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Multiperiod portfolio optimization for asset—liability management

with quadratic transaction costs
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a. School of Business Administration, Hunan University, Changsha 410082, China
b. Business School, Hunan Normal University, Changsha 410081, China
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Abstract: This paper investigates the multiperiod asset-liability management problem with
quadratic transaction costs. Under the mean-variance criteria, we construct tractability models
with/without the riskless asset and obtain the pre-commitment and time-consistent investment
strategies through the application of embedding scheme and backward induction approach,
respectively. In addition, some conclusions in the existing literatures can be regarded as the
degenerated cases under our setting. Finally, the numerical simulations are given to show the
difference of frontiers derived by different strategies. Also, some interesting findings on the
impact of quadratic transaction cost parameters on efficient frontiers are discussed.

Keywords: Asset-liability management; Multiperiod portfolio optimization; Quadratic

transaction costs; Pre-commitment strategies; Time-consistent strategies
1 Introduction

Asset-liability management (ALM) is a general risk management problem for financial
services companies, such as pension funds and insurance companies. Typically, ALM
involves the management of assets in such a way as to earn adequate returns while
maintaining a comfortable surplus of assets over existing and future liabilities. Since the
seminal work of Sharpe (1990), many attempts have been made to solve the ALM problem,
among which the mean-variance criteria presented by Markowitz (1952) is of great
importance. Actually, the mean-variance asset-liability management (MVALM) problem is a
portfolio optimization problem, so as to realize the trade-off between the expectation of the
terminal surplus maximization and minimum risk measured by the variance of the terminal
surplus. Keel and Miiller (1995) studied the asset-liability management problem in a single
period setting, and validated the significant effect of liability on efficient frontier. However,

the multiperiod MVALM problem faces with the difficulties in solving the analytical solution
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due to non-separability of variance. In this sense, the multiperiod mean-variance ALM
problem cannot be directly solved by the dynamic programming approach.

Up to now, there are two mainstream approaches are applied to deal with this
time-inconsistent problem. One is the embedding method initiated by Li and Ng (2000) and
Zhou and Li (2000) in multiperiod and continuous-time portfolio optimization respectively,
and the corresponding optimal investment strategy is called the pre-commitment strategy.
Leippold et al. (2004) firstly applied the embedding method in multiperiod asset-liability
management to acquire the closed form of efficient frontier. Subsequently, Xie et al. (2008)
modeled the uncontrollable liability under the framework of Zhou and Li (2000) in
continuous-time setting. Chang (2015) considered the issue of asset-liability management and
derived effective strategy through the dynamic programming and Lagrangian duality theory.
And he further validated the impact of liability on investment strategies. More studies can be
found in Chen et al. (2008), Chen and Yang (2011) and Bensoussan et al. (2013). The other is
the game approach, which is firstly developed by Bjork and Murgoci (2010). In this case, this
optimization problem is treated as a non-cooperative game, in which the strategies at different
period are determined by different players aiming at optimizing their own target functions.
Nash equilibrium of these strategies was then utilized to define as the time-consistent strategy
for the agent of the original problem. Wei et al. (2013) provided the first study in the
time-consistent solution of the mean-variance asset-liability management. And the
time-consistent strategy is derived in continuous-time setting. For more researches regarding
the time-consistent strategy of asset-liability management, readers may refer to Li et al.
(2012), Chen et al. (2013) and Long and Zeng (2016). Besides, some scholars have applied
genetic algorithms to portfolio optimization for numerical solutions, such as Guo (2016), Li
(2015), Yu et al. (2012, 2009, 2008).

However, these studies do not take into account market frictions, such as transaction
costs. It is generated by investors to aggressively adjust their portfolio for the goal of the
maximum profit and risk minimization. For the institutional investors engaged in bulk trading,
transaction costs are particularly high. Thus, how to effectively allocate financial assets in the
presence of transaction costs is a key problem to be solved. Further, Arnott (1990) found that
ignorance of transaction costs would lead to invalid portfolios through empirical study.
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Yoshimoto (1996) once again proved this judgment. Nevertheless, portfolio optimization with
transaction costs has been an insurmountable problem. In order to obtain analytical solutions,
Fu et al. (2015) represented a two-stage portfolio including a risky asset and a riskless asset,
and deduced an analytical expression of the investment strategy when considering the
proportional transaction cost. However, this approach is limited to one or two investment
stages, and also the investor can only invest one riskless asset and one risky asset. To deal
with this dilemma, Garleanu and Pedersen (2013) promoted the optimal feedback solution for
dynamic portfolios with a quadratic transaction cost which was followed by some researchers,
such as Boyd et al. (2014), DeMiguel et al. (2015) and Zhang et al. (2017). As far as we know,
there is very little research focus on ALM problem with transaction costs. Papi et al. (2006)
considered the proportional transaction cost in ALM problem and proposed an approximation
method based on the classical dynamic programming algorithm. Though the method reduces
the computational and storage requirement of algorithm, it fails to acquire the analytical
solutions.

Motivated by the difficulties for multiperiod asset-liability management problem with
transaction costs, we provide the tractability framework to obtain the analytic solutions,
which considers the quadratic transaction costs adopted by Gérleanu and Pedersen (2013).
Since investors tend to pursue the goal of maximizing ultimate surplus, not the wealth of a
particular period. We take the ultimate surplus of investment as the optimization target and
cover the wealth accumulation of investment process, which is different from Géarleanu and
Pedersen (2013). We then derive the pre-commitment and time-consistent investment
strategies by applying the embedding scheme and backward induction approach, respectively.
Also, we obtain the analytical expressions for the optimal investment strategies, the
corresponding expectation and variance of surplus and the expected transaction costs. What is
more, we study two cases, namely, the market containing a riskless asset and the investment
without riskless assets. Finally, some numerical simulations are presented to compare the
frontiers from different strategies and further verify the formulations derived in this paper.

The rest of this paper is organized as follows. In Section 2, we formulate the multiperiod
MVALM problem containing a riskless asset with quadratic transaction costs. The
pre-commitment strategy and time-consistent strategy are solved in Section 3. In Section 4,
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we consider the portfolio without riskless assets and derive the pre-commitment and
time-consistent strategies. In Section 5, some numerical simulations are presented to show our

findings for different strategies. Section 6 concludes this whole paper.
2 Problem formulation

Consider a capital market with 741 assets and an investment process for 7 periods.

Here, asset 0 is a riskless asset with a constant return rate " while asset i is a risky asset

with a random return rate ef at period ¢t for i=12,..,n and ¢t=0,,.,7—1.1Itis

assumed that the vector e, = [et1 ,ef ,+-,e/']", are statistically independent and return e, has

t

aknownmean E(e, )=[E(e)), E(e}),++, E(e!)] and aknown covariance matrix

Covee)) Conele’) ~ Cowe,el)
Cov(e’,e)) Cov(el,e’) -+ Cow(e’,e")

0= . . . : ; 2.1
Cov(e!,e}) Cov(e,e}) -+ Cov(e,e

which is supposed to be positive definite. The investor allocates his initial wealth W,

among all the securities in the market at initial time, along with the accumulation of wealth,

and then adjust the amount of investment for each asset at period ¢ . In order to better

describe the investment process, we define v, , i=1,2,...,n, as the investment amount on

risky asset i  which is allowed short selling and Av, = {Av,Av’,..,AV'} as the
adjustment amount on risky asset i at period ¢ . Therefore, the investment amount on

riskless asset is V' =W, , —I', , and the adjustment amount on riskless asset Av, is equal

to —1'Av, based on the self-financing assumption.

In addition, suppose that the investor has an exogenous liability. The initial liability is

L,. Let g, be the return of liability at the ¢ -th investment period, where (e,q,)" is
statistically independent. We diagonalize the co-variance vector about the liability and risky

assets, denoted as Q! = diag(Cov(q,,e,),...,Cov(q,,e!')) . Therefore, we have

L. =q.L, for t=0]1,..7T-1 (2.2)



and the surplus at period ¢ canbe expressedas S, =W —L,.
We follow the quadratic transaction costs adopted in Garleanu and Pedersen (2013).

Under this setting, the transaction cost (TC) associated with trading volumes Av, is given

by
-1 T-1
TC, =Y C,=> AVAAv,. (2.3)
t=0 t=0

where A is a symmetric positive-definite matrix measuring the level of total trading costs.

Note that the transaction cost C

. depicts the expense arising from changes on

investment amounts at period ¢ rather than trading shares shown in Garleanu and Pedersen

(2013). Trading volume Av, moves the average price by AAv,, and it leads to a total

t

transaction costs according to 7' period, which can be denote as 7C, . More importantly,
we assume that the transaction cost is paid beyond the amount of investment wealth W, , that

is, the transaction cost is independent of J¥, . Obviously, the transaction cost is regarded as an

undesirable payment, and it should be minimized in the objective function.

Let Av(t) ={Av,,Av,,,...,Av, ,} be the strategy at period ¢, and then the multiperiod

t+12°"
asset-liability management problem with quadratic transaction costs can be expressed as:

F,(J,,Av(t)) = max E(S;"|J,) - wVar (S;""|J,) = BE(TC*"|J,), (2.4)
where S)"” and TC;"  denote the terminal surplus and the total transaction cost
corresponding to the investment strategy Av(f) , respectively. In addition, J, denotes the

information at period, and ® € (0,+0) is risk-aversion coefficient, € (0,+) is
cost-aversion coefficient.
The difficulty in solving the problem F,(J,,Av(¢)) is cause by the non-separability

of variance. That is, it does not satisfy the Bellman optimality principle. Therefore it can not
be directly solved by dynamic programming approach. In the following, we will adopt

embedding scheme and backward induction to solve this problem. According to the idea of Li



and Ng (2000), for the pre-commitment strategy, we embed it into a separable auxiliary
problem which can be solved by dynamic programming. Then the solution of the original

problem can be obtained by the following theorem.
Theorem 2.1. If AV (¢t)={Av,,Av,,,,..,Av, |} is the optimal strategy for the auxiliary

problem

F(J,, Av(0))= max AE(S"|J,) = wE (S )| J,) = BE(TC|J,) (2.5)
then Av (1) is also the optimal strategy for the problem F(J,,Av(t))  for
A=1+20E (S;). E,(S;) denotes the expectation of the investors’ final surplus when he

invests according to the optimal strategy AV (¢) . The proof of theorem 2.1 is detailed in

Appendix A.

According to Theorem 2.1, the pre-commitment strategy can be obtained by the
following steps:
1) We first construct the auxiliary problem

max AE(S7"|J,) = oE (S ) |J,) = BE(TC |, (2.6)

which is a separable structure in the sense of dynamic programming.

2) Through the idea of dynamic programming, we obtain the solution AvV(¢) of the auxiliary
problem, and AV(¢) is a function of A.

3) By iterating each period of the strategy Av(¢) with the state transition equation of surplus,
it is easy to find the expected final surplus £, (S;) , which is a function of A . Then, by
using equation A=1+4+2wE (S;) and the expression of E (S;) for A , the
pre-commitment strategy Av'(¢) for the problem F(J,,Av(¢)) is solved.

Also, the problem F,(J,,Av(¢)) can be solved by the time-consistent strategy. Bjork

and Murgoci (2010), from a mathematical point of view, proves the application of Nash

equilibrium strategy to solving time-inconsistent problems. Then Wu (2013) investigates the



time-consistent Nash equilibrium strategies for a multiperiod mean-variance portfolio

selection problem. Mathematically, the time-consistent strategy can be defined as follows.

Definition 2.1. Let AV be a fixed control law. For an arbitrary point 7 (7 =0,1,...,7 —1),

one selects an arbitrary control value Av and define the strategy

T

Av(r)={Av.,AV_,,,...,Av, |} . Then AV is call as the time-consistent strategy if for all

T+1o°
7 < T, it satisfies

max F.(J,;Av(7)) = F.(J,;AV (7)) (2.7

Av(7)
Let AV(f) be the time-consistent strategy at period ¢, Definition 2.1 makes it possible

to solve the problem by the following procedures:

AV(T-1)=Av,  =arg TaX[E(SﬁV(T71)|JT71)

1) (2.8)

—aVar(S;"" ;) = BETC" O, )]

2) Given that the decision maker 7 —1 willuse Av, ,, AV, , is the optimal strategy
by optimizing objective function F, ,(J, ,;(Av, ,,AV;));
3) Generally, given that the forthcoming decision makers #+1,...,7 —1 choose the

strategy AV (¢ +1)=(AV,

10 AV, ), AV, is obtained by letting decision maker ¢ choose

Av, tomaximize F,.Thatis
AV, = arg rr;axF,(Jt;(Av[,AVHl,..., AV, ) (2.9

For a mean-variance investor, the pre-commitment as well as time-consistent strategies

are available. We will show them in the following sections.
3 Analytical solutions of multiperiod MVALM problem with a riskless asset

In this section, we consider the market with a riskless asset and derive the analytical
solutions which contain pre-commitment strategy and time-consistent strategy. The
corresponding investment strategies, the expectation and variance of surplus and the expected
transaction costs are showed in this section.

To sum up, the formulation for the market with a riskless asset can be expressed by the

following model:



max E (S,)—oVar,(S,;)—- PE.(TC,)

Av(t)
Vin = Gt(vt +AV;)3 t=0,L,..,T-1
vto+l = ’/}O(vto _I’AV;‘)J t= 091,---,T_1
— T 0 _ _

(P(a),ﬂ)) VI/HI _Ivt+1+vt+l’ t_oalr--aT 1 (31)
S.t. LH—I :thl’ t:O’l,".’T_l
St :VVZ‘_Lt9 t:(),l,...,T

-1
TC, =3 AV, AAv,, 1=01..T~1

t=0

where @ € (0,+0) is the risk-aversion coefficient, f € (0,+0) is the cost-aversion

coefficient. For a specific investor, @ and S are constant.

3.1 Pre-commitment strategy for problem (P(w,[))

As the non-separability of variance in problem (P(w,f?)), the objective function does

not meet the requirement of dynamic programming approach. Thus, according to the Theorem

2.1, we first construct the auxiliary problem (A(A,,)) and solve the problem (P(w,[))

based on solutions of problem (A(A,®, f)).

max A E,(S;) - E,(S;) - BE,(TC;)

Av(t)
v, =G,(v,+Av), t=01,.,T-1
VO =00 =1y, 1=0,,.,T-1
(A4, @, B)) W, =1v,+v’, t=0,1,.,T-1 (3.2)
S.t. LHl :tht, t=0,1,.,T-1
St:VI/[_Lt, t:O,l,...,T
T-1
TC, =Y AV, AAv,, t=0]1,.,T-1

t=0

Obviously, (A(A,m,[3)) is a separable structure in the sense of dynamic programming.

According to Theorem 2.1, we can obtain the optimal asset allocation and the optimal value

of objective function by solving the analytical solution of auxiliary problem (A(4,®,[)) .

For convenience, we list the notations of this section as following.

Define:



~ ~

M,=oll'N, =0, =a,P, =0, =20l ,R, =20,X, =AY, =Z, =1,K, =0

7, =E(GM,,G), x =N, 1,=r’E(G)P,, t=0,12,..T-1

t+1 +1°

K, =2, + A+ y 't I'-I7' ], t=0,12,.,T-1

v, =E(q,G)0,..,0, =R, r'E(q),@, =Y r’, t=012,..T -1
A =x[EG)x, ~@I], t=012,..T-1
Et = thl[l//t -vl], t=0,12,.,T -1
C=«x"12x1-1], t=0]12,.,T-1

D =« '[-2z, +1z,'], t=0]12,.,T-1

M,=M'+pM? N, =N'+pN?>, O,=0'+p0?, t=0]12,..T-1
P=P'+pP> 0Q,=0'+p0>, R =R'+pR?, t=012,.,T-1
X=X'+pX*+AX}, X=X,/A, t=012,..,T—-1

Y=Y'+pY?+AY?, F=Y/A, t=012,.,T-1

Z=7'+pZ*+17}, t=0]12,..T-1

K =K'+pK*+K*, 1=0]2,..,T-1

X =AY} =Z)=1,K}=0

VI=EG)X, @’ =Y, t=012,..,T-1.

X} =(e+D)V' —a&’D' I, t=012,..,T-1.

Y} =v'C +@’(1-1'C), t=012,.,T—1.
Z'=—v'B +@'I'B +7 E(q), t=012,.,T—1.
K=K +Av'4d -A@’I'4,, t=0,12,.,T-1.

Z\7I; =a)II',]V} =5} =a),1~3T1 =§} =2w],§; =2co,)N(} =I7T1 =Z} =IZ} =0

~, ~
QT—] = D'T 1

el



~

ZY%—I =A'r T—19K;—1 =A'r A,
The following notations are defined for #=0,1,2,...,7—i and i=12:

7l =E(GM], G)+(i-DA, x/ =N, (") ,7 =1’ E(G)P.,

t+1

l//; = E(Qth)QtiH’ Uti = Rti+lrt0E(q’)

M!=(s+D,)r!(¢+D,)+ y'D' II'D, - (¢+D,)c'I'D,

N =C'z'C + ' (1-I'C) +7"'C,(1-1'C)

O =B'n'B +y'B II'B +0' E(q>)-7"BI'B,—y''B, +v'I'B,

P'=2D" 7'C +27/C, -2 (1-1'C)D', I +[(1-1'C,)(¢ + D,y-D', IC" Iz

O' =-2D'n'B,—2x'B,—24'D' II'B,+[B' (¢ + D,)+D' IB,}t' +(¢+D,)y —v'D' I
R =2[N'.r’B' I(1-1'C)-B'z'C1-7"'[B(1-1'C)~C.I'B|+yw!'C +0v'(1-1'C)

t+17¢

X' =2{2[-D' 7', —n'd, — y'DI' 41 +[ 4", [(¢ +D,)+D' IA' 1}
Y =24 7'C +2x A" I1-1'C)~7"[4,(1-1'C)~CI' A}
Z'= 224" (z' + y'II"\B,—7"'[A1'B,+ BI' A~y 4 +v'I' 4}
K =K' = 2[A, (x| =y, II'+7/' ') 4,].

where [ is the n-dimensional column vector of element 1, and ¢ is a unit matrix.

By using the procedure on the pre-commitment strategy in Section 2, the corresponding

investment strategy for problem (A(A,®, )) can be given in the following Theorem 3.1.
Theorem 3.1. The optimal strategy Av, and optimal value function f,(v,,v/,L,) at the
period ¢ for problem (A(A,, f3)), respectively, is
Av, =24, +BL +C V" +D,v,, t=0,12,..,T -1 (3.3)
£, ,L)=-V, ]\vat - ]\th () - 5th - 13't v+ Q‘t vtLt+13tLtvt0
+ X' v+ —ZL +K, t=0]12,.,T-1. (3.4)

Proof. See Appendix B.
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And then, in accordance with Theorem 2.1, we can obtain

~ 1+20(X; +Y) - 7))

y) | 3.5
1-20K; G2

Theorem 3.2. The optimal investment strategy of problem (P(w,/f)), the corresponding

expectation and variance of surplus and expected transaction cost for ¢ =0,1,2,...,7 —1 is,

respectively, as follows
Av, = /1*11 + EtLt + avto + 5)’; , (3.6)
ES )= AK+X}+Y’ -7} (3.7)

* 71 A7l 0\2 Alr2 Bl 0 1 Bl 0
Va’/}(ST) :v'tMtvt +Nz (Vz) +OtLt +B 'vtvt - t'vtLt _RtLtv

t
- ﬂ'*)?t’lvt - ﬂ*yzlvzo + ;t*ztll’t - ]Zzl - [EI(S; )]2 (3-8)
E(TC, )=V, M, + N (/) +O'L; + B'vy! = O}, L,

- IEZLtvtO - )?f'vt - )7,2\}? + Zth - Ef . (3.9
Remark 3.1. When the investor has no liability, that is L, =0, then the pre-commitment
strategy reduces to

AV =X 4 +Cy’+Dy, (3.10)
and the expectation and variance of surplus and the expected transaction costs for

t=0,1,2,..,T,respectively, is:
E(S, )=AK +X +Y’ G.11)
Var,(S7) =V, M}v, + NJ () + B'v = A%, = X5 = K] = [E(SDT 3 1)
* Vg2 A727.,0N2 | D21, .0 V2 2.0 2
E([TC,)=v M/ v,+N; (v,) +BP'vyv, =X 'v, =Yy, - K, . (3.13)
Remark 3.2. When ignoring the transaction cost, that is C,=0,=0,,...,7 -1, the
pre-commitment strategy can be acquired by setting £ =0 in equations (3.10). In addition,

if the liability L =0 (#=0,1,..,7—1 ) at the same time, the pre-commitment optimal

strategy and the frontier is equivalent to those in Li and Ng (2000).
In summary, Theorem 3.1 generally includes a portfolio optimization strategy and the

corresponding frontier that does not contain transaction costs or liabilities, or both.
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3.2 Time-consistent strategy for problem (P(w,[))

Here, we show the time-consistent strategy for multiperiod MVALM problem with
quadratic transaction cost. The backwards induction is applied to solve the time-consistent
strategy containing a riskless asset.

For t=0,1,...,7-1 and a=0 if t=T-1, a=1 if t<T -1, we define:

Q, =aE(GM, G)+3 5., Q,

t+1 t+1

~ {292 A, t=T-1
Q
E(G qt) 01— ? Nt+1yt+1 ,1=0,,..,T-2

A=A+aE(G,d, G,
0, =[20Q, +25A,1"
= 0,200, +2apE(Gd,,G,))
O,[E(G,)Z,,, %1 —aE(G, )P, - Pk,.,)]
b, =0,(aQY - afE(G,q,)],.,
X, =(¢-a,)E(G)X,

[Bo~d
t+1 t+1r I

y t+l E(G )b +yt+1E(CIt) Zt+1 Il;

~ 0
Z, =z, 41

E =& +[%,EG)-Z.'I'E
m,=(-a)Q,(s-a,)

n = Z;'t £~2th, +o Q'O b +an, E(q’)

5, =(s-a,) (2, b,— Q)

P, =(e-a,)[2Q,¢ +aE(G)p,,]

G =2b",Q2,-0VC +alE(q,)E,,, + P E(G)b,]

éTt = E't ﬁta + a[ﬁvwl E(Gt)gt + 5“1]

12



d =3 Ad +a(e-a)EGd

t+1

G;)(g_az)

]’Nlt ngt Agt +0[[]’Nlt+1E(ql‘2)+7' E(thl‘)gt]

t+1

J, =-2a" Ab, +al(s-a,) QE(Gd,,G,)b, + E(G,q,)]...)]

41

k =-2a' Ac, +al(¢-d)2E(Gd,,,G,)¢ + E(G,q)k,,]

t+1

2b', /N\,Et + a[]N"

=
I

E(Ggq,)¢ +k',, E(G)b, +1i,,E(q,)]

t t+1

~_ Ny e P
t=c' ANc,+aly,,+k

E(G)c].

t+1

By applying Bellman's principle of optimality, the time-consistent investment strategy of
problem (P(w,f3)) is given in the following theorem.
Theorem 3.2. The time-consistent investment strategy of problem (P(w,f)) for
t=0,1,..,7T—1 isgiven by
Av, =—dv, +bL +C, (3.14)
and the expectation of surplus is
E(S;)=% v, + VL +Zv +¢& (3.15)
the variance of surplus is
Var(S,) =V, my, +nL +0' vL, +p', v, +C L + E; (3.16)
the expected transaction costs is
E(TC)=V,dv,+hI>+ ] vL +k' v, +iL +7. (3.17)

Proof. See Appendix C.
Remark 3.3. If the investor have no liability, thatis L, =0 for #=0,,...,7 —1, then the

time-consistent strategy reduces to
Av, =—ayv, +¢, (3.18)
and the expectation and variance of surplus and the expected transaction costs, respectively,

1S:

E(S;) =%\ v, + 2y +¢ (3.19)
Var,(S;)=v' . my, +p', v, + ¢, (3.20)
E(TC,) =V dv,+k'v,+T. (3.21)

13



Furthermore, the Theorem 3.2 still generalizes the situation without transaction cost when

P =0, and the situation without liability and transaction cost.
Remark 3.4. When ignoring the transaction cost, that is C, =0,=0,1,...,7 —1, then the

time-consistent strategy can be acquired by setting £ =0 in the equations (3.18). And the

expectation and variance of surplus and the expected transaction costs at period ¢ can be
obtained in the same way.
Similarly, Theorem 3.2 generally includes a portfolio optimization strategy and the

corresponding frontier that does not contain transaction costs or liabilities, or both.

4 Analytical optimal solutions of multiperiod MVALM problem without riskless assets

To our best knowledge, most existing literatures about portfolio selection only concern
the market with a riskless asset and risky assets. However, Yao et al. (2014) pointed out that,
in some real investments, the riskless asset does not exist due to the stochastic nature of real
interest rates and the inflation risk. In addition, Viceira (2012) held that the expected return on
riskless asset is time-varying especially in multiperiod investment. Ma et al. (2013), Giilpinar
et al. (2016) and Chiu et al. (2017) also studied the market without riskless assets. Therefore,
it is necessary to take an economy with only risky assets into account for the multiperiod asset
allocation.

Here, we consider a market consisting of only # risky assets presented in Section 2. In
this setting, this portfolio optimization problem can be written as follows:

max E, (S, ) ~ wVar,(S,) ~ BE,(TC;)

Av(0)
W.=e+Av,), t=0L..7T-1
Vin =G,(v,+Av), t=0,1,.T-1
(P, B) I'Av, =0, t=01,..,T-1
st.<L., =qlL, t=0]1..T-1

S =W -L, t=0]1..T

4.1)

-1
TC, =Y AV, AAv,, t=0,1,..,T-1

t=0

Obviously, the solving of multiperiod portfolio model without riskless assets is similar
to that of the model with a riskless asset. Thus, we omit the proving process and only show

the results in this section.
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4.1 Pre-commitment strategy for problem (f’(a), £))

From a mathematical point of view, the nature of the problem (Is(a), f)) is similar to

(P(@w, B)) . And the difference between problem (Is(a), f)) and problem (P(w,f)) is only

the wealth equation. Therefore, it essentially has the same non-separable structure in the sense

dynamic programming. Thus, we solve it by the Theorem 2.1. Similarly, we first construct

auxiliary problem (12[(1, @, 3)) and then solve problem (f’(a), f)) through the relationship

between them. The auxiliary problem is showed below:

(A4, @, B))

max 2 E,(S,) - wE,(S7) ~ BE,(TC;)

Av(t)

S.t.

W, =e+Av,), t=01..,T-1

Vo =G,(v,+Av), t=0,L..,T-1

I'Av, =0, t=0]1,.,T-1 w2
L.=qlL, t=0]..,T-1

S, =w-L, t=0l,..,T

TCT=TZiAv', AAv,, t=0,,.,T-1

t=0

The analytical solution and the optimal value of objective function to problem

(121(/1, , f)) are derived by dynamic programming approach.

Define:

M,=wll', N,=AI, P.=20l, Q,=—o, R, =—2

E(GM, G)+pA=0,E(GM, G)=¢.,t=0,12,..T-1
1 VIl
At = 59[ l(g —W)E(Gt)nm, = 0,1,2,...,T—1
1 176"
B, = 59{ e 1'0;[11)E(q’G’)P’“’ t=012,.,T—1
1 -1
C=6"(— o, ¥, t=012,.,T—1

1671

M,=M'+pM}, N =N +BN'+AN’, n=N,/1, t=012,..T—1

})t :EI +IB}327 Qt =Qt1 +ﬁQt2’ t:09152a~-5T_1
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R =R +pBR’+IR', O,=0'+p0O’+20;, t=012,.,T -1
N, =1,R, =-1,0; =0
N} =(e-C)E(G)N;,, t=012,.,T-1

R =N’

t+1 t+1

E(G)B +R E(q,), t=0,12,..T-1

t+1

0} =0, +N’

t t+1 t+1

E(G)4,,t=012,..,T-1.
M, =wll', N,=0, P =2wl, R,=0, Q,=-0, 0,=0
M: =C, AC,,, N;, =2C, AA.,, P =2C, AB,,
Q; ,=-B, AB,,, R, =-24, AB,,, O; =-A_AA.,.
The following notations are defined for #=0,1,2,...,7—i and i=12:
M =(-C)¢(e-C)+({i-1)C'AC,, ¢ =E(GM] G,
N =22[(C', =) 4, +(i-1)C", A4,]
P =2(C,~&)¢B, +(e~C,) E(¢,G,)P., +2(i~1)C,AB,
O/ =-B,'[¢ +(i-DAIB, + P,\E(q,G,)B, + 0., E(q})
R/ =-24,"[¢/ +(i—1)A)B, + AP E(q,G,) 4,

Oizoi

t t+1

~VA'[¢ +(i-1)A]A,.
where [ is the n-dimensional column vector of element 1, and ¢ is a unit matrix.
Theorem 4.1. The optimal strategy Ay, of problem (f’(a), p) for t=0]1,.,T-11is
specified by:

AV, =24 +BL —Cy,. (4.3)
And the expectation and variance of surplus and the expected transaction costs, respectively,
is:
E(S,)=10} +N} +R’ (4.4)

Vai;(S;) = V't Mtlvt _N'; Vi _P'lLtvt _QzlLf _RtlLt - Ozl _[Et(S;)]z (4-5)
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E(TC, )=V, M},— N, -P°Lyv,-O’L -R'L,- O}, (4.6)

t

3 3
where 1 — 1+ 2w(N; +3R0)
1-2w0,

and t=0,1,2,...,T.

Remark 4.1. When the investor has no liability, that is L, =0 for #=0,1,...,7—1, the
above optimal strategy remains valid. Under this situation, the optimal strategy Av, is

specified by
AV =14 -Cv, t=012,.,T—1. (4.7)
And the expressions of expectation and variance of surplus and the expected transaction costs

for t=0,1,...,T, respectively, is

E(S,)=10+N’ (4.8)
Varz(SJ*") =V't Mtlvt _N'l Y, _Otl _[Et(S;)]z (49)
E(TC,)=v M, —N"?v, -0 . (4.10)

This implies that the Theorem 4.1 can generalize the situation without liability.
Remark 4.2. When ignoring the transaction cost, that is C,=0,/=0,,...,7—1 , the
pre-commitment strategy can be acquired by setting £ =0 in equations (4.7). If the liability
L =0(¢t=0,,..,T —1) and cost-aversion coefficient [ = 0 that ignores the transaction cost,

the pre-commitment optimal strategy is equivalent to that in Li and Ng (2000). Therefore,

Theorem 4.1 generally includes three situations just like Theorem 3.1.

4.2 Time-consistent strategy for problem (Is(a), 5))

It is not difficult to find the problem (f’(a), f)) can be solved by the time consistent

strategy. By using backwards induction, we derive the time-consistency strategy for
multiperiod MVALM problem without riskless assets by using the procedures presented in
Section 2.

Define:

For a=0 if t=T-1 and a=1 if t<T -1, we define:
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x, =1y, =1,z =1

ﬁt = aE(GIM t+1'Qt

G)+x,,x

t+1

~o 1290 Lt=T-1
QL =
~E(G,q)o0,,,—Qx, v, t=0,1,.,T-2

t+1

A, =A+aE(GM,,,G,)

t+1

t

{E(er_l), t=T-1
E(Gt)('xt+1 _pr_]), = O,l,...,T—2

. . 20 +28A 1!
®[:[2a)Qt+2ﬂAt]“{g— [20X2, +2/iA,] }

I'20Q, +25A, 11
a,=2000,, b=w00,Q°, ¢, =0,¥,

t

_ (6—4;)E(e;),t=T-1
(6-4)EG)x,, ,t=0L..T-2

yt = x't+1 E(Gt)bt +yt+1E(qz)

z, =z, +x ., EG)c,
m, = (e—at)'f)t(e—at)

n=b Qb +o,-Q"b +an, E(q)
0,=(¢—-a)2Q, b -Q")

p,=(e—a, )[2Q, ¢, +aE(G,)p,,]

¢, =20 Q,c,—Q%c, +a[E(q,)c,., + p,.,'E(G)b,]
$, =6, +c, tht +ap',, E(G))c,

d =a, Aa, +a(e—-a,)EG,d

t7t+1

Gt)(g - az)
hr = b't Abt + OC[hHlE(qf) + j't+l E(tht )bt]
jt = —261'[ Abt + 0{[(8 - at)'(2E(G dt+1Gt )bt + E(tht)jt+l)]

t

k, =-2d' Ac, +al(e—a,) QE(G,d

t7t+1

G e, +E(Gq,)k,.)]
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ut = 2b't Atct + a[j'tﬂ E(Gth )ct + k' E(Gz )bt + ut+lE(qt)]

t+1

=1, +¢ Ac +alk', E(G)c,].

t+1 t+1

Subsequently, by applying the procedures of time consistent strategy, we have the

following conclusions.

Theorem 4.2. For r=0,1,2,...,7—1, the time-consistent investment strategy of problem

(P(w, B)) is given by
Av, =—ayv,+bL +c,, (4.11)
the corresponding expectation and variance of surplus and the expected transaction costs,

respectively, is:

EI(ST):x't v, +ytLt t+z 4.12)
Var.(S;)=Vv' ' my, + n,Lf +o' vL +p'.v,+¢L +, (4.13)
E(TC,) =V dv, +hL +j vL +k'v,+ul, +1. (4.14)

Remark 4.3. Similarly, if the investor does not have any liability, that is L =0 for
t=0,1,...,7 —1, then the time-consistent strategy reduces to

Av, =-ay, +c, (4.15)
and the expectation and variance of surplus and the expected transaction costs, respectively,
is:

Et (ST) = x't vt + Zt

(4.16)
Var; (ST) = V't my, + p't v, + gt (4_17)
EI(TCT):V'I‘ dtvt+k't vt+lt (418)

Thus the same to Theorem 3.2, the Theorem 4.2 generalizes three situations as well.
5 Numerical simulations

In this section, some numerical simulations are given, which provide twofold
contributions. Firstly, we compare the results of application of quadratic transaction
costs and no costs in Example 5.1. Further, in the present of quadratic cost, we
compare the frontiers under different strategies and different settings in Example 5.2,

including strategies with/without riskless assets. Secondly, to disclose the impact of quadratic

transaction costs on frontiers, we discuss the transaction cost parameters £ and A in
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Example 5.3 and 5.4, respectively.
Consider a riskless asset with a constant return rate of 1.04 and three risky assets whose

corresponding expected return vector and the covariance matrix are given as

E(e,)=[1.162,1.246,1.228] and

0.0146 0.0187 0.0145
Q,=10.0187 0.0854 0.0104 | for t=0,L,..,7T -1
0.0145 0.0104 0.0289

respectively. The expected return of liability is 1.136 and the corresponding variance is 0.01.

Q" = diag([0.0006,0.0149,0.0050]) is the diagonal matrix of covariance vectors of

liability and risky assets.
The investor has 1 unit of wealth and 0.3 unit of liability at the beginning of the planning

horizon, and conducts a multiperiod investment process with 7 =4 . The parameter ®

ranges from 0.4 to 1.2 and S varies from different examples. Due to the importance of the

investor's terminal net surplus, all simulated results are demonstrated by the frontiers that take

E(S, —-TC,) as ordinate and Var(S, —TC,) as abscissa, referred to as M-V frontier.
According to the conclusions shown in previous sections, we can find that Var(S, —TC,)
is equivalent to Var(S;).

Example 5.1 Comparison of strategies with/without cost

Although the empirical evidence shows that the transaction cost affects the strategy, it
fails to quantify the extent of the change intuitively. Thus, we compare the strategies of

considering the transaction cost and that of ignoring it.

20


file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/6.3.69.8341/resultui/frame/javascript:void(0);
file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/6.3.69.8341/resultui/frame/javascript:void(0);

(Pre-commitment Strategy)

Mean

——~~ with riskless asset and cost
with riskless asset/no cost

2r ———— without riskless asset/with cost ||
— without riskless asset and cost

0 L L L T T T
0 1 2 3 4 5 6 7
Variance
(Time-consistent Strategy)
T T T
8r 4
6 4
C
3 5.615.62
= 4t — with riskless asset/no cost i
2. ’ ———— with riskless asset and cost
588 without riskless asset and cost
2r 0.95%.96 ———— without riskless asset/with cost ||
| | | | | T T T T
0 1 2 3 4 5 6 7 8 9 10

Variance

Fig. 5.1 The M-V frontiers under different strategies with/without cost
From Fig.5.1, we can know that the existence of transaction costs does affect the
pre-commitment strategies greatly. And the time-consistent strategies have been affected to
some extent, but not seriously. Ignoring transaction costs can lead to invalid pre-commitment
strategies. At the same time, the investors who has high transaction cost aversion could be

inclined to consider time-consistent strategies.
Example 5.2 Comparison of the frontiers under different strategies

In order to better understand the difference among different investment strategies, we

will discuss the frontiers under the following two situations:

(a) #=0.5, A=0.001* &, where & is a unit matrix;

(b) #=10, A=0.001* &, where & is a unit matrix.

When other parameters remain unchanged, different cost aversion coefficients will

produce different frontiers. The detailed simulation results are shown in Fig 5.2.
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Fig. 5.2 The M-V frontiers under different strategies
From Fig.5.2, we can draw two conclusions. One is, for the given risk level, the expected
net surplus of pre-commitment strategy is better than that of time-consistent strategy no
matter that there is a riskless asset or not in the asset pool. In other words, we can obtain
higher income by following the pre-commitment strategy. This can be explained by that the
pre-commitment strategy is the global optimal investment strategy for the initial period, while
the time-consistent strategy only considers local incentives and ignores global objectives. The

existence of the quadratic transaction cost does not affect the superiority of the

pre-commitment strategy. The other interesting conclusion is that when the value of S s
particularly large, the gap between the frontier of pre-commitment strategy and that of
time-consistent strategy have been reduced. Comparatively speaking, the cost constraint is
more punitive to the pre-commitment strategy. If the investor adopts the pre-commitment
strategy without considering the transaction cost, then it will lead to ineffective investment

strategy, especially for the individual investor with higher cost aversion.
Example 5.3 Impact of cost-aversion coefficient on different frontiers
To explore the impact of cost-aversion coefficient on frontiers, we set £ is, in turn,

equivalent to 0,0.8,1.6 and 2.4. Fig. 5.3 shows the sensitivity of the corresponding frontier
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under different strategies to the cost coefficients.
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Fig. 5.3The efficient frontiers of strategies under different cost-aversion coefficient

As shown in Fig. 5.3, we can find that the frontiers move downward with the increase of

p for all strategies. The existence of transaction costs has a significant effect on investment

strategies and the efficient frontier. Comparatively speaking, with the increase of /[, it

causes a smaller change on the frontier of time-consistent strategy. This indicates that the
frontier of time-consistent strategy is less sensitive to cost-aversion coefficient than that of
pre-commitment strategy, regardless of whether there exist riskless assets in the asset pool.
More importantly, no matter how large the cost aversion coefficient is, the produced cost is

relatively small for the time-consistent strategy.
Example 5.4 Impact of parameter A on different frontiers

The positive definite matrix A in the quadratic transaction cost function can be
diagonalized into a matrix consisting of eigenvalues, which dominate the corresponding unit
cost of risky assets. In this example, we will discuss the impact of these eigenvalues on

different frontiers.

Here, we set the matrix A as Table 5.1 and [ equals to 0.5. Fig. 5.4 shows the

frontiers of different strategies when A takes different value.
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Table 5.1 The parameter-set.

Al A2 A3 A4

1 00 300 1 00 1 00
0.001*/0 1 0 0.001*/0 1 0 0.001*/0 3 0 0.001*|0 1 O

0 0 1 0 0 1 0 0 1 0 0 3

(a) pre-commitment strategy without riskless asset (b) pre-commitment strategy with a riskless asset
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Fig. 5.4 The efficient frontiers of strategies under different parameter A

It is easy to find that both the pre-commitment and time-consistent strategies follow the
same law. That is, the frontiers drop in the same order with the change of parameter A, and
they are all below the frontier where A remains unchanged. The changes of the elements on
the parameter A also affect the frontiers, whether it is a pre-commitment strategy or a
time-consistent strategy. More importantly, the increase of unit cost has less impact on the
frontier of time-consistent strategy. For the change of parameter, the time consistent strategy
might be more stable which is coincident with the conclusion of Example 5.3. Comparatively
speaking, for the instability of the market environment and the aversion of the investors to the

cost, the time consistent strategy might be the better choice in the complex market.
6. Conclusion

This paper provides the highly tractable multiperiod asset-liability management
frameworks for the study of optimal trading strategies in presence of quadratic transaction

costs. For different investment setting (with/without riskless assets), the pre-commitment and
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time-consistent investment strategies are derived by applying the embedding scheme and
backward induction approach, respectively. The derived strategies cover several optimal
strategies in existing literatures. This provides investors with a sensible investment strategy
when transaction costs or liabilities are not considered, or neither is considered. Finally, some
numerical simulations are carried out. The results indicate that the transaction costs play an
important role in investment markets. Furthermore, when considering transaction costs, the
time-consistent strategy is more robust than the pre-commitment strategy in asset-liability

management.
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Appendix A

Proof of Theorem 2.1

Define H (@, p) to be the set of the optional solution " of
problem F,(J,,Av(t)) for given @ and f . Similarly, for problem F;(J LAV(D))
Hﬁ (A, @, B) isthesetof the optional solution for given A, @ and f.And denote

d(m,w)=1+20E,(S,)|_. (1)

We firstly proof that for any v~ e HF (w,0)," € Hﬁ d(n",0),0,B).

Assume that " ¢ Hﬁ (d(y",w),, ), then exist y to make

E,(S7) E,(S7)
(d(l//*’ a)),—a),—,B) Et (STZ) > (d(l//*, w)a_w’_ﬂ) Et (S72") (2)
E(TC;) E(TC)) .

Consider the function
ULE, (S, ),E,(S2), E,(TC)] = E,(S,) — oVar,(S;) ~ BE,(TC,)
= E,(S;) - @[E,(S})~E (S)]- BE(TC;)
Obviously, this equation is a convex function about E (S,), E,(S;)and E (TC,),so

we can get
ULE,(S,).E,(S7), E(TC,)]| | ~ULE,(S,). E,(S}).E(TC,)] .
E,(Sr) E,(Sr)

WES) | —[ESH |1 @
E(TC,)) |E(TC)) .

ou | ou | oU |
OE,(S)|,  OE,(S})|,-" OE(TCy )| -

2 (

E(Sy) E(Sy)

:(d(ﬂ-*aa))a_a)a_ﬁ)[ Et(SZZ') - Et(SZZ") ]
E(TC,) E(TC,)) .

Combine (2) and (3), we can obtain
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ULE,(S,). E(S}). E(TC,)], > UIE,(S,).E,(S7).E(TC;)] 5)

V/*

Apparently, it is conflict with the assumption € HF (@, p), so that is proved.

Then, for given (@, ), the optimal solution of problem (ﬁ (4,m, B)) can be expressed
by parameter A, and then the corresponding wealth and transaction costs can be expressed at

the same way, marked S,(A,w) and TC,(A,F) , respectively. Because of
HF (w,p) UHﬁ (A4, w, ), the problem F(w,f) can be degenerated into equivalent
)

problem as follows:

max U (E,[S; (4, @)1, E,[S7 (1, @), E[TC, (4, B)))
=max E,[S; (4,0)]- o{E,[S; (1, 0) ~E[S;(A, o)1}~ BEITC, (. ). (6)

On the other hand, due to 7" € HF 1, o, ) ,according to the discussion of Reidand Citron,

there is
r OE,[S (X, w)] " OE,[S; (X, 0)] 5 OE(TC;) _, N
oA oA oA
And because of A =1+20E,[S (A ,®)]=1+20E, (ST)|W* ,
then the first order necessary condition of optimal solution about A is 8_U =0, namely
E
aﬂwg—faa’ﬂ(l +20E,[S,(1, o)) — 0 LS é (f’ o _ g aE,éz Do
So y is also the optimal control of the problem F(w,/) for
d(m,0)=1+20F,(S, )|W* ,
Q.ED

Appendix B

Proof of Theorem 3.1 We adopt the dynamic programming of reverse solving method

to solve the problem (A(A,®, f)) beginning from period 7 —1.
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Denoting £, (v,,vy,L,) as the optimal function of problem (A(A,,)) at the

period T, then we have

0 \ 7 N 0N2 A 72 D 0 A D 0
Srpvp, L) ==V My =Ny (vp) = O, L — P'yvpve + Q' v L+ R Ly,

~ ~ ~ (A.1)
+ X' v+ Yy —Z, L,
So f,(vy,vp,L,) also meets Theorem 3.1.
When ¢ =T —1, applying dynamic programming principles gives rise to
SraOrovin L)
=max E(f; (v, V? L) = PAV' AAv, )
Vi,
= max[—(v,_, + Av, ) E(Gr_ MG ) (v, +Avy ) + Ny (’”7971)2 (ng - I'AVT—I)Z
Vi,
- OTE(q72"—1 )Lzr—l) - P, rTO—lE(GT—l)(VT—l +Avp )(v;]"—l —I'Av; ) (A.2)

+ 0 E(qr G ) v AV, )L + ETFTO—IE(qT—l )(V2_1 —I'Av, )L,
+ X' E(Gr (v +Avp ) + YTrl?—l (V2—1 —I'Av; )
—ZE(qr_ )L, — AV AAv, ]

Applying the first order condition about Av, , yields the following optimal strategy

A7 =24,  +B, L, +C, p° +D, v, . (A.3)

Substituting (A.3) into (A.2) and simplifying the resulting equation yield
0 \ 7 N 0 \2 A 2
Srar e Ly )=V My v =Ny (ve) = Op L
D 0 A D 0
- Py v v + O v Ly R Ly vp (A4)
= = ~ ~
+ X' e+ e v —Zp Ly + K
Next, for every ¢=0,1,2,...,7 — 2, by using mathematical induction we can suppose

0 _ A7 N 0\2 _ A 712 _ P 0
ft+l(vt+1’vt+1’Lt+l)_ Vt+1 Mt+1vt+1 Nt+1(vt+1) 0t+1Lt+1 Pt+1 vt+1vt+1

) D 0 2] v 0
+ Q t+1 vt+1Lt+1 + Rt+1Lt+1vt+l + X t+1 vt+1 + Y;+1vt+1 (AS)

-7 L., +I?t.

t+1

According to the state transition equations, there is

fiv v, L)
= IR?}X E(ﬁ+l (VHI b vto+1 b Lt+1 ) - ﬁAv'z AAV[)

G, +Av)+ N, (r") (" —1'Av,)?

t+1

= n&ax[—(vt +Av,) E(G.M

t
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- 5t+1E(qt2 )Lf) - ﬁ‘t+l rtOE(Gt)(vt + Avt)(vto - ]'AVI)
+0'. E(q,G)v, +Av)L, + R, r"E(q)(v" —1'Av,)L, (A.6)
+ )N(' E(Gt)(vt + Avt) + Yt ro(vto _I'Avt) _Zt+1E(qt)Lt _ﬂAv't AAVt]

t+1 +17¢

Applying the first order condition about Av, yields the following optimal strategy

~ ~ ~ ~

"+Dyv,. (A.7)
Substituting (A.7) into (A.6) and simplifying the resulting equation yields

ft(Vz,VtO,Lt) = _V‘t Mtvz - ]\th(vzo)2 - 5th - ﬁ't Vzvo + Q't Vth

t
+RLV +X' v, +YV' ~ZL +K,.

Tttt

(A.8)

According to above elaborating, we can obtain the optimal strategy and value function

for t=0,1,2,...,T —1, as follows:

Av, = /’LZ, +BL + avto +Dy, (A9)

ft(Vl,VtO,L[) = _V't Mtvt - Nt(vzo)z - OtL? - P't Vzvto + Q'z Vth (A.10)
+RLV +X' v +YV' ~ZL +K,.

Q.E.D

Appendix C

Proof of Theorem 3.2 According to the procedures for the solution of time consistent

strategy, the proof process is as follows.
Denoting g,(v,,v’,L,) as the optimal function of problem (P(c,3)) at the period ¢.
When ¢=1T -1, there is the objective function
gra(Avy ) = rBilj({E(e}—l)(vT—l +Av, )+ FY?—l(vg—l —I'Av; ) - E(q; )L,

—ol(vy, + AVT—I)'ﬁT—l(VT—l +Av, ) - ﬁ'or—l (v +Av, )L, (B.D)
+ LzT—lo'T—l] = AV AAv, | — Ay, |}

Applying the first order condition about Av, , yields the following optimal strategy

~

Avp ==, v +b L+ (B.2)
And the condition expectation and variance of final wealth and condition expected cost,

respectively, is
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E. (S;)=E(er_ (v, +Av,_ )= E(q;_ )L,

. 5 7 e - (B.3)
=X Vro oL A2 vp +

Var, (vy)= (v, + AVT—I)'()T—I(VT—I +Av, )+ O_T—ILZT—I - £~2'OT—l (v +Av, )L, (B.4)

=V My v+ ﬁT—lLZT—l +0' Ve Ly + D' v 6 L G0
E, (TCy) =V dp vy + hT—lLZT—l - TT—l Vi Ly = k' v Ly + 7. (BS)
It is easy to find that Theorem 3.2 holds for period 7 —1.
Assume that Theorem 3.2 also holds for ¢+1, then for ¢, we can obtain that
gt(Avt) = II;?X{Et(ST) - a)Vart(ST) - ﬂ(EHl(TCT) + AV'Z AAV;) - IUI'Avt}
=max{E[E, ()]~ o{E [Var,.,(Sp)]+ Var|E,..(S)])
- B(ETC, )+ AV, AAy,) - uI'Av,}
= max (T, E(G)(v, + Av)+ T, E(g)L, +Z,, (0~ I'Av)
+ gtﬂ - ILLI'AVt - CO{(Vt + AVt )'E(Gt%tHGt)(Vt + Avt)
+ ﬁtHE(Qtz)Lf + 5't+1 E(GtQt)(vt + Avt)Lt + E(‘]t)gN-tHLt
+ 0, EG)v, +Av)+ &, + (v, +Av,)' XX, Q, (v, + Av,)
+ th.)/\//lzL? + f't ;tQtO (vt + Avt )Lt} - ﬂ((vt + Av’t )’E(thl+1Gt )(vt + Avt)
+ ht+1E(qt2 )Lf + 7'1‘4—1 E(tht)(vt + Avt)Lt + kt+1'E(Gt)(vt + Avt)
+ E(‘]t)lj Lt + ZH + AV't AAV;)} (B6)

t+1
Applying the first order condition about Ay, yields the following optimal strategy
Av, =—a,v, + l;tL, +c,. (B.7)
And the condition expectation and variance of final wealth and condition expected cost

for period ¢, respectively, is

E(S;)=%v,+ L +Zv) +& (B.8)
Var,(S;)=v',my, + ﬁlLf +0'vL+p.v,+¢ L + 5, (B.9)
E(TC,)=v dv,+hI>=7" vL —k'v,+iL +7 . (B.10)

It is easy to find that Theorem 3.2 also holds at period ¢ for #=0,,..,7—-1. By
mathematical induction, we complete the proof of Theorem 3.2.

QED
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