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Abstract

Valuation of claims for a large trader with liquidity risk is investigated.
For a large trader, liquidity risk is extremely important and permanent price
impact as well as liquidity costs need to be considered. In this paper, we
model the effect of illiquidity via trading speed (rate of change in holdings)
and assume trading action may have permanent impact on the underlying
asset. Utility based pricing is used to price and hedge contingent claim.
This paper shows that the value functions of these problems are the unique
viscosity solutions of a fully nonlinear second-order PDE. An example in
which the optimal solution is obtained explicitly and some numerical results
are presented.

1 Introduction

Liquidity risk is considered as the most important risk in finance industry these
days. Although there seems no unanimous agreement on the definition of liquidity
risk, there has been a growing literature on “illiquidity” which is to model the
effect of illiquidity and to solve important problems within the model. Apparently,
modeling of liquidity risk is challenging but very important.

In the literature on market liquidity for the underlying asset, there are two
approaches for modeling; one is temporary price impact and the other is per-
manent price impact. The first one is the effect of liquidity cost incurred while
changing position as a price-taking trader. Roughly speaking, this arises on short
time scales as the result of trading, and can be thought of as a trader having to
work through the limit order book to acquire his desired change of holding. The
second one is the effect of a large trader on the underlying asset (called feedback
effect), caused by the fact that a large trader has just traded some quantity of



the asset. By the large trader we mean there is some lasting impact caused by its
trading action.

Models for the effect of liquidity costs without considering permanent price
impact have some similarities to those for transaction costs, in the sense that
illiquidity adds some extra costs to trade. The effect of illiquidity makes trading
more difficult or costly. Many researchers built on the model for market liquidity
risk outlined in Cetin et al. (2004). Essentially the spot price of the underlying
in the model depends on the size of the block being traded through the stochastic
supply curve. For example if one wants to purchase a huge amount of shares
of stock, there may not be enough supply at the market price, so one will end
up paying above the market price for such a big block of shares. In Cetin et
al (2010), authors use strategies with minimal super-replication cost inclusive of
liquidity premium to price contingent claims in continuous time setting. Ku et al.
(2012) derived a partial differential equation which provides discrete time delta
hedging strategies whose expected hedging errors approach zero almost surely as
the length of the revision interval goes to zero. The equation gives the value of
the call from the sellers point of view. In all the literature above, the approach
does not take into account the impact on the evolution of underlying asset from
the actions of a trader and is suitable for models accounted for small traders.

There also has been a growing literature for large traders. Frey and Stremme
(1997) modeled the effect of the dynamic hedging strategies on the equilibrium
price of the underlying asset and used general aggregate demand reaction function
that depends on the traders exogenous stochastic income. Also see for example
Jarrow (1994), Frey (1998), Platen and Schweizer (1998), and Bank and Baum
(2004). These papers assume trading actions have a lasting effect on the stock
price evolution. For the literature on optimal liquidation in which the aim is to
unwind an initial position by some fixed time horizon, we refer to Almgren and
Chriss (2001), Almgren (2003), and Forsyth (2011). These papers try to liquidate
a given initial position optimally by some fixed time. Longstaff (2001) considered
the optimal portfolio choices in an illiquid market where the trading strategies
were assumed to be of bounded variation. The paper of Avellaneda and Lipkin
(2003) discussed stock pinning on option expiration date and the price impact of
delta-hedging.

In this paper, we investigate the option pricing and hedging problem for a large
trader considering both temporary price impact and permanent price impact.
Specifically, we assume illiquidity will pose some kind of nonlinear transaction
cost on trading and a trading action will have a lasting impact on the stock price
evolution. A trader will face costs in trying to trade very rapidly. Thus the
effect of illiquidity costs depends on the rate of change of holding, rather than
the size of change of holding. Rogers and Singh (2010), and Forsyth (2011) also
assume that the effect of illiquidity costs is dependent on the speed of trades. We
assume, moreover, there may be a lasting impact on the underlying asset due to
this rapid trading action. We use the utility based approach to price European
options in a market with liquidity risk. Utility indifference pricing is proven to be
a powerful method to price options in the market with friction, such as a market
with transaction cost in Hodges and Neuberger (1989) and Davis et al. (1993)



or a market with non-traded assets in Henderson (2002). We apply the utility
indifference approach to price European options in illiquid markets.

We study the utility maximization problems, and derive two Hamilton-Jacobi-
Bellman equations to characterize the value functions for this optimal control
problem. We define the option price to be the difference between the initial wealth
of the two utility maximization problems achieving the same expected utility. We
use viscosity solutions to characterize HJIB equations and prove the existence and
uniqueness of solutions of the HJB equations. We provide an example incorpo-
rating liquidity risk and permanent price impact, which gives an explicit solution
for optimal strategy. We give a detailed discussion of this example and numerical
results.

The paper is organized as follows. Section 2 introduces our model and explains
the utility maximization problem. Section 3 is devoted to results on existence and
uniqueness of solutions for the HJB equations that arise from the optimal control
problem. Section 4 provides an example and discusses the numerical results in
detail. Section 5 presents some conclusions of the paper.

2 The Model

We consider a financial market which consists of a risk-free asset and one risky
asset S on a given probability space (2, F,P) with a filtration {F; : ¢t > 0}.
The price of the risk-free asset (the amount of cash in a bank account) grows at
interest rate r.

We define the set of trading strategies to be the set of all {F;}-adapted pro-
cesses with left continuous paths that have right limits. We let 7 be the number
of shares of asset S held at time ¢. We shall assume that 7; to be a finite-variation
process, where m; = fot ve d§ and v¢ is uniformly bounded by M < oco. The trading
speed can be expressed as
dﬂ't

dt

We restrict the set of trading strategies available to the trader by the condition
that a trader cannot change his position too fast, i.e., the changes in the number of
shares of asset S held over any time interval never exceed M-multiple of the length
of the time interval. We note that M might be determined by market conditions
such as the daily trading volume of the asset. We also assume that a trading
strategy is allowed if it keeps the wealth (mark-to-market value) bounded below,
which ensures that a trader cannot take advantage of certain pathological varieties
of arbitrage such as doubling strategies. We denote by I' = {v; : 0 < ¢t < T} the
set of admissible trading strategies available to the trader.

UV =

2.1 The permanent price impact

In this paper, we consider the pricing problem in illiquid markets for a large
trader whose trading action will have a lasting impact on the underlying price



evolution. The price of the risky asset S; follows an {F;}-adapted geometric
Brownian motion, except the effect of the price impact. The lasting price impact
is modeled by imposing a function of the trading speed into the drift term of the
risky asset price as follows:

dS; = (/,(, + g(’Ut))Stdt + O'Stth, te [O, T] (1)

where g(-) represents the effect of the price impact (possibly identifying as zero,
if one wishes). This function is assumed to be smooth and ¢(0) = 0.

2.2 The effect of Liquidity costs

In illiquid markets, the market provides different prices for buying and selling
stock, depending on how many shares she wants to trade, or how rapidly she
wants to change the position. Let S(t,v;,w) be the stock price per share at
time ¢ € [0, 7] that a trader pays/receives for a trading speed v; € R. The actual
execution price of the stock to be paid/received is different from the price initially
quoted. In practice, if a trader wants to change in her holding with speed v; the
actual traded price S(t, v, w) will not be equal to the market price S; due to the
effect of illiquidity. More specifically, when v; > 0, the stock is purchased and
the buying price will be greater than S;. When v; < 0, the stock is sold and the
selling price will be less than S;. We assume the (stochastic) traded price of stock
is given by

S(t,vt,w) = f(’Ut)St, - M S V¢ S M (2)

where f(-) is a smooth, positive and nondecreasing function with f(0) = 1. We
assume S(t, v, w) increases as vy increases, which is consistent with the intuition.
The faster the buying speed, the higher the average paid price per share. The
quicker the selling speed, the lower the average received price per share of stock.

2.3 Utility indifference pricing for European options

The idea of utility maximization approach to pricing a European option is as
follows. The utility indifference price for a contingent claim C' is the price at
which a trader is indifferent (in the sense that her expected utility under optimal
trading is unchanged) between receiving p now to pay a claim Cp at time T and
receiving nothing and having no obligation.

Assume the trader has initially By units of risk-free asset (amount in a bank
account). If the trader writes n units of a European option for price p, she will
receives n multiple of p at time 0 for writing the option, and she needs to buy or
sell stock to maximize expected utility of wealth she will obtain after fulfilling the
obligation for the option Cr at maturity 7. The trader will try to maximize her
expected utility of the wealth at maturity T even If she does not take the short
position for the option.

Let U(-) be a utility function. Utility functions are assumed to be concave,
strictly increasing and twice continuously-differentiable functions. We also assume



that U(-) satisfies the linear growth condition, i.e., U(x) < K(1 4+ |z|) for some
constant K.

First, we consider the expected utility maximization for final wealth with the
option obligation. Assume that at time ¢, the stock price is .Sy and the trader holds
B; units in the bank account and 7; shares of stock. The large trader controls the
trading speed v; to adjust her stock position, so v; is the control variable. Let K
be the compact subset of R corresponding to the set I' of admissible strategies at
time t.

We define
Jw(t,ﬂ'7S7B7’U) :E{U(TFTST-FBT —’I’LCT) m=m, S =8, B = B}

where C'r is the payoff of the European option at maturity 7" and n is the number
of the options sold. The value function of the trader with the option obligation
is given by

V¥ (t,n,S,B) =max J(t,m, S, B,v)

vell

Next we consider the expected utility maximization of final wealth without
option obligation. Define

J(t, 7, S,B,v) = E{U(ﬂ'TST +Br)|m=m7,5=S5,B; = B}

The value function of the trader without having option obligation is given by

V(t,n,S,B) =max J(¢t, 7, S, B,v)
vell
Let the initial stock price at time 0 is Sg. Then the utility indifference price for
the option at time ¢ = 0 is the real number p satisfying the following equation

Vw(077T07 SOa BO + ’/lp) = V(Oaﬂ'Ov SO) BO)

Clearly, the utility indifference price p depends on her prior exposure (g, So, Bo)
and utility function U(-).
From (1) and (2), we have the following dynamics of state variables

dﬂ't = ’Utdt
dSt = (‘LL + g("Ut))Stdt + O'Stth
dBt = TBtdt — f(Ut)StUtdt

From the definitions of value functions and the dynamics of state variables, it
is evident that the dynamic programming principle yields the same HJB equation
for these two value functions. The only difference between the two value functions
is that they have different terminal conditions. By a familiar argument, the value
function V¥ (¢, 7, S, B) and V (¢, 7, S, B) are expected to satisfy the following HJB
equation:
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0= rnax{ +v—7r + (u—|—g(v))5¥ - f(’l})S’U@ +rB

which can be rewritten as

ow ow ow ow oW o25% 0*W
0= max{va7r — f()Sv——= + (u—l—g(v))S} + 2 B T2

veK 0B oS ot 0B 2 052

with the terminal condition W (T, 7, S, B) = U (S + B — nCr) for V¥ (¢, w, S, B),
and W(T,n,S,B) =U (7S + B) for V(t,n,S, B).

3 Existence and uniqueness of the solutions of
HJB equation

In section 3, we obtain the existence and uniqueness of the solutions for HJB equa-
tion that arises from the optimal control problem in Section 2. This result implies
that the value functions of our stochastic control problem is a unique viscosity
solution of a nonlinear second-order PDE. The notion of viscosity solutions was
introduced by Crandall and Lions. For a general view of the theory, we refer to
the user’s guide by Crandall et al. (1992). We consider a nonlinear second-order
PDE of the form

—% + H(z, D,W (t,x), D2W (t,2)) = 0

where(t,z) € [0, T] x D and H(x,p, M) is continuous mapping from D x RY x
Sy — R, where Sy denotes the set of symmetric N x N matrices.

For the PDE in this paper, H(x,p, M) has the following specific form:

2
H(I,p, M) = Igleafé{ [Ua (,LL +g(v)):z:2, 7’Uf(’U)I2 - Tx3] : [plap27p3]T} - %(O,IQ,O)M(O,IEQ,O)T

where * = (21,79,73) € D, p = (p1,p2,p3) € R®, and M € S3. D denotes a
subset of R3 such that 5 > 0 and x 29 + x5 > —K for some constant K.

Theorem 3.1. The value function V¥ (¢, 7, S, B) is a viscosity solution of

oW oW oW ow ow 0282 9*°W
~r {aﬂ —fWSvgg —rByg T *W”Sas} 2 0%
(3)
on [0 T]xD.



Proof. (i) Let the state = (m, S, B) and we first prove that V' (¢, ) is a viscosity
subsolution of (3) on [0, T] x D. For this, we need to show that for all smooth
function ¢(¢,x), such that V¥ (¢, z) — ¢(¢,x) has a local maximum at (tg,xg) €
[0, T] x D, the following inequality holds:

- 20000 s L2000 (g0)50-4 7,) P00
do(t 282 920 (t
+ (14 g(v)) Sy, ¢(a(gl‘o)} e 2t0 ‘i();;mo) <0

Without loss of generality, we assume that V¥ (g, x0) = ¢(to,zo), and V¥ < ¢
on [0, T] x D. Suppose that, on the contrary, there exist function ¢ and control
variable vy € I' where I is the set of all admissible controls, satisfying the property
that there exists an open set O(tg,xo) containing (o, zo) such that ¢(tg,zo) =
V¥ (to,zo) and ¢(t,z) > V¥ (¢, z) for all (t,x) € O(ty, zo). Then there exists § > 0
such that

0o(t, x) B mea}}({ {anﬁ(t,x) — (f(0)Su + TB)aqS(t,:c)

ot om 0B
IP(t,x) | 0252 5% (t, x)
+ et g()s 2} - TETEET 5 g

for all (t,z) € O(to,x0). Let 7 be the stopping time
T =inf {t € [to, T], (t,x) & O(to,x0)}.
Then, for tg <t < 7 and fixed v € I', we have
J(to; g5 Sty Bigv) < By [V(7, S7, 77, Br)| < By [0(tr, S7, 77, Br)]

By Dynkin’s formula, we have

E[¢(t7’ T, Sr, B-,—)] = ¢(to, Tty Ste, Bty) + Ety {/ 9¢(t, 2) + Ua¢(t’ 7)
t

, ot on
2Q2 952
—( f(v)5v+r3)% + (1 +g())S 8@2”0) -2 25 J 222””) dt

< @(to, Ty, Stes Bto) — Et, [/ Hdt]

to

Taking the supremum over all admissible control v € I', we have
(b(t()a ﬂ-toa St0> Bto) = Vw(t()a 7Tt07 St() ) Bto) = Hvlealzi J(t07 7Ttg7 Sto ) Bt07 /U)
S Q/)(tO;ﬂ-toaStovBto) 7Et0[/ edt]
to

This contradicts the fact that § > 0. Therefore V¥ (¢, 7, S, B) is a viscosity sub-
solution.



(ii) Next, we prove V¥(¢,x) is a viscosity supersolution of (3) on [0 T] x D.
Given (to,ms,,St,, Bt,) € [0, T] x D, let ¢(t,z) € C*%([0, T] x D) such that
V¥ (t,x) — ¢(t,x) has a local minimum in O(tg,xo). Without loss of generality,
we assume that V¥ (to, zo) = ¢(to, o) and V¥ (t,x) > ¢(t,x) on O(to, xo). Let 7
be the stopping time

T =inf {t € [to, T, (t,x) & O(to, 0)}

Given tg < t; < 7, consider the control variable v; = v € I' where v is a constant
for t € [to, t1]. From the dynamic programming principle, we have

V¥ (to, Ttys Sto, Bio) = Euo [V (t1, 4y, Sty Biy)]

Also, we know

Vw (tla 7Tt1 ) Stl ) Btl) > ¢(t15 7Tt17 St1 ) Btl)
By Dynkin’s formula

t1
E [¢(t1, Tty St1 s Btl)] = gf)(to, Tto s Sto, Bto) + Eto |:/ a¢(t7 .CE) =+ Ua¢(t7 l’)
t

o ot or
0¢(t, x) Oo(t,x) 0282 9%¢(t, )
9B S + dt:| .

oS 2 052

= (f(v)Sv+rB) + (1 +g(v))

From the fact that
V¥ (to, Tty Sto> Biy) > By I:Vw(t177rt1>st1aBt1):| > By, [¢(t177rt1>5t173t1)]

and Vw(t()v 7Tt0 ) Stoa Bto) = (b(tOv 7Tt07 Sto ) Bto)»

" 2Q2 72
g [ 2 ) g5 s L) PP

0

Letting t; — to, we have

09(to, o) = Op(to, o)
o ' on

8¢(t07 1'0)

3¢(t0,9€0)+0252 ?¢(to, o) <0
0B

oS 2 052 -

—(f(v)Sv+rBy) +(utg(v))S

Taking the supremum over v € K, we can conclude

do(to, 99(to,
_w_%%{vw_(f(v)5v+7“30)

8¢(t07$0)
0B

8¢(t0,l‘0) _ 0'252 82¢(t0,l‘0) >0
oS 2 052 -

+ (1 +g(v))S

Thus, V¥ (t,m, S, B) is a viscosity supersolution of (3).
From (i) and (ii), V¥ (¢, 7, S, B) is both a viscosity supersolution and subsolu-
tion of (3), and hence the proof is completed. O



We showed that V*(t, 7, S, B) is a viscosity solution of

R T U T R T T I T

0 = max
veK

{ ow ow 8W} ow oW 02S5% 0*°W

on [0 T] x D with the terminal condition
W(T,n,S,B)=U (7S + B —nCr),

and also V (¢, S, B) is a viscosity solution of

0 = max
veK

ow ow ow ow oW  0%2S%0°W
{Uaﬂ_f(U)S’UaB+(,U+g(U))Sas}+8t+TBaB+ 9 852

on [0 T] x D with the terminal condition
W(T,n,S,B)=U (xS + B).

In the following we show the value function is the unique viscosity solution of
(3). For this, we use the following theorem by Crandall et al. (1992). For the
completeness of the paper, we restate it in here.

Theorem 3.2. (Crandall, Lions and Ishii) For i = 1,2, let D; be locally
compact subsets of RN, and D = Dy x Dy, let u; be upper semicontinuous in
[0,T] x D;, and J[Q()’}]Xpiui(t,m) the parabolic superjet of u;(t,x), and ¢ be twice
continuously differentiable in a neighborhood of [0,T] x D.
Set

w(t,x1,x2) = ui(t, x1) + ua(t, x2) — ¢(t, 21, T2)
for (t,x1,22) € [0,T] x D, and suppose (t, 21, %2) is a local mazimum of w relative
to [0,T] x D. Moreover, assume that there is an r > 0 such that for every M >0
there exists a C' such that fori=1,2

b; < C whenever (b;, q;, X;) € J[QO";]XDiui(t,x)
s — @] + [t — 1] <7 and [u;(t, )| + lgi| + |1 Xall < M
Then for each € > 0 there exists X; € S(N) such that
(1)

(b3, Da, $(E,2), Xi) € Jiohoy p,wi(E,2) for i =1,2

(i)
G s () <D0 +elDPta)?
(iii) )
0p(t, 71, 22)
ot
where for a symmetric matriz A, ||Al| := sup{¢T A : [¢] < 1}.

by + by =



Now we present the following comparison principle in our case.

Theorem 3.3. Let Vi(t,x) be a upper semicontinuous viscosity subsolution of
(3), and let Va(t,x) be a lower semicontinuous viscosity supersolution of (3).
Assume Vi and Va satisfy the linear growth condition, i.e., Vi(t,x) < K(1 +
|z]), @ = 1,2, for some constant K. If Vi(t,z) < Va(t,z) on 0(]0,T] x D), then
Vi(t,z) < Va(t,z) for all (t,z) € [0,T] x D.

Proof. Step 1: We can rewrite the equation in the following form:

SOV | e, D), D2W () = 0 (@)
where
2

H(x,p,M) = —%qea})(({[v, (L+g))xz, —vf(v)xe — raj) - [pl,pg,pg}T} - %(0,$2,0)M(07x2,0)T

Denote

(o) =~ e { I e+ o) gl |

Let Vi (¢, x) be a viscosity subsolution of (4). For p > 0, define

VP(ta) = Vilt.w) = Lo (t.2) €[0,7] x D
Then we have p
p p
(= = 0
A e i

So we can claim V{(t, ) is a viscosity subsolution of (4). In fact,

VL (t,x)

S+ H e, DV (), DIV (b)) < — by < =205 (9)

GERIEEVE
Step 2: For any 0 < § <1 and 0 < v < 1, define
1 —
B(t,,y) = VI (t,2) = Valt,y) = 5la —y* —7e ! (@® +y?)

and 1
ot z,y) = 5lv - yl> + e’ T (2? + o)

Since Vi(t,x) and Va(t, x) satisfy the linear growth condition, we have

lim ®(t,z,y) = —oc0

[z +]y|—o0

10



and ®(¢,z,y) is continuous in (¢, z,y). Therefore, ®(t, 2, y) has a global maximum
at a point (ts,zs,ys). Note that

1 _
D(ts, x5,ys5) = Vi (ts,s) — Valts, ys) — S\xa —ys|? — el Tt (23 + y3).

In particular,
P(ts, vs,25) + P(ts, ys, ys) < 2®(ts5, s, Ys)

which means

VY (ts, x5) — Valts, x5) —ve' " (aF + x3)
+VE (ts,y5) — Valts, ys) —ve' " (y3 + v3)

2 _
L2VL (ts, ws5) — 2Val(ts, ys) — 5|$5 —ys? — 2vel 1 (zF + y3).
Thus we have
2
g\xa —ys|? < [V (ts, z5) — V¥ (ts,y5)] + [Valts, ys) — Valts, ys)] (6)

By the linear growth condition, there exist K, K» such that V{(t,z) < K;(1+|x|)
and Va(t,z) < Ka(1 + |x]). So, exists C' such that

2Jes — ual? < C(1+ [zl + lus) (7
We know ®(ts,0,0) < ®(ts, zs,ys), which implies
®(t5,0,0) < VP (ts,25) — Valts,ys) — %|175 —ys* —ve" TP (aF + u3)
So, we have
vel 71 (23+y5) < Vf)(ta,afa)*Vz(ta,ya)*%|$5*y5\2*‘1’(té,0,0) < 3C(1+[ws[+ys|)

and T—t 2 2
el TP (xF + v5)

<3C
L+ |zs] + |ys|
Therefore there exists C, such that
lzs| + |ys| < C

It implies that (xs,ys) is bounded by C., and there exists a subsequence (ts, 5, ys)
which converges to some (tg, zg, yo). By (7), we conclude

lim x5 = g = yo = lim and limts =t
§—0 J 0 Yo 6—>0y6 6—0 J 0

11



Step 3: Suppose that there exists (£,2) € [0, T] x D satisfying
Vi(i, &) > Va(i, #)
and we work for a contradiction. Then there is real a > 0 such that
Vi(t, &) — Va(t, ) = 2a

Equation (6) and the semicontinuities of V(¢,z) and Va(¢,z) give us

2
lim =25 — ys|> =0
lim ~[zs — ys|

Letting § — 0, we have
lim q)(t(;, s, y5> < lim(le(t(;, 565) — Vg(ﬁg, y(s))
6—0 5—0
< lim sup(V{(ts, zs) — lim inf(Va(ts, ys))
§—0 6—0

< V(to, w0) — Va(to, o)

also
O(ts, xs,ys5) > ®(t, 2, %)
> VIt 2) — Va(t, &) — veT ~H(3% + 32)
> Valf ) = Vall,#) = 0 = e @ 4 )
> 27 — A_fT — T (3% + 3?)

So, we obtain
a S q)(t(s,l'(;, yé)

and
a < ;in%)fl)(t(;,a:(;,y(;) < V{(to, o) — Va(to, xo)
—

Since V1 < V4 on 9(]0,T] x D), we have
(S T T] x D
VP =Vie Lo < Ve on 0(0,7) x D)
So (to, o, yo) € 0([0, T]x D) and hence (ts, x5, ys) is a local maximizer of ®(t, z, y).

Step 4: By Theorem 3.2, for € > 0 there exists bys, bas, X5, Ys such that

12



P - )
(bis, = (25 — ys) + 2ve" w5, X5) € Ty pV/ (s, 25), (8)

1)
bas. 2 Ttsys Y5) € J27., Ve
( 205 g(w(s - y&) - 2/76 Ys, 5) S [0,T|xD 2(@%3/5)- (9)
and 06 (t5, w5, vs)
s L,y —
bis — byy = oY) —yel T (25 + y3)

ot
Equations (5) and (8) imply that there exists ¢ > 0 such that

2
—bi5 + H(xs, 5(905 —ys) + 2ve’ Pxs, X5) < —c (10)

and equation (9) implies

2 _
—bas + H (ys, g(zé —ys) — 2vel TPys,Ys) >0 (11)

From equations (10) and (11)

2 _ 2 _
515—525+H(ZI5,g(xé—yé)—QWT tsya,st)—H(l“é,g(xa—y5)+27€T bas, X5) > ¢
(12)
By the maximum principle (Theorem 3.2), we have

1 X, 0
—(g+||D2¢(t57$57y5)||)I§ ( 06 _y; ) < D*¢(ts, xs,ys5)+e(D*¢(ts, xs,ys))°

2 I —1I I3 0
2 _“ 3 3 T—ts 3
D ¢(t57 s, y&) - 5 < _IS I3 ) + 276 ( O I3 )

and
. 8 Is —I 8yel=ts ([, —I _ Is 0
2 2_ O 3 3 3 3 2T —ts) 3
(D7¢(2))° = 52 ( I I )+ 5 L I +4re 0 I
We rewrite
X 0 Ts
rsXsrh —ysYsyl =(us, ( 0 > < >
s X5 —ys¥sys =(zs5,u5) | Y, s

2( Iz I3 T—ts 2 2(T—ts)y [ I3
S(x67y5) |:(S ( —I I; ) + (276 + 467 e ) 0 I3

n 88 + 8’}/5€T7t5 _[3 7[3 xZs
62 —I3 I3 Ys

Letting v — 0 and € = %, we have

4
25 Xsmy — ysYsys < =(z5 — ys)°,

(o2
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)

0
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4
YsYsys — x5 Xsa5 > *5(355 —ys)?
By (12)

2 2
H(ys, 5(365 —ys) + 2vel "ys, Vs) — H(ws, 5(1’5 —ys) + 27vel TPxs, Xg) > bos — bis + ¢

R 2 _ o 2 _
H(ys, g(% —ys) — 2ye’ "Pys) — H(s, 5(335 —ys) + 2ve’ ")
2

(e
> (bas = bus) + - (usYous — w6 Xsw5) +c
L 402
> el T (af 4 y5) - g (@8 — ys)* +c

Letting v — 0

. 2 .\ 2 402
H(ys, 5(3«”5 —ys)) — H(xs, g(iﬂﬁ —ys)) > —W(ma —ys)’+ec

We have limgs_,q %|zg — y5|?> = 0 and from the continuity of ﬁ, and limgs_,g x5 =
xo = limg_,o ys, we have

0= Jim [A(ys, 5 (o5 — o)) — B, 2w — )] > ¢

which leads to a contradiction. O

Therefore the uniqueness of viscosity solutions is obtained from Theorem 3.3.

Theorem 3.4. The value function V¥ (t,m, S, B) is the unique viscosity solution
of (3) on [0, T|xD with the terminal condition W (T, x,S,B) = U (xS + B — nCr).
Also, the value function V (t,m, S, B) is the unique viscosity solution of (3) on
[0,T] x D with the terminal condition W(T,w,S,B) =U (S + B).

4 Example and Numerical experiments

4.1 Example

To illustrate our model, we provide a simple example which is interesting enough
to give us the explicit solution. Consider the functions of trading speed v, f(vy) =
1+ av; and g(v;) = pug for a > 0 and 8 > 0. Then we have the following SDE
for market price and actual traded price:

dSt == (,U, + ﬂvt)Stdt + O'StdBt,
S(t,vg,w) = (1 4+ av)Sy, — M < vy < M.
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In here « is positive and indicates the depth of illiquidity (the parameter for
liquidity costs). [ is also positive and indicates the permanent price impact
factor. We substitute for f(v;) = 1+ av; and g(v;) = Bu; in (3). With a little
analysis, we have

0 = max
veK

oW , (oW oW oW oW oW oW o252 0rW
— - - - - - Bi
{ O‘SaB”JF(aW +h553 SaB)U}+M565+8t+T 9B 2 05°

Note that { — aS%—VJgUQ + (%—V: + BS%% — S%—Vg) v} is a quadratic function of
1214

v. Since W (t,m, S, B) is strictly increasing with respect to B, so G > 0. Also,
the fact that S > 0 and o > 0 gets

ow
—aS—— <0
0B
Therefore, the maximum of {aSéggﬁJr(%V: +BS9% — 59 v} is achieved
by
1 0W ow oW
v — Sor T P55 — 55
- oW
205y
since Za%—g is always positive, and the sign of v* is determined by considering
é%—‘j{ + ﬂ%—vg — %—Vg. There are three possible cases:

Case (i):

ow 10w ow

9B ~ Sox " as
The optimal solution v* < 0 where the maximum is achieved by selling the stock
and increasing our holdings in bank account. Marginal utility per dollar of stock
holding plus marginal utility on stock price caused by the permanent price impact
factor is less than marginal utility per dollar on bank account. To maximize the
utility, it is recommended to transfer money from holding stocks to the bank

account.
Case (ii):

ow 10w
9B ~Sor ©
The optimal solution v* > 0 where the maximum is achieved by buying the
stock and decreasing our holdings in bank account. Marginal utility per dollar of
stock holding plus marginal utility on stock price caused by the permanent price
impact factor is greater than marginal utility per dollar on bank account. To
maximize the utility, it is recommended to transfer cash from bank account to
stock holdings.

oW
Pos
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Case (iii):

ow 10w
oB S or

The optimal solution v* = 0 where the maximum is achieved by doing nothing.
Marginal utility per dollar of stock holding plus marginal utility on stock price
caused by the permanent price impact factor is equal to marginal utility per dollar
on bank account. There is no transaction needed.

If a value function is defined in the 4-dimensional space (¢, , .S, B), the opti-
mization problem is a free boundary problem. At a fixed time ¢, the above result
suggests that the state space can be divided into buy and sell regions by a surface.
On the surface, the trading speed is 0 and there is no transaction. The buy region
is characterized by

ow
+Bﬁ

oW _1ow _ ow
oB S orm as
and the sell region is characterized by
W LW oW
oB S Orm oS’
We now consider the exponential utility function given by
U(r) =1—exp(—Ax)
where the index of risk aversion is 7%%) = ), independent of the investor’s
wealth. The integral version of state variable Bp is written as

T
Br = Byexp (T(T - t)) - / 6T(T7")f(vu)5’uvudu.

t

Then
V(t,m,S,B)

:maxE{l — exp (— )\(WTST +BT)> ‘ m=m, S =8, B = B}

vel
T
=1- mellgE{ exp ( — )\(’R’TST + Bexp (T(T — t)) — / eT(T“)f(vu)Suvudu)> ’ =7, S =8,B; = B}
v t
=1 —exp ( — ABexp (r(T — t)))Q(t, m,S)

where Q(t,7,S) is a continuous function in 7 and S, and defined by Q(¢, 7, S) =
1—-V(t,m,S,0). With a little analysis, we have

0 zgnef?(({ —aShexp(r(T —1))Q(t, m, S)v? + (gff + 65% — Shexp(r(T —1))Q(t,, S)) v}
0 0 ) 0'282 82
+ /15% + g — Blexp(r(T —t))r + rBlexp(r(T — t))Q(t,, S)a% + 5 875’622
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Q(T,m,S) =1—exp(—AnS)
and letting Q% (¢, 7,S) =1 —V¥(t,m,S,0),
QY(T,m,S) =1—exp(=A(wS — nCr)).
Note that the term in the above PDE

—aShexp(r(T —))Q(t, 7, S)v? + (gff + S

9Q

25 Shexp(r(T —t)Q(t,w, S)) v

is a quadratic function of v. The maximum is achieved by

v* = %(697(73 + ﬂ% - )\eXp(T(T - t))Q(taﬂ—v S)
a 2ahexp(r(T —t))Q(t, m, S)

The utility indifference price p at time 0 for the option is obtained by
Vw(t:O77TOaS07B+np) :V(t:O77T0aSO7B) (13)

Assuming mg = 0, we have the following explicit formula for the utility indifference

price p:
B 1 Qv(0,0,5)

= o .
nexp(rT) & Q(0,0,5)

In this case, we observe the utility indifference price p is independent of the

trader’s initial wealth.

4.2 Numerical experiments

In this section, we discuss the numerical solution to the example and present
some results. We compute the utility indifference price of a European option with
strike 100 and observe interesting properties. In the numerical experiments, the
parameter values that we used are initial stock price Sy = 100, 4 = 0.05, r = 0,
and T = 0.1 years. We assume A = 0.00001 and n = 1000. When Sy is fixed, V¥
and V are functions of bank account By and number 7y of shares held. Figure
1 shows V* with different values of By and 7 in the case of @ = 0.001 and
B = 0.001. When Sy and 7 are fixed, V¥ and V are functions of bank account
B. Figure 2 presents the price difference between the utility indifference price and
the Black-Scholes price against time over the life of the option. The Black-Scholes
price is computed by the usual Black-Sholes formula. The price difference is due
to the effect of illiquidity.
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Expected utility with different bank account and stock position

Utility

1000

Bank account Stock position

Figure 1: Value function for different values of B and 7

Utility Indifference Price VS Black-Scholes Price
3 T T T T
— Utility Indifference Price
— Black-Scholes Price
— Price Difference

0.02 0.04 0.06 0.08 0.1
Time

Figure 2: Utility indifference price Versus Black-Scholes price

Table 1 and 2 shows the option price at time 0 obtained by (13). Option price
p depends on my. In this experiment, we assume the prior exposure is zero, i.e.,
mo = 0, and compute the values for the claim. Table 1 gives a comparison of
the utility indifference prices of the European call option for different values of
a and . We have observed when « increases (the depth of illiquidity increases)
for a fixed 3, the option price increases. But when [ increases (the depth of
permanent price impact increases) for a fixed «, the option price decreases. When
B is large, a large trader has more influence on the stock price evolution. This can
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be interpreted as the trader may have the power to manipulate the stock price, to
some extent, to maximize his utility. Table 2 provides a comparison of the option
prices for different «, 8 and number n of the options written by the trader.

a = 0.0000 a = 0.0001 a = 0.0005 a = 0.0010

B c=02 0¢=03]|0c=02 0¢=03]|0c=02 0¢6=03]|0c=02 o0c=03
0.0000 2.8511 4.1832 2.8579 4.2324 2.8583 4.2331 2.8584 4.2332
0.0001 2.7527 3.6915 2.7873 4.1424 2.8400 4.2155 2.8492 4.2244
0.0002 2.6425 3.1454 2.6789 3.8436 2.7813 4.1564 2.8198 4.1949
0.0005 2.3285 1.7884 2.3658 2.6175 2.4983 3.7538 2.6227 3.9880

Table 1: Utility indifference price for different o, 8 and o.

a = 0.00001 a = 0.00005 a = 0.00010
Ié] n=>500 n=1000 n=2000 | n=500 mn=1000 n=2000 | n=500 mn=1000 n = 2000
0.00000 2.8180 2.8584 2.9452 2.8200 2.8616 2.9484 2.8202 2.8621 2.9488
0.00001 2.8144 2.8580 2.9388 2.8192 2.8615 2.9472 2.8198 2.8620 2.9482
0.00002 2.8112 2.8369 2.8863 2.8188 2.8576 2.9373 2.8196 2.8600 2.9433
0.00005 2.7182 2.6186 2.4406 2.8024 2.8200 2.8553 2.8116 2.8416 2.9028

Table 2: Utility indifference price for different a, 5 and n.

200
[y
S
o Y
] Z
[0
Q
Q.
w
) 0+
£
3 =
3 Z7 ,""
= Z S
100 e e
22
—200 ’ 1000
200 500
150 100
. -500
0 -1000
Stosk Price Stock Position

Figure 3: Optimal trading speed at fixed time

When time ¢ is fixed, the optimal solution is independent of B in the case of
the exponential utility. Figure 3 shows the optimal trading speed v* for a fixed
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t. The parameters in this computation are initial stock price Sy = 100, p = 0.05,
r =0, and T = 0.1 years. We assume A = 0.00001, o = 0.0001, 5 = 0.00001
and n = 500. Knowing the optimal trading speed, Figure 4 illustrates the trading
regions, in which it is divided into buy and sell regions by a smooth curve. On
the curve, the trading speed is 0, and there is no transaction. Above the curve,

we have 100 90
Sr +ﬁ% <AQ(t,m, S)
which corresponds to the buy region. Also, below the curve
10Q Q
S or +5% > AQ(t, m, 9)

which corresponds to the sell region.

Stock Position

500 — =
O 20 40 60 a1 100 120 140 180 180 200

Stock Price

Figure 4: Buy and sell regions

5 Conclusion

In this paper, we investigated option valuation based on utility maximization for a
large trader in a market with liquidity risk. We considered two effects of illiquidity;
the cost of illiquidity and permanent price impact benefits. In illiquid markets,
trading action will incur liquidity costs, but at the same time, the trader can have
influence on the stock price evolution and gain benefits from the permanent price
impact by choosing the optimal strategy. Thus, the option price, in some sense,
is determined by these two contradicting phenomena. When both the permanent
impact function and the liquidity cost function are linear in the trading speed,
the optimal solution is computed explicitly, and moreover, the state space can be
characterized and divided into the buy and sell regions.
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