 0. By straighforward

calculations:
Ly) = (-y)~'/"
We also define the Legendre-Fenchel dual

Uly) = max[U(z) — ay] = U(L2(y)) — yl2(y)

This function satisfies:

Uy)=—-Ly) y<o0
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CK Section 6. The constrained and unconstrained optimization prob-
lems. We define:

A'(i) ={a € A ()0 <a <1}

The supremum of the unconstrained problem is denoted by V{;, while the supre-
mum of the constrained problem is denoted by V', namely:

Vo(i) = :Ep(l)E[U(Ii’“(T))II(O) = i
Vi) = sup E[U(I(T)I0) =4
ac A’ (1)

CK Section 7. Solution of the unconstrained problem. We note that

the expectation
Xo(y) = B[HO(T) I,(yH'"\(T))]

is finite for every y € (—o0,0]. We define its inverse Vp:

Yo(Xo(y) =y
The solution of the unconstrained problem is well-known, and equal to:
0 —b
als) = — =~

oy ol

CK Section 8. Auxiliary unconstrained optimization problems. Re-
call §(v) in (24). It is easily seen that:

1677 v<0

“”_5(”):{ (a—1v v>0 }<0

We introduce a new process I(*) by:

dI(t) o
Tow (r+ a(t)v(t) — 5(v(t))dt + a(t)od B (t)

Likewise we introduce

0" =0 +v/o
BW)(t) = By(t) + / t 0™ (s)ds
0
H®(t) = exp ( —rt+ /Ot 5(V(s))ds>€< - /ot Q(V)(s)ng(S)>
£( - /0 t 0 ()dBa(s)) = exp ( - /0 "0 (5)dBa(s) — % /O t(G(”)(s))2ds)
We denote by A, (i) the class of a for which

) <1
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Since the solution of our dual problem will have a(t)v(t) — §(v(t)) < 0,
clearly A’(7) C A, (i). We define:

V(i) = :Ep(,)E[U(I”“(T))]

X, (y) = E[HY(T) L(yH™)(T))]
We define a class of progressively measurable processes v in R by:

T

D' = {vE [ st < oo,ﬂa/y?(t)dt < 00, &, (y) < 00, € (~00,0]}

0

Proposition 8.3. in CK shows that, if for some A € D’ the corresponding
control a is optimal for the auxiliary optimization problem and if

—5(A) + ax(HA(H) = 0

then o € A’(7) and is optimal for the constrained problem.
The solution of the unconstrained problem is:

6 9 —b—
_ _ 0+ vjo T ! v (26)
oy oy ol

als

CK Section 9. Contingent claims attainable by constrained portfolios.
We sketch the proof of theorem 9.1 in CK, as the signs are different, and the
structure of the control is slightly different.

CK 9.1 Theorem. Let B be a positive Fr-measurable random variable and
suppose there is a process A € D' such that, for all v € D’

E[H")(T)B] < E[HM(T)B] :=i (27)
Then there exists a control o € A'(i) such that I** = B.

Sketch of Proof. See CK p.782 for a definition of the stopping time 7,,. By (27)
and subadditivity of ¢ (25):

1
0 < lmsup “E[(HNT) — gOtev=2) (7)) B]
€ 3

= 1613)1 sup éE [H(’\)(T)B<1 —exp (

/0 "B + 2((8) — M) — BA(D) dt

) 5( /OT/\Tn(e()\) ) + 6(A+e(u—>\))(t))dB§/\) (t))))}

< lmsupE [HW(T)B(LT + Np)
E.
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where

” 6(A(1)) v=0
M (A1) = { —8(v(t) — A(t)) otherwise

By Ito’s lemma.

AHN () I()(Le + Ny)) = It HO (£)d(Ly + Ny)
+ (Ly + N)YHV () I(H)a(t)od B () + T HN (t)a() (v(t) — A(t))dt

which implies
HMN(T)I(T)(Lr + Nr)

- / I(t)H(A)(t)<7y(t) 2D g, 4 Nojoa(t))dB (1)
0 o

" ) a(t)(v(t) — "
+ /0 HOO1(1) (alt)(v(t) = A®)dt + dL,)
Therefore,
0 < B[HN(T)B(Ly + Nr)] = B / " HO @1 (o)) = M@t +dLy)]
0

It is easy to see that, for any p € D', take v = A + p:
—0(p(t)) + a(t)p(t) = 0 (28)
and, taking v(t) = 0, we obtain:
—0(A(t)) + a(t)A(t) <0
which together with (28) for p = A yields:
—0(A(t)) + a(t)A(t) =0

O
CK Section 10. Equivalent optimality conditions. The most important
implication to prove is (D)=-(B)=-(A) in CK. It shows that the solution of the

dual problem solves the auxiliary problem, and that, moreover, it is feasible and
optimal for the original constrained problem. We make it more explicit here.
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(Part of) CK 10.1 Theorem. Suppose that for every v € D,
E[UIA()HN(T))] < E[UDAGHY(T))] (29)

then there exists a control ay € [0,1] that is optimal for the constrained problem
V(i) = E[U(I%**(T))] and such that

Proof.
E[U (i) HN(T))] < E[UDx(i) HA=I)(T)))

Since U’(y) = —I(y),

0

IN

liyysup ZE[0 (D3 () HOH0—0 (7)) — D@ H (7))

1
V(1) lim sup E]E[Iz(%(i)H“)(T))(H“)(T) — HOFEmI(T))
E.
By theorem 9.1 there exists a control ay € A (i) such that:
12(T) = L (VA (i) HA(T))
Clearly « is optimal for the constrained problem, and
—0(A) +ax(®)A(t) =0

Thus by proposition 8.3, «y is optimal for the constrained problem. O

CK Section 12. A dual problem. Define:

Viy) = inf E[0(yH,(T))

In our case,

Thus
y=U'(z)= -2 = Dy) = (~y) /"

Let p = (1 —~)/7. Then:
Uly) =—=(=y)""/p

Typically, v = —1, so that: ~
Uly) = y*/2
The main problem in condition (29) is to find the optimal process H &

(across all H®)) but it depends on y which depends on X. Thus the dual must
be fixed for a fixed but arbitrary real number y. The objective has the form

E[U(yH"(T))] = E[U (I2(yH" (1)) — yH"(T) I2(yH ()]
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The right handside of the equation (see Korn (1997, p.134)) is the maximum
of the function h(B,y) := L(B,y) for all non-negative Fr measurable B with
E[H®)(T)B] < i. Thus a minimization over all positive numbers y of h(B,y)
would yield the optimal utility of the unconstrained problem. We could thus
first minimize E[U(yH®)(T))] in y, and then minimize over v. However, the
main idea is to first minimize over u, and then minimize over y, hoping that the
two can be interchanged.

CK 12.1 Proposition. Suppose that for anyy there exists A, such that V(y) =

E[U(yH*») (T))]. Then there exist an o € A'(i) withi = X) () which is optimal
for the primal problem, and we have:

V(y) = sup[V (i) — iy]

K3

Proof. Write A for Ay, ;). Then

E[U (i) HM(T))] < E[UA (i) H(T))]
and we conclude by CK Theorem 10.1. O

CK Section 15. Deterministic coefficients and feedback formulae.
Define:

Qy.t) =E[U(yH"(T)[yH™ (t) = ]
Recall
dH®)
HW)
The HJB equation is:

= (—r+6())dt — (0 +v/o)dB;

min 920+ v/0)2Qyy + y(—r +5()@y +Qr =0

(=y)~*
p
Again, with p = (1 —v)/v < 0. We choose

Q(T,y)=Uly) = -

Q1) = = (=) "ol
Thus
S0+ [0V Quy + (14 5()Q,
= 5o+ D(=y) o6+ /o) + (1 + 5(w))(~y) Pu(t)
Dividing by (—y)~*v(t), the problem becomes:

argmin — HTP(Q +v/o)? +6(v) (30)
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Recall that if v is positive, then §(v) = v thus we solve (30) and obtain

i +r—b 2y +7r—b
V= r—b=—-o r—
1+p 7

since 1 + p = 1/v and 7 is negative. If v is negative, then d(v) = 0, thus
v=r-—b.
From (26), the solution is

r—b—v

= o

= min (1,max (O, (7;2_|7b|))

Suppose g = p1 and treatment is better than no treatment k1 > Ko. Thus
r —b=ky — Kq is positive. Thus

a(s) = min (Lmax (0’ k1(72—|’;’|(0)>

Appendix C Explicit Formula of A3(7,v) in (12)

T 0.2 _ 0.2
As(r,y) = / (I + /\mX> A3(s,7) + 79”141(877) + (v = 1)pds
0

2y
B ‘L% - 20, Xbo(7)Aa(T,7)  2X32\2 _ Au(r9)
N (m“@( Fb() | P0) ( bs(7)
20(7) = (0(1) +b2 (1) (1—e*7)
+8b%(7)ﬂ°g< il ) o) -2y
(b2(3) — 0(3)v/Br(MEa(7) 6B (7)

« log (bQ(’Y) —24/b1(7)b3(7) < 2b2(7) + 44/b1 (7)bs (7)e ¢ (I7/2

0(7) 20(7) — (b2(7) + 0(7)) (1 — e=0(7)
(b2(7y) + 0(7)) A (T, 7))) n 43 ()T
1

2b1(7) (b2(7) +6(v))?
Lo ( Ly < 20(7)e =007 ) s >
2 \ b3(7) 20(7) = (ba(7) +0(7)) (L —e=97) | ba(y) +6(7)
+(y = Dpr

Appendix D Proof of Theorem 3

We following the proof of Proposition 2 in Gatto and Schellhorn (2021). Recall
the equations (58) (59) in Gatto and Schellhorn (2021) and following same
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notations:

(aat )fl (31)
(gt )fz —Laf1 (32)

where Ly, Ly are equations (53) (54) in Gatto and Schellhorn (2021).

Solution of (31) We postulate that:
A(Z,Xt)=ZH (X, T —t)

Substitution in (31) shows that H; solves:

(% + L) Hy =0 (33)
Hy(X,0) =1

where the operator L” is defined by:

pit = g (e x5
+((57G - ) +ut- )

Using the Ansatz (9), we can rewrite the LHS of (33) into:
(Cl(t)Xz + Cg(t)X + Cg(t))Hl/’}/ =0

Clearly all terms C1, Cs, C3 must be identically zero. Thus:

dAi(t,y) o2 v 11—~
dAs(t, 2A(t, -1 _
i) TR g1 + (T = A a(t7) + A XA (109)
dA t, g A2 ta Y
P % (i) + 22E) 0, X a0) — (1 - )

which admit the solutions (10),(11),(12).
Solution of (32) The second equation can be rewritten

P 1
<8t+L1)f2 25 ZYVSH (X, T —t)? (34)

We try the Ansatz:
F2(Z(), X(8),t) = Z(1)*S(D)g(X (), 1) (35)
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Thus

0 /82
—_ v/2 _

9(X,T)=0

We use Lemma to obtain the ¢g(X,¢) in (15).
The optimal policy is:
1 [OF oF

*77 _OF _ 2
a* = <8ZXZ 8XU'T) ap +eag + O(e?)

where

_ OhXZ 0fi ou
Qo = ﬁrﬁ_aXUf1
X)) o,
_ Py(a)_30(AI(T_tﬁ)X(t)+A2(T—ta7)>

o = XL(00_Onk)_ o (% 00
VT oopa\oz 0z f) ofi \OX  OX fu

(g(X (1), )X (@) 99
¥ e

ZM(t)S(t)
H\(X, T —t)o
NI A A, g(X(t),1) (A1 (T — t,7) X (t) + Ay (T — t, 7)))

Lemma 5. Let u(z,t) = Hi(z, T —t)%. The solution to

s+ L2g(x,t) = u(z,t) (36)

is in (15).

Sketch of Proof. The solution g(z,t) is the price of a variable-coupon bond in
an affine model. The building block is the solution of a zero-coupon bond in the
similar model. Define m(z) and r(z) to be such that:

L2 f(x,t) = 303% + m(x)% — () f(x,t)

m(z) = (7/72/; Lo - Ao )+ A X

,1 .2 2
= (22> (= —1) +p(1-=
@ = (22140 -2)

Let f(x,t) be the solution of:

0 02 0
L0 LA ¢ 2

= r(@)f(z,1) (37)
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Defining:
° dX(t) = m(X)dt + o, dW(t) (38)

we see that:

of (x,t) 1 ,0%f(x,t) of(z,t)
o ta% g Ty

Thus (37) can be rewritten:

= Eldf (X, )| X(t) = z]/dt  (39)

Bldf (X(t),t) — r(X (1) f(X(£),t)dt| X (t)] = 0
Using the integrating factor exp(— f(f r(X(s)ds), we have:
]E[d(exp(—/o (X (s))ds) f(X(2), )| X (#)] = 0
Under the boundary condition f(X(T),T) = 1 the only possible solution is:
T
fatT) = Blexp(= [ (X(s)d)|X () = =

Define P(t,T) = f(X(t),t;T) = H2(X(t),T — t) to be the price of a discount
bond with a maturity of T'. Clearly:

dP(t,T)
=r(X T
PULT) r(X(t))dt 4+ v(t, T)dW (t)
where:
af
v(t,T) = 0,2
t,T) 7
By Ito’s lemma, and for the exact same reason as (39):
dg(x,t) 1 ,0%g(z,1) dg(x,t) B
5 3053 m(x) B El[dg(X, )| X (t) = z]/dt

The stochastic equivalent of (36) is:
E[dg(X(t),t) — r(X(8))g(z, t)dt| X ()] = E[u(X(2), t)dt]| X (1)]

The solution is:

where:

T
MXwﬁ:/;Q@ﬂM

Q(t,7) =1E[eXp(—/ (X (s))ds)u(X (1), )| X ()]

t

Clearly, for some volatility og(t, 7)

dQ(t, 7)
Qt, 1)

= r(X(£))dt + og(t, 7)dW (¢)
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We are now ready to define a change of numeraire. Let
dWT =dW —v(t,7)dt
By Theorem 9.2.2. in Shreve (2004), Q(t,7)/P(t,7) is a PT-martingale, i.e.,

Q(t7 T) = P(t7 T)EZ— [U(X(T)]

where
dX(t) = m(X)dt+ odW(t)
= m(X)dt + o, (dWT(t) + v(t, T)dt)
From (9)
W(X(8),1) = 1.5 %(Mx(t)u,qz(T—t,y)X(t)JrAS(T_tﬁ))

20’52’)/

Let us now take:
P(t,T) = exp (v (MXQ(Q+A2(T—t,w/2)X(t)+A3(T—t,7/2)))

Thus: o
vt 7) = = (Ad(r — £,7/2) X (t) + A2(7 — t,7/2))

;/2 — Az + 2A1(7'—t,7/2))X(t)—1—)\30)_(
(40)

+ 7%42(7 —1,7/2)| dt + 0, dW (1)

ax(t) =[(

Thus E] [u(X (7))] when (40) holds can be calculated exactly the same way
as E[u(X (7))] when (38) holds. The structure is also affine, and there will be a
solution of the form:

Ef [u(X (), 7)] =

1 p? o2 (A X2 (1) A (T—r ) X (1) + A3 (T=7.7))
20327 £l

To summarize, since P(t,T) = Ha(X (t),T — t)
T
o, 1) = / P(t, 7)E] [u(X (r), 7)]d7
/ Hy(X.r —1)s (41)

2 0527

B [ew(f‘l””’x () +A2(T—r )X (D+As(T-rm) | 1
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Let M(t,7) as in (14) and

Clearly:
~ T _ 0'2
ET[X(r)[X (1) = 2] = 20 (¢, 7) + /:t W (s, 7\ X + 22 Ag(r — 5,7)ds
Var' [X(7)|X () = 2] = o2 /t " (s, 7)ds

Thus we can calculate:
my (7,x) = E"[Y(7)|X(t) = ]

=E"[X(7)|X(t) =]+ T
W (r,z) =Var"[Y(7)|X(t) = 2] =0
We can further develop:

g7 [exp (2 (2522000 + Aa(T - 1) X(7) + AalT — 7.9)) )]

2
Ap(T—77)\2_ AS(T—7.)
|:e.2yA3(TT"Y)+},A1 (T*Ta’Y) (X(T)+ A?(T—7,1)> - 'yAzl(T—r,fy):|

=E

=3

2 AZ(T—7,v) AL(T—7,7) Ag(T—7,7) 2
= EI |:e’YA3(T_T"Y)_’YA21<T7'x’Y)e v (X(T)+A1(T*TW)) :|

AZ(T—7,7)

Ay (T=7y) 2 _ (y=my (r,2))?
YA (T

2
2A3(T—7,v)— — 5 Y 2Vy (7,7) dy

= o

AZ(T—7) m2 (1,2) Ay (T—7,7) 1

— AT~ =t Ry e AT
V1 =2V (1,2)Al(T —7,7) [~

providing v < 2A4;(T — 7,v)Vy (7, ). Thus equation (15) follows from equation
(41). O

Appendix E Proof of Theorem 4

When X (t) is a constant, equations (53) and (54) in Gatto and Schellhorn (2021)
become

1 b—r.20%F OF
L F==27 — —pZ—— + ukF
WP =02 (= ) g gyt
132 OF
LoF= -2 zSFp7—
2 20% S oz
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Use the Ansatz fi(Z(t),t) = Z'/7(t)hy (T — t) and insert in (17) shows that h;
solves:

((;)t n m) hi=0  hy(0)=1 (42)

where the operator L7 is defined by:

g = ((b—r)z(ll 1

g

Using the Ansatz (20), we can rewrite (42) into:
b—r

(Cl(t)(

Clearly all terms C7, Cy must be identically zero. Thus

)+ C’g(t))hl/v —0

day 1t 1—7 day ot
2 = 2 = — ].
o 5 4 =1

which admit the solutions (21), (22) at i = 1.
Now use f;(Z(t),t) = 22 /7 ()% =1(t)gi(t). We can rewrite (18) by

9 ; 1 g22i-1

— 4+ L) gia(t) == 2(¢ i1 (T) =0 43

(5i+27 ) om0 = 3500 s (43)

26i—1
Let u(t) = %BUQ@ g2(t) and
20 /1 ,b—7.2
ry = ;(5( ) Qiy1,1 +ai+1,2)

Then

L gi1(t) = rigia (t)
and the stochastic equivalent of (43) is:
9gi+1(t)

~ o +7rigiv1(t) = u(t) 9i+1(T) =0

which admits

152271 1

alt) = 5
gi1 (0 2 0%y hipa(t)

/t G3()hisr (s)ds (44)

We have showed that g1 = hy (T —t). Here we also provide the go and g3 in the
following:

B ho(T —t) — h3(T —t)

2 b_rn2
205 (bg ) (a11 —az,1) +2(a12 — azz2)

gt) =
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2
0= ( ! ) 1
g3 - — 6 . 2
160 (bT) (@11 —az,1)+2(ar2 — as2) hs(t)
hs(T) _ hs(t) ha(T) _ ha(t)

R3(T) — h3(®) RET) — REQR)
hg(T) asz 1—az 1 2b—r 2 ) +h£11(T) as1—ai1 {b—r\2
A5 (220) fag —agp G201 (B28) 4 g5 —ay,
ha(TYRI(T) _ ha(H)hi(®)
_2h2 () - hZ(TI) B 3h2(t1)
2 ag1—aj 1
hl(T) az 1— 3 P (b;r)2 + a3’2 _ a212;a1‘2

Suppose we use the first two expansions, the optimal policy is given by:

o = ag +eay + 0O(e?)

where
N e
a0 = 0Z ofi o
o 2 T2 (0 0N Y 2 ()S() ga() 5
Yoo \0z oz f (T -t~
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