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his paper provides a new portfolio selection rule. The objective is to minimize the
maximum individual risk and we use an /., function as the risk measure. We provide an
explicit analytical solution for the model and are thus able to plot the entire efficient frontier.
Our selection rule is very conservative. One of the features of the solution is that it does not
explicitly involve the covariance of the asset returns.
(Portfolio Selection; Risk Averse Measures; Bicriteria Piecewise Linear Program; Efficient Frontier;

Kuhn-Tucker Conditions)

1. Introduction

The portfolio selection problem is of both theoretical
and practical interest. Markowitz (1952) laid the foun-
dations for this line of research with his mean-vari-
ance (M-V) model. While Markowitz used the portfo-
lio variance as a risk measure, other risk definitions
have been proposed. Konno (1990) and Konno and
Yamazaki (1991) used the mean absolute deviation as
their risk measure. The mean absolute deviation cor-
responds to an [, function, whereas the variance
corresponds to an /, function. In this paper we pro-
pose a more conservative portfolio selection rule
whereby the investor minimizes the maximum risk of
the individual assets. This risk measure corresponds
to an [ function.

The classic M-V model can be solved analytically
for the efficient frontier (see Merton 1972) when
short selling is permitted. It has been found that the
composition of the optimal portfolio can be very
sensitive to estimation errors in the expected returns
of the underlying assets; see Chopra and Ziemba
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(1998), Hensel and Turner (1998), Chopra et al.
(1992) and Best and Grauer (1991a, 1991b, 1992). In
the case of large-scale optimization problems the
relationships between the inputs and the optimal
portfolio tends to be obscured (Best and Grauer
1991a). Our model provides a clear connection be-
tween the expected returns of the assets and their
importance in the optimal portfolio. Under our
decision rule there are two steps in the solution.
First we rank the individual assets in terms of their
expected returns and risks. Second, we compute the
optimal properties based on the information con-
tained in the rankings. The ranking rule consists of
inequalities among the expected returns. This en-
ables us to see more clearly how the composition of
the portfolio varies. There are two important differ-
ences between our model and conventional models,
such as the M-V model. In our model we do not
allow for short selling. We impose this restriction to
obtain a simple analytical solution. It is a weakness
of the model. In our model correlations among the
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assets are not taken into account. This is in contrast
to the M-V approach where diversification helps to
reduce risk. However, we argue that total portfolio
risk—under the conventional definition—will be
kept small if our risk measure is kept small. In some
respects our approach is related to that of Young
(1998). In both models there is no short selling and
the asset correlations do not enter explicitly into the
solutions. The main differences are:

(i) Our model minimizes the expected absolute
deviation of the future returns from their mean while
Young’s model maximises the minimum portfolio
return over a set of past returns.

(ii) Young’s solution involves linear programming
whereas we are able to provide an analytical solution.

2. A New Risk Measure Based on [

In this section, we introduce our risk measure and
formulate the corresponding portfolio optimization
problem with this measure. Assume that an investor
has initial wealth M,, which is to be invested in n
possible assets S;, j = 1, ..., n. Let R; be the return
rate of the asset S;, which is a random variable. Let x;
= 0 be the allocation from M, for investment to S..
(Note that by assuming x; = 0 we are concerned with
the situation where short selling is not allowed). Thus,
the feasible region for the portfolio optimization prob-
lem is

n
F = X:(xl,...,xn):Ex]':Mo,x]'ZO,
j=1

i=1,...,nf. (1)

Let E(R) denote the mathematical expectation of a
random variable R. Define

r;=ER;) and gq;=E(R,—r]).

Namely, r; and g, denote the expected return rate of
the asset S; and the expected absolute deviation of R;
from its mean, respectively.

The expected return of a portfolio x = (x,, ...
is given by

4 xn)

958

r(xy, ..., %) =E| > Rix;
j=1

j=1

j=1

The [., measure we propose is defined as follows.
DEFINTTION 2.1. The I, risk function’ is defined as

w..(x) = max E(|Ryx; — rx)]).

1=sj=n

(2.3)

Let x € &. Then w.(x) = max,_,., E(|R; — E(R))|)x;
= max,.., 4;x;. This function is explicitly known if
the distribution of each random variable R; is given.
For example, if R; is normally distributed, then it is
easy to verify (see Konno and Yamazaki 1991) that

2
w.(x) = max \/: Tix;,
1=j=n ™

where o is the standard deviation of R;. Historical
data can also be used to estimate r; and g;.

We assume that investors wish to maximize ex-
pected return while minimizing their risk level. This is
an optimization problem with two criteria in conflict.
Under the I, risk measure as defined above, our
portfolio optimization problem can be formulated as a
bicriteria piecewise linear program as follows, which
is denoted as POL,, (the Portfolio Optimization prob-
lem with the 1, risk measure).

DEerFINITION 2.2. The bicriteria portfolio optimiza-
tion problem POL, under the [, risk measure is
formulated as:’

(2.4)

n
Minimize | max g;x; — > riX;

1=j=n j=1
subjectto x € ¥,

where a feasible portfolio x = (x,, ..., x,) € ¥ is said

n

! See, for example, Bager and Bernhard (1995), for more discussion
on the I, notation and other related minimax measures.

> Minimize (A, B) indicates that A and B are the two criteria to be
minimized.
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to be efficient if there existsnoy = (y,, ...
such that

/yn)eg

n

n
2Ty = 2T
j=1

j=1

max gy; = max g;x;,

1=j=n 1=sj=n

and at least one of the inequalities holds strictly.
Accordingly, the function value (max,_,_, q,;x;, — 27,
r;x;) is said to be an efficient point.

In words, an efficient point is such that there exists
no solution better than it with respect to both criteria.
The efficient frontier is the collection of all efficient
points.

By a simple transformation, one can show that
POL. is equivalent to the following Bicriteria Linear
Programming (BLP) problem

n
Minimize (y, - rjxj)
j=1

subjectto gqx; =y, j=1,...,n,

x € %F.

Now we convert the bicriteria linear programming
problem BLP into a parametric optimization problem
with a single criterion. For a fixed A, where 0 < A <11,
the Parametric Optimization problem of BLP, denoted
as PO(A), is as follows:

Minimize F,(x,y) = Ay + (1 — A)( -> r]»xj)

j=1

subjectto gx; =y, ji=1,...,mn,

x € F.
The equivalence relation between BLP and PO(X) is

given below (cf. Yu 1974 for proof).

ProrosiTiON 2.1. Consider the problems BLP and
PO(A). The pair (x, y) is an efficient solution of BLP if and
only if there exists a A € (0, 1) such that (x, y) is an optimal
solution of PO(X).

One can think of A as an investor’s risk tolerance
parameter—the larger the A, the more risk the investor
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is to tolerate. Because of the equivalence between
POL. and BLP, there exists the same equivalence
relationship between POL,, and PO(A). Thus, an opti-
mal solution for PO(X) gives, accordingly, an efficient
solution for POL.. To obtain the efficient frontier of
POL., one has to know the optimal solutions of PO(A)
for all A € (0, 1).

In §3 and §4 below, we will show that an optimal
solution for PO(A) can be derived analytically, and
consequently the whole efficient frontier of POL,, can
also be determined analytically.

3. A Simple Optimal Investment

Strategy
Consider the problem PO(A) with a given A € (0, 1).
Note that the parameters r;, = E(R)) and q, = E(|R,
— E(R)]),j=1,2,..., n, are constants in PO(}).
We assume that

1’157’25'-‘51’”.

(3.1)

Furthermore, to avoid ambiguity, we assume that
there do not exist two assets S; and S gl F j, such that
r; = r;and q; = ¢, (if such two assets do exist in the
original problem, we may treat them as a single
aggregate asset).

3.1. All Assets Are Risky

In this subsection we consider the case where all the
assets are risky. We present our main result and
provide some discussion of its meaning.

TaEOREM 3.1. For any A € (0, 1), an optimal solution
to PO(A) is given by

M, 1\ ! )
. — —| , 7€ T*N),
xi=1 9 \jeqn J (3.2)
0, je€T*(A);
1 -1
]/* = MO( Z _> ’ (33)
gy 11

where T*(\) is the set of assets to be invested, which is
determined by the following rule:
(a) If there exists an integer k € [0, n — 2] such that
Tn = Tyt A
Gu S1oa

(3.4)
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Ty = Ty- Tho1 = V- A
2 2= 2 , (3.5)
q” qnfl 1 - )\
Ty Tn—k Th-1 = Thk Th-tk+1 — Tn—k A
qn qn-1 qn-k+1 1—A7
(3.6)
and
Ty Vi—k—1 Yi-1 = Th—k—1 Vi—k+1 Vi—k-1
qn dn-1 Jn-k+1
Thk = Tu-k-1 A
Gn—k = 1A (37)
then
J*N)={n,n—-1,...,n—k} (3.8)

(b) Otherwise, if the condition above is not satisfied by
any integer k € [0, n — 2], then

J*N)={n,n—-1,...,1}L (3.9)

The proof of this theorem is given in Appendix A.
We now discuss the meaning of the results by exam-
ining how changes in the portfolio affect its expected
return and risk.

Suppose we have a portfolio x°, in which x} > 0 if
jE€ T and x] = 0if j ¢ T°. Namely, T°(A) is the set
of assets to be invested. Assume there is an asset S,
that is not included in 7°(A). We will now analyse how
the performance of the portfolio will change if the
allocation x, to the asset S, is increased. Let us
construct a new portfolio x" as follows:

x]‘-’ -4, ifj e TOUN);
xj=1 Ay ifj=h; (3.10)
0, otherwise.

Further, suppose y° is the corresponding risk of the
portfolio x° (that is, (x°, y°) constitutes a solution for
the problem PO(A)). We construct a new solution
(x', y") for PO(X) by creating x’ as above and setting

v =y’—A, (3.11)

To meet the constraints of the problem PO(A), we
should have

960

n

1

x}= Ex?_ E Aj+Ah:M0/
1 i=1 JETO(N)

xjg; = (x] = A)g;=y°— A, forj€T(),
xign = Mg =y° — A,

Thus, we can choose A;, A, and A, as positive num-
bers satisfying

Ay= D A, (3.12)
JETO(A)
A, , .
A= 7 jE T°N), (3.13)
A= (y°—A)/q (3.14)

Recall F,(x, y) is the objective function of the
problem PO(A). We have

FAx', y)=Ay"—A) —(1-N) 2 rx]—4)

JETON)
— (1= M4,
=F,(x%y") =M, + (1 -1 X 1A
JETON)
— (1= Mr, E Aj
JETOMN)

=F,(x°% y°) — A, (3.15)

where

Ap=A0,—(1=X) 2

JET M)

A+ (1 =A) 2 rA.
JETOMN)
(3.16)
It is easy to see that in the above equation, {AA}
indicates the decrease in the risk, {(1 — A) Zc50.,, 7,4}
is the decrease in the expected return due to the
decreases in the allocations to the assets j € T°(A),
and {(1 — A) 2 g0, 7,4} indicates the increase in the
expected return due to the addition of the asset S, to
the set of assets to be invested.
From (3.13), we can rewrite (3.16) as

7"_7‘]
s Doy,

JETO(A) ]

Ar=1A—(1-)) (3.17)
Define 7, = {j:j € T°(A) and r; > r,} and T, = {}:
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j € J°%A\) and r; < r,}. Then, (3.17) can be rewritten
as

Ap= AL+ AL (3.18)
where
ri—r
Ar=Ia-(1-n > LA, @319
€T, j
and
(3.20)

r,— T
Ag:[u—m > : ]]Ay.

JET J

We now have the following few scenarios.

Case 1: A > 0. From (3.19), we can see that A; > 0
means that the decrease in the risk value, {)\Ay}, is
greater than the decrease in the net expected return.
This together with A} = 0 gives us A, > 0. Thus, it
follows from (3.15) that F,(x’, y') < F,(x’, y°). This
means that the portfolio x° can still be improved if the
asset S, is included into the set of assets to be invested.
This justifies (3.6).

Case 2: A} = 0 and the set I, is empty. In this case, A,
= A} = 0. This means that increasing the allocation
for the asset S, will either result in a decrease in the
net expected return that is greater than the decrease in
the risk value (if A} < 0), or yield no benefit (if Ay
= 0). Hence, the asset S, should not be included in the
set of assets to be invested. This justifies (3.7).

Case 3: A} = 0 and the set 7, is not empty. As J , is not
empty, there must exist at least one element m € 7,
such that r,, < r,. We can show, following a similar
idea as above (that is, altering the portfolio by remov-
ing the asset S,, and then increasing the allocations to
other assets accordingly), that in this case the asset S,,
should not be included in the set 7°(A) for investment.
This, together with the observation that the asset S,
must meet the condition (3.7) (this is because r,, < r,
and A; = 0), justifies (3.7).

The above gives a justification of the ranking rule of
Theorem 3.1. We now provide several remarks regard-
ing the optimal portfolio as determined by the theo-
rem.

REMARK 3.1. It may be a bit surprising to observe
that the investment strategy given by Theorem 3.1
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always suggests including those assets with higher
return rates first. In other words, an asset with a
higher return rate should always be considered before
an asset with a lower return rate is considered for
selection. The reason for this apparently counterintui-
tive result is that the actual amount invested in a
particular asset also depends on the risk of that asset.
Hence, it is possible that the actual investment to an
asset with a high return rate is nearly zero, even if it
may have been selected according to the rules given
by Theorem 3.1. To see this more clearly, consider an
example which we assume satisfies (r, — r,_,)/q,
<A/(1 = A)and (r, — rn—z)/qn +(r, — rn—z)/qn—l
= A/(1 — A). Thus, it follows from Theorem 3.1 that
an optimal investment strategy is to select assets S,
and S,_; only. Further, according to Theorem 3.1, the
actual amounts of investment for the assets will be
respectively:

. M, B M, d
@) ¥ 1700 q/(@qe) +17
(3.21)
* _ MO _ M(J
Tro1 = qnfl(l/(qnfl) + 1/%) a 1+ (%—1)/% '
(3.22)

Clearly, if g, is much greater than g,_;, then it is
possible that x is nearly zero while x)_; is nearly
equal to M,.

The optimal strategy as described in Theorem 3.1 is
a two-phase decision. In the first phase, the assets are
selected according to their return rates. Then in the
second phase, the actual amounts allocated to those
selected assets are determined based on their risks.
When the transaction cost for investing an asset is
taken into consideration, a very small allocation of
funding to the asset may mean that it should in fact be
omitted. Thus, under the investment strategy of The-
orem 3.1, an asset may be eliminated in either Phase 1
or Phase 2. In Phase 1, it may be eliminated if its return
rate is too low, while in Phase 2, it may also be
eliminated if its risk is too high.

ReMARk 3.2. The optimal investment strategy
given by Theorem 3.1 has the property that xjg, = y*
forall j € 7*(A) (and x7 = 0 for all j ¢ J*(A)). This
means that, for the assets selected for investment, we
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shall invest them with the amounts such that they
have the same risk y* (note that E(|[Rx; — rx,|) = q,x;
represents the risk of investing an amount x; in asset
S;; see Definition 2.1). Note that our problem under
the [, measure is to minimize the maximum individ-
ual risk, namely, w.(x) = max,_.., E([Rx;, — rx)|).
Theorem 3.1 implies that to achieve this objective, an
optimal investment strategy should invest the assets
in such a way that their risks are equal. One can see
that, if this is not the case, that is, there exists some
asset whose risk is less than that of another asset, then
the allocation to this asset can be increased. Such a
change of allocation will not increase the maximum
risk, while the overall expected return will be in-
creased (for details, see the proof of Lemma 4.1 in
§4—the part on the inefficiency of the solution (x*, y*)
if the risks of the assets selected under (x*, y*) are
unequal).

ReMARK 3.3. Another property of the optimal port-
folio given by Theorem 3.1 is that the amounts of x7, j
€ J%(A), do not depend on the return rates r;, as long
as the set J*(\) is selected. This indicates that the
expected return rates determine the set of investable
assets, but do not influence the magnitudes of the
allocations. This property does not seem to exist in
portfolio solutions under other models such as the
classic M-V model. Why is this a sensible property?
The answer is: (i) the information of the expected
return rates is exploited already in the selecting rules
of Theorem 3.1 when determining the set of investable
assets; and (ii) after the assets selected for investment
have been determined using the selecting rules, how
to minimize the risk of the investment will become the
major concern. Under our model, the maximum indi-
vidual risk is to be minimized. As we discussed above,
to achieve this goal, a sensible way is to have all the
assets invested carrying the same risk. This leads to
the allocations that are independent of the expected
return rates.

REMARK 3.4. It is easy to see from Theorem 3.1 that
a case where we invest all fund M, in a single asset is
when

Ty = Ty /\
= .
Gn 1-A

(3.25)

962

Nevertheless, it should be noted that there exist other
cases where almost all the fund M, should be invested
in a single asset. See Remark 3.1 above. A case where
all the fund is invested in a single riskless asset will be
further addressed in §3.2 below.

RemMARK 3.5. Note that the case where we will
select all the assets S, j =1,2,...,n, for investment
is when Condition (3.7) is not satisfied by any 0 = k
=n — 2. In this case, T*(A) = {n, n — 1,..., 2,1}
and the proportions of the assets in the efficient
portfolio are given by (3.2). More specifically, if we
assume M, = 1, from (3.2) we have

__Va
2o 1/‘71(’

There exists an interesting relationship® between
this portfolio and the global minimum variance
(GMV) portfolio under the M-V model (see, e.g.,
Haugen 1997). This is analysed as follows.

Suppose the variance of asset S,iso;,i=1,2, ...,
n, and assume that the assets are uncorrelated. In this
case we can show that the proportions of the assets,
x;, in the GMV portfolio are given below:

*

X i=1,2,...,n. (326

B 1/07 .
I i/er T

Xy 1,2,...,n. (3.27)
Moreover, in the situation when the asset returns are
normal, we have g, = V(2/m) o, (see (2.4)), and thus

(3.26) can be rewritten as

1/0'1*

=, i=1,2,...,n.
21 1/ oy

x; (3.28)
This has a clear analogy with (3.27). Under our model,
the efficient portfolio uses 1/, while in the M-V
model, the GMV portfolio uses 1/ o’

REMARK 3.6. In recent years, it has been shown (see
Chopra and Ziemba 1998, Hensel and Turner 1998,
Chopra et al. 1992, and Best and Grauer 1991a, 1991b,
1992) that the composition of an efficient M-V portfo-
lio can be extremely sensitive to errors in problem
inputs. In particular, it has been found that errors in

*We are very grateful to Professor P. P. Boyle, the department
editor for Finance, for pointing out this relationship. The material
here has been based on a note kindly provided by him.
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the asset means can be much more damaging than
errors in other parameters. Therefore, a similar question
we may face is how sensitive the solution of our model
could be to changes in the asset means. We now discuss
this question. Assume that m = n — k — 1 is the asset that
satisfies the Condition (3.7). In other words, T*(\) = {n,
n—1,...,m+ 1} and asset S,, is the first one excluded
from the set I7*(\) (see Theorem 3.1). Let us analyse the
following three categories of assets, where 8; denotes a
perturbation of 7;.

(@) On the assets S; with j < m: All these assets are
not selected for investment by Theorem 3.1. Further-
more, this solution remains unchanged as long as 7,
+ 6, = r,. This means that the optimal portfolio is
unchanged as long as the perturbations are within the
following ranges:

—o=9§=r,—r, forj<m. (3.29)

(b) On theassetS,: Clearly, if (i) r,, + 8,, = r,,.; and (ii)
Ty = VTm — 8m
qn qn—l

Tl = T — 5m A
=
1—-A

i’

Tn1 = T — 8m

qm+1

then the optimal portfolio is unchanged. Let ¢,
=2 (e — 1,)/9, — A/(1 — X). Then, to satisfy
the above two conditions, it is sufficient for us to have

gﬂl
STy e rm}. (3.30)

—0=3§,= min{
k=m+1

(c) On the assets S; with j > m: Let {; = A/(1 — A)
— 2, (r, = r))/qy, for j > m. Bear in mind that we want
to determine an interval for §; such that the conditions of
Theorem 3.1 remain satisfied. After some development,
we can show that a sufficient condition is as follows:

_é(
max{m, ~Lnljy Tjo1 — r]} =9,

= min{{,1q;, ;41 — 1}, ifj>m+1; (3.31)

max{mf —Zm%‘/ rio1— 1’]} = 8], = i1 — 1
ifj=m+1. (332)

In summary, the analysis above indicates that if the

MANAGEMENT ScIENCE/Vol. 46, No. 7, July 2000

perturbation 8; of an asset mean r; is within the
interval of (3.29)—(3.32), then the optimal portfolio
under our model will remain unchanged. Note that
(3.29)-(3.32) are sufficient conditions, and in many
cases these may not be satisfied at all (but the portfolio
may still remain unchanged if they are not satisfied).
Generally speaking, because the ranking rule for se-
lecting the assets to be invested under our model is
given by a set of inequalities (3.4)-(3.7), our model
exhibits some robustness against errors in the problem
inputs.

On the other hand, we should emphasize that our
model can also be quite sensitive in some cases to
errors of the problem parameters, such as the means.
To illustrate, let us consider an example in which there
are three assets with estimated means r, < r, < r,.
Suppose (ry = 1))/q; < A/(1 = A) and (ry — 1,)/q,
+ (r, — r1)/9, = A/(1 — A). Then, by Theorem 3.1,
we choose Assets 2 and 3 and x7 = 0, x5 = 4,/(4,
+ q,), and x5 = ¢q,/(q, + gq,). Further, suppose g, is
much greater than ¢,. Then, x; ~ 0, and x} =~ M,.
However, there is an error in r, and the actual mean r/
of Asset 1 satisfies r, < r} < r; and (r, — 17)/4q,
<A/ = Aand (ry = r)/q, + (ry —1))/q, = A/ (1
— A). In this case, we should actually choose Assets 1
and 3 and the portfolio should be: x3*= 0, x7*= q,/(q,
+ q5), and x3*= q,/(q, + q,). Further, suppose g, is
much greater than ¢,. Then, x7*~ M, and x}*~ 0. In
this example, an error in the estimation of r, has
changed the portfolio almost completely.

3.2. Inclusion of a Riskless Asset
We now consider the case where there exists a riskless
asset. Without loss of generality, we may assume that
this riskless asset has the lowest return, namely, i = 1
(recall our Assumption (3.1) and note that all risky
assets could be eliminated from consideration if their
returns are not greater than that of the riskless asset).

Under the assumption above, we have g, = 0. To
generalize the result in §3.1, we first assume that g,
= € > 0, where € is a sufficiently small number. We
then obtain our result by letting € — 0. Let us now
consider the following two cases.

Case 1. According to the rule given in Theorem 3.1
(with g, = € > 0), we find that 1 ¢ J*(A). In this case,
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it is obvious that the optimal solution for PO(A) as
given in Theorem 3.1 is unchanged.

Case 2. According to the rule given in Theorem 3.1
(with g, = € > 0), we find that 1 € J*(A). In this case,
the optimal solution for PO(A) becomes

xi=0, VjeT*(n),
-1
M, 1 - 1
r=—|=+ X | , jeTW,
qj € I=n—k,I#1 ql

-1
1 S|
=Myl -+ — .
/ 0(6 /:n%/ﬂ l]/)
Letting € — 0, we obtain x}‘ =0 forallj>1,x}
= M, and y* = 0.
Clearly, the case where the riskless asset S; is
selected into the set J7*(A) for investment happens only
when

Ty — 11 T,_.1— 1 Ty — 17 A
+ +.. 4+ <—.
qn dn-1 q> 1—-A

(3.33)

Combining Case 1 with Case 2 above, we have the
following result.

THEOREM 3.2. Given any A € (0, 1). If (3.33) is not
satisfied, then the set I*(X\) of assets to be selected should be
determined by (3.4)-(3.8) and the optimal solution should
be computed by (3.2) and (3.3). Otherwise, if (3.33) is
satisfied, the optimal investment strategqy should be to
invest all fund M, in the riskless asset (where y* = 0).

4. Tracing Out the Efficient Frontier
We now discuss how to determine the efficient fron-
tier of the problem POL... Corresponding to the results
in §3.1 and §3.2 respectively, let us carry out our
analysis in the following two subsections.

4.1. No Riskless Assets Are Involved
First, define:

1 1 1
ak:_+ ce e 4
qn qn—l

k=1,2,...,n—-1,

7
qn7k+1

(4.1)
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Yy = Ty- Typ—1 = Ty— V- — T
B, = k+ 1 k+-~-+ k+1 k’
qn dn-1 Gn—k+1
k=1,2,...,n—1. (4.2)
It is easy to verify that
Bi = Bi—1 T ap(ry—s1 — Tup),
k=1,2,...,n—1 (4.3)
BO:: O/

where a, can be computed by the following recursive
relation:

(4.4)

1
[akzak1+ , k=1,2,...,n—1
qn7k+1

aOZO.

It is clear that (3.4)—(3.7) reduce to determining an
integer k € [0, n — 2] such that:

A A
Pr<1—y cee Be<1—x

A

Ben =1 (4.5)

Because q; = E(|R; — E(R,)|) > 0 for any j, a; > 0
fork=1,2,...,n — 1 (see (4.4)). Thus, noting that
r,=ryforj=1,2,...,n =1, we know that

Bo=B1=B=---=B,1 (4.6)
Therefore, the Conditions (4.5) reduce to:
A
Be<1—>x- Ben =1 (4.7)
Or, equivalently,
Bx Br+1
—_— A= 4.8
1+ B 14 Bria (48)
Letting
B < B+
A= and A= —7—7—, 49
-k 1+ B ‘ 1+ Bri (49)

we see that the Conditions (4.5) (or (3.4)-(3.7)) are

further equivalent to
A E (A A (4.10)

Bear in mind that we want to determine the efficient
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frontier, namely, all the efficient points, corresponding
to all possible A € (0, 1). Recall Theorem 3.1. Given an
integer k € [0, n — 2], it is clear that for all values of
X in an interval (A, A,], the set T7*(\) of assets selected
for investment remains unchanged, and thus the op-
timal solution of PO(A) as given by (3.2) and (3.3)
remains unchanged. According to the discussions in
§2, such a solution corresponds to an efficient point of
POL.. Now the question is whether there exist other
efficient points for A € (A, A,]. This is equivalent to
asking whether there exist other optimal solutions for
PO(M\) when A € (A, A,].

Our main idea to analyse the efficient frontier
consists of the following arguments:

(1) For all A € (A,, A,), the solution given by (3.2)
and (3.3) is the unique optimum for PO(A). Thus, there
is only one efficient point for POL.,.

(2) For A = A,, there are multiple efficient points for
POL., which, however, can be determined analyti-
cally.

The following two lemmas establish these argu-
ments respectively. For notational convenience, we let
X, = 1 below.

LemMma 4.1. Foranyk =0,1,...,n—1,ifA € (A,
\,), then the solution given by (3.2) and (3.3) is the unique
optimal solution for PO(X).

The proof of this lemma is given in Appendix B.

By substituting (3.2) and (3.3) into the objective
functions of POL,_ (Definition 2.2), one can see that,
corresponding to the solution (x*, y*) for A € (A,, A,),

the efficient point of the problem POL,, is equal to
Pi=(y*, z), (4.11)

where y* is given by (3.3), while

T 1\ !
z*=—M0( > —’)( > —) . (412)
reg 1) \1egeoy T

Using the notation above, we have
Lemma 42. Foranyk=0,1,...,n—2,ifA = \,, then
(y* = A, z¢ + AN/ = A)), where
y’(‘
1+ g (qui-1)/q;"

0=A,= (4.13)
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is an efficient point of the problem POL.,.

The proof of this lemma is given in Appendix C.

REMARK 4.1. From Lemma 4.2 and its proof we
can see that any solutions which select the assets in
T*(\,) as well as the asset | = n — k — 1 are optimal
to PO(X). The inclusion of an asset which is not in
T*(\,) decreases the total return, which, however,
also reduces the risk. If A # A, for0 =k <n — 2 or
X € (A,_,, 1), then such a solution will be domi-
nated by the solution given by (3.2) and (3.3)
(Lemma 4.1 implies this fact). However, if A = X, for
0 = k = n — 2, the reduction in risk (with a weight
equal to A,) is just balanced by the reduction in total
return (with a weight equal to 1 — A,), and thus
generates an undominated (efficient) point.

In summary, we have the following result on the
efficient frontier.

THEOREM 4.1. The efficient frontier of the problem
POL.. can be determined by considering n intervals (A,
A, k=0,1,...,n—1,aswellasn — 1 endpoints Ao
k=0,1,..., n — 2. Specifically, the efficient frontier
consists of

(1) the efficient point (y*, z*) corresponding to each (A,
) withk =0,1,...,n — 1, where y* and z* are given
by (3.3) and (4.12) respectively; and

(2) the multiple efficient points (y* — A, z*
+ A A/ (1 = Ay)) corresponding to each A, with k = 0,
1,...,n — 2, where Ay is governed by (4.13).

4.2. Riskless Assets Are Involved

Similar to §3.2, we assume, without loss of generality,
that there is only one riskless asset S, ; namely, g ;>0
forj # i,and g, = 0.

According to Theorem 3.2, the optimal solution for
PO(}) is to allocate all fund M, to the riskless asset S,
when (3.22) is satisfied, i.e., B,_;,, < A/(1 — A). This is
equivalent to A € ()_\n,,-o, 1). In this case, it is easy to
see that any other solution with an x, > 0 (and thus x;_
< M,), where k < i,, will be worse than the solution
with x, = 0 and x7 = M, (because r, < r, butg, > g,
= 0, any reallocation of the fund M,, from the asset S,
to the asset S, will increase the objective function
value of PO(X)). This means that the optimal solution
for PO(A) is unique when A € (A, , 1).

When A ¢ (A 1), the asset S, is not selected by

n—iy/
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the rule of Theorem 3.1 and the relevant analysis in
§4.2 above is still valid. Therefore, we have

THEOREM 4.2. The efficient frontier of the problem
POL, can be determined by considering n — i, + 1
intervals (A, \,), k=0,1,...,n—i,—1,and (\,_,,
1), as well as n — i, endpoints Ao k=0,1,...,n—1i,
— 1. Specifically, the efficient frontier consists of

(1) the efficient point (y*, z*) corresponding to each
(A, A\ withk =0,1,...,n — i, — 1or (A, 1) with
k =n — i, where y* and z* are given by (3.3) and (4.12)
respectively; and

(2) the multiple efficient points (y* — A, z* + (A/(1
— A))A,) corresponding to each A, withk = 0,1,...,n
— i, — 1, where A, is governed by (4.13).

5. Total Portfolio Risk and

Covariances

At first sight, it seems that neither our new risk
measure w,(x), nor the optimal solution derived,
depends on the covariances between assets. Also, it
seems that only the risks of the individual assets,
rather than the risk of the entire portfolio, are taken
care of. This feature of our approach is in marked
contrast to the conventional approach which explic-
itly takes account of the covariances between the
assets.

We should point out here that the total portfolio risk
is in fact contained in our model, albeit in an implicit
way. To be more specific, we will show in the follow-
ing that the total portfolio risk is bounded above by
our risk criterion w..(x).

It is well known that the total portfolio risk is
usually modeled as a kind of deviation of the actual
total return from the expected total return. For exam-
ple, in Markowitz’s M-V model, the total portfolio risk
is defined to be the variance as follows:

n

2
j=1

j=1

wy(x) = E

which is the expected squared deviation of the actual
total return 2", R x; from the expected total return
2", r;x;. Now, instead of considering the expectation
of the deviation, let us consider the probability that
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this deviation is greater than a prespecified level,
namely, P/, rx; — 27, Rx)| = £), where £is a
given positive number. Clearly, to make this probabil-
ity as small as possible is also a way to ensure the
deviation of the actual total return from the expected
total return as small as possible. This is an alternative
measure of the total portfolio risk. By using the
Markov inequality (cf. e.g., Leon-Garcia 1994, p. 137),
one can obtain
-

{

n n
2 rx = 2 Ry
=1

j=1

1 n n

g j=1 j=1

12 n
j=1

The above inequality indicates that the total portfo-
lio risk is bounded by w..(x) multiplied by a constant
n/ & which is independent of the choice of the portfo-
lios. The total portfolio risk will be small if w..(x) is
kept small (nevertheless, it may not be true the other
way around).

The analysis above shows that the total portfolio
risk is compressed by the risk w.(x), and what we
propose to do is to minimize w.(x). Note that the
covariances among assets are involved in the total
portfolio risk. Nevertheless, we do not have to deal
with the covariances directly. The advantage of doing
so is obvious even from the implementation point of
view: The optimal investment strategy under our
model is much easier to compute and implement, and
the whole efficient frontier is also much easier to
construct.

An interesting question is how the compositions of
the portfolios under the /., model and the M-V model
would change, and compare to each other, when the
assets to be invested have different degree (or tight-
ness) of correlations. To examine this question, we will
now consider a simple example which contains two
assets. Let o7 = E[(R, — r,)?], o2 = E[(R, — 1,)°],
and COV(R,, R,) = E[(R, — r)(R, — r,)]. Further,
let p be the correlation coefficient; that is, define p
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= COV(R,, R,)/(0,0,). Then, the M-V model can be
formulated as follows:

Minimize (w,(x), —(r1x; + 7,%,)) (5.3)
subjectto x; + x, = M,, (5.4)
x, =0, x, =0, (5.5)

where w,(x) is the variance of the total portfolio (see
(5.1) above). In this two-asset problem, one can see
that w,(x) = oix: + o2x; + 2po,0,%,x,. Introducing
a parameter T, where 0 < 7 < 1, we can convert the
above bicriteria problem to a parametric optimization
problem as follows:

Minimize 7(ox? + 03x3 + 2po,0,X,1X,)
— (1 = 7)(r1xq + 75%,) (5.6)
subjectto  x; + x, = M,, (5.7)

X, = 0. (5.8)

Denote the optimal solution for the above problem as
X = (%£,, £,) (X corresponds to an efficient point for the
multicriteria model given by (5.3)-(5.5); cf. Yu 1974).
Applying Kuhn-Tucker conditions, after some simpli-
fication we can obtain the following results:

(a) Let A, = (07 — po,o,)M, + ((1 — 7)/27)(r,
—r,)and A, = (O-f = poo) M, + (1 = 7)/27)(r,
—r). IfA, >0and A, > 0, then

Ay
%= (5.9)

o+ oi—2poy0,’

2

A,
£, = ;
2 oi+ ol —2pojo,’

(5.10)

(b) If A, =0, then 2, = 0 and %, = M,;

(c) IfA, =0, then £, = M, and £, = 0.

Now, let us consider the following two cases.

Case 5.1. p = 0, namely, assume that the two assets
are not correlated. Moreover, assume that the param-
eters in this case have been so chosen that the two
assets are all selected under both the [, and the M-V
models. It follows from (5.9) and (5.10) that

O'% M+ ]._’T ry — 71, 511
o2+ g2 27 o+ o) (G.11)

5&1:
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Figure 5.1 Efficient Frontiers of /, and /, Models in M-V Space
(r, = 0.5, r, = 0.25)
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R 0'% 1-7 Yy — 11
f2= = Mo+ |- . (5.12)

O'%+O'§ 0'§+a'§

On the other hand, it is easy to see from Theorem 3.1
that

* 92
= — p 5.13
X1 RS 0 ( )

% 1
= M,. 5.14
X3 0t 0 ( )

Note that the role of g, is similar to that of o?.
Therefore, comparing (5.11) and (5.12) with (5.13) and
(5.14), we can see that the relevant solution £, under
the M-V model has an additional term (i.e., the term
(1 = 1/27)((r; — 1))/ (07 + 03)) for x; and ((1 —
/27 ((r, — r)/(o} + o)) for x,). This can be
regarded as a compensative term, which makes use of
the information given by the return rates r, and r, to
fine-tune the portfolio (£,, £,).

The effect of the compensation reduces when the
difference between r, and r, decreases. This argument
is illustrated by Figures 5.1 and 5.2, where we show
the efficient frontiers of the I and M-V models,* in the

*In each of the figures, we assumed the two assets follow indepen-
dent normal distributions, with o7 = 0.8, 07 = 0.4, and p = 0. The
values of g, and q, were computed by the relation q, = V(2/7) o;;
see (2.4). We altered only the values of r, and r, in the two figures.
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Figure 5.2 Efficient Frontiers of /, and /. Models in M-V Space
(rp, = 0.3, r, = 0.25)
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M-V space. The two figures consider respectively the
two situations: the difference between r, and r, is
large (Figure 5.1), and small (Figure 5.2). Note that the
1., solution is always dominated by the M-V solution
in the M-V space, and therefore the efficient frontier of
the I, model is always below that of the M-V model.
Nevertheless, from the two figures we see that the /.,
frontier tends to approach the M-V frontier when the
difference between r, and r, decreases.

Case 5.2. o} ~ 03 ~ ¢°, namely, assume the variances
of the two assets are close to each other. In this case,
from (5.9) and (5.10) we have

R Uz(l_p)MO 1_7 ry — 1,

1= 2041 — p) 21 20%1 — p)
_1M 1_7 7’]—1’2 515
oMt ) T, (15)
R 0'2(1_p)M0+1_'T 1’2—7’1

t2 = 20%(1 — p) 21 20%*1 - p)
_1MJr 1—7\r,—n 516
T2 470%) 1—p "~ (5.16)

Thus, if p ~ 1, namely, the two assets are highly
correlated, the portfolio X under the M-V model can be
very sensitive to the parameters. It is possible that a
small difference in some parameters will cause X to
allocate all the fund M, to an asset (e.g., Asset 1) and
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nothing to the other asset. The allocation under the /.,
model remains as (5.13) and (5.14) (More specifically,
xp~xh ~ M, if g, ~ ).

RemARK 5.1. In summary, we have the following
observations:

(i) In situations in which the assets have low or no
correlations, the allocation to each asset under the
M-V model may be further tuned by the information
on the return rates. As compared to the portfolio
under the I/, model, the portfolio under the M-V
model may yield a higher return.

(ii) In situations in which the assets are highly
correlated and the variances of the assets are close to
each other, the generation of a portfolio under the M-V
model can be highly sensitive to the parameters. A
small error in the estimation of the parameters may
result in a totally different portfolio. Nevertheless, in
these situations a diversification in the portfolio of the
1, model is still maintained—this should be a desirable
feature to avoid the risk of generating a wrong port-
folio due to some small difference in the parameters.

(iif) A special case of (ii) above is when T = 1. For
the M-V model, this corresponds to the global mini-
mum variance portfolio (see also Remark 3.5). In this
case, (5.15) and (5.16) reduce to £, ~ £, ~ 1 M,, and
now the portfolio under our /., model and that under
the M-V model become nearly identical. Since the
global minimum variance portfolio is the most conser-
vative solution under the M-V model, this also tends
to affirm the argument that our model is a very
conservative one.

6. Concluding Remarks

This article addresses the problem of portfolio selec-
tion for cautious investors. A portfolio optimization
model with a new [, risk measure has been proposed.
A simple scheme has been derived, which generates
the efficient portfolio under the I, model analytically.
We have also shown how the whole efficient frontier
of the /., model can be traced out analytically. A simple
example is discussed to show the portfolio composi-
tions of the /., model as compared to the M-V model.
The analysis indicates that the I. model would be
more stable when assets to be invested are highly
correlated. Nevertheless, the M-V model may generate
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higher returns when the assets have no or low corre-
lations.

The new I, model and the related techniques are
easy to manipulate and implement in practice. For
example, our selection of the efficient portfolio is
based on a simple ranking rule, which evaluates one
asset at a time, to determine whether or not it should
be included into the portfolio. This not only allows a
portfolio manager to evaluate which of the current
assets are investable, but also enables him to assess the
impact of the introduction of any new asset on the
efficient portfolio. Also, from the ranking rule, a
portfolio manager can see the desirable characteristics
of those good assets. Besides, our selection of the
optimal portfolio does not involve the correlations
among stocks. This releases a portfolio manager from
the requirement to relate his portfolio selection to
those complicated covariance matrices. The whole
efficient frontier of our model can be constructed
analytically. This is useful, as it makes it easy to
examine the various possible trade-offs between re-
turn and risk.

As revealed by recent research in the portfolio
selection literature, a common problem with portfolio
selection models is their sensitivity to errors in prob-
lem parameters, particularly in the means. We have
shown that, due to the feature that the ranking rule
under our model consists of a set of inequalities, our
model exhibits some robustness to the errors in the
problem inputs. Some conditions under which pertur-
bations in the means would not change the efficient
portfolio have been given in Remark 3.6. However, the
sensitivity analysis in Remark 3.6 is still very brief and
preliminary. Moreover, as we have shown in Remark
3.6, in certain situations our model can also be very
sensitive to errors in the means. As our model relies
heavily on the means, and there is widespread evi-
dence that the means are very difficult to estimate (see
the references cited in Remark 3.6), a more thorough
sensitivity analysis on the model is an important topic
for further research. Both theoretical analysis and
computational evaluation should be helpful.

Our model has the restriction that short selling is
not allowed, and all of our results have been obtained
with this assumption. While it is well known that the
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removal of this restriction makes the derivation of an
optimal portfolio for the M-V model much easier, it is
not clear whether this is also true in our model. As
short selling also represents an important class of
market situations, it is an interesting topic for further
research to investigate how the investment strategy of
our model would change if short selling were allowed.
Furthermore, it would be more interesting to general-
ize the model to include the constraints that some x;
are subject to upper bounds U,, some x, are subject to
lower bounds L, and some x; are subject to no
restriction.’
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valuable suggestions, including a detailed analysis revealing a
relationship of our portfolio to the global minimum variance
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paper. The helpful comments and suggestions from the anonymous
referees and Professor Robert Heinkel, former department editor,
are also much appreciated. Finally, we gratefully acknowledge the
support of an RGC Direct Grant (X. Cai); two research grants from
the PolyU Research Committee (K.-L. Teo and X. Q. Yang), and a
CUHK Mainline Research Grant (X. Y. Zhou).

Appendix A—Proof of Theorem 3.1
We apply the Kuhn-Tucker (K-T) conditions to PO(A). First, let us
introduce the Lagrangian of PO(A):

L(x, y, p, Ao, y) = Ay + (1 — A)( - E r,-X,) + E rilgix; —y)
j=1

j=1

+ )\0< E X — MU) - E VX
j=1 j=1

Then, the K-T conditions (see, for example, Zeleny 1981) that an
optimal solution (x, y) must satisfy can be written as follows:

aL .
a—=)\—E,L,-=0, (A1)
y ,
j=1
oL ,
a—x/:*(]*)\)rj+l.tjqj+)\0*'y]‘:0, j=1...,n, (A2)
> x =M, (A3)
j=1
(%‘x/_y)mzof j=1/"-rn/ (A4)
969



CAI, TEO, YANG, AND ZHOU
Portfolio Optimization Under a Minimax Rule

vx; =0, j=1,...,n, (A.5)
p =0, ji=1,...,mn, (A.6)
v =0, j=1,...,n (A7)

Define 7*(A) = {j: u; > 0}. Weletx; = 0, forj ¢ J*(A). (This
is a conjecture, but we shall show in the following that this is in fact
correct in terms of satisfying the K-T conditions.) Then, from (A.4)
we have x; = y/q,, if j € T*(\). Thus, from (A.3) we obtain

1 -1
yMo< > —) : (A8)

e T
Therefore,

1
( E q—) . jETHW),

0, jeT*(M).

(A9)

From (A.5), it follows that if x; > 0, then y; = 0. Thus y; = 0, Vj
€ J*(A). For j € J*(A), it is clear from (A.2) that

1 1
M= [a- /\)7’/‘ At 7]'] =—[(1- )\)Vj — Aol (A10)
qj qj
This together with (A.1) gives us A =

— Ay]. Therefore,

(B o

1ET*(N) 1€T (A)

Ezeﬁ*(A) (1/’71)[(1 - Nr,

). (A.11)

Thus, from (A.10),

1 1\
(2

((1—A> Z

1ETH ()\)

) ], jET*(N), (A12)

and for j & T*(A),

Yi=—A =N+ pgi+r=—1—=Mr;+ .  (Al3)

Clearly, if one can correctly determine the set I*(A) which ensures
that p; and y; as expressed by (A.12) and (A.13) are all nonnegative,
then y and x; as given by (A.8) and (A.9), respectively, will be a
solution satisfying all the K-T Conditions (A.1)-(A.7).

Our argument is, if there exists an integer k € [0, n — 2] such that
(3.4)~(3.7) hold, then T*(A) as given by (3.8) is the set that ensures u,
= 0 and y; = 0. The following analysis proves this argument.

By (A.12), it follows that, for any j € T*(A) = {n, n — 1,..., n
— ki,
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qi
w=| S @
' (leﬁ*()\) ql) |: leg* ql :|

= i 7 _ N A
(E;Mql) ! )\){[ IZ/ZH a +(1_)\)}

j
+Er

I=n—k

} >0, (by(3.6)).

On the other hand, forj =1, 2, ...,
(A.10), we have

—(1—A)r,+( EM%) (1—)\) E )

1€T*( 1ET*(N)

1ET*(\) g 1E€T*(A)

SEENEEESS

1ET*(\) 1€T*(2) ql

n —k — 1, from (A.13) and

Yi

=0 (by (3.7)).

The above shows that the K-T Conditions (A.6) and (A.7) are
satisfied. This together with the fact that the solution given by (A.8)
and (A.9) with the set 7*(A) of (3.8) also satisfies (A.1)-(A.5) implies
that all the K-T conditions are satisfied.

In the case where there does not exist any integer k € [0, n — 2]
such that (3.4)-(3.7) hold, we can show that the solution given by
(A.8) and (A.9) with T*(A) = {n, n — 1, ..., 2, 1}, will satisfy all
K-T conditions. To do this, we may introduce a dummy asset S,
with r, = — L and g, = L, where L is a sufficiently large positive
number. (K-T conditions can be applied even if some parameters,
such as an r;, are negative). Following a similar analysis to the one
above, one can show that all the K-T conditions are satisfied.

In summary, because PO()A) is a convex programming problem,
the K-T conditions become necessary and sufficient for optimality
and therefore the solution given by (A.8) and (A.9), or equivalently,
(3.2) and (3.3), which has been shown to satisfy all the conditions, is
optimal. This completes the proof. o

Appendix B—Proof of Lemma 4.1
We first consider k = 0, 1, ..., n — 2. Suppose that (x°, y°), where
x® = (x{, ..., x}), is an optimal solution for PO(A). Let T°(A) be a
set such that x) > 0 if j € T°(A) and x] = 0 if j ¢ T°(A). We shall
first show that, if I°(X) # JT*(\) (T*(A) is the set determined by
Theorem 3.1), then we can find a solution better than (x°, y°) which
leads to a contradiction. Note that it will be sufficient for us to
consider the following two cases.

Case 1. T°(\) # T*(\) and there exists at least one h such that &
€ J*(A\) but h ¢ J°(\), namely, x; = 0.

In this case, by constructing a solution (x', y") for PO(A) as (3.10)
and (3.11), we can show, after some development, that
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A ri— Ty
Fi(x',y") = Fu(x® y%) + A1 - )\){(——1 — + E j ; )

j=m

_ E u} (B.1)

j=m q7

Because 2., ((r; — r,)/q;) < A/(1 — A) if m € T*(A) (see
(34)-(36)) and r, = r; if j = m, (B.1) gives us F,(x, y') < F,(x’,
y"), implying that a feasible solution (x', y') exists which is better
than the solution (x°, °). This contradicts the fact that the solution
(x°, y°) is optimal. This means that we must have 7°(A) D T*(\). We
now consider the following case, the result of which will eliminate
the possibility that T°(A) D T*(A).

Case 2. T°(\) D J*(A), namely, there is an m with x;, > 0, m
€ T°(A) but m ¢ T*(\).

In this case, we can construct a solution (x”, y") for PO(A) as

follows:
x? +4, JET*),
xi= Xy — A, j=m,
0 .
x;, otherwise.
y'=y"+A,
where A v A,, and A j are selected to be positive numbers such that
A, )
Aj=—, jET*(N), (B.2)
q;
A,= > A, (B.3)
JET*N)

It is not hard to show that the Relations (B.2) and (B.3) together
with the feasibility of (x°, y°) ensure that (x°, y°) is a feasible
solution. Similar to (B.1), one can derive

F\(x*+ A, y°+A)

= Fu(x% y°) — A(1 — A)( - ﬁ+ D u) (B4)
j€T*N) 11,

Because ¢, ((r; = 7,,)/9;) > A/(1 — A) (bearing in mind that
A € (A, A,), we have F,(x*, y*) < F,(x% y°), which is again a
contradiction.

Combining the results of Cases 1 and 2, we see that T°(\) = T*()),
namely, any optimal solution (x°, ¥’) must have the same set of
assets selected for investment as that in the solution (x*, y*). After
the set J'(A) has been fixed, all assets S;, j € T°()), should be
invested such that their risks are equal, namely, x! should be
determined such that g,x7 = y° for all j € J°(A). If this is not true,
that is, there exists an asset S,, in 7°(\) such that 8 = y° — x0g,, > 0,

then we can increase the allocation to asset S,, by a positive amount

m

A,, to construct a new solution (x’, y') as follows:

74, jETN) andj#m,
xj= X? +4, j=m,
0, otherwise,
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y' =y’ -4,
where
A, )
Aj=—, Vi€ TN —{m},
qj
A,= > A, and
JETON) —{m}

B 1\ !
A= ( > q—) :
"\ jegon M

It is easy to see that such a solution (x', y') is feasible. Similar to
the analysis in Case 1 above, we can show that that F,(x', y')
< F,(x", y).

Clearly, if T°(\) = 9*(A), and g,x] = y° for all j € T°(A), then the
solution (x°, ") is exactly the same as (x*, y*). This proves the
uniqueness of (x*, y*).

What remains to be considered is k = n — 1. According to (3.9),
the set 7*(A) becomes {n, n — 1,..., 2, 1} when A € (A,_;, 1).
Thus, Case 2 above is impossible now. As for Case 1, the proof
remains the same. In summary, the solution given by (3.2) and (3.3)
must be the only optimum for PO(A), if A € (A, X)), k=0,1,...,
n — 1. This completes the proof. o

Appendix C—Proof of Lemma 4.2

Case 1 in the proof for Lemma 4.1 continues to be impossible even
if A = A, since 0 < A < 1 and thus (B.1) still implies F,(x', y")
< F,(x% y°). Nevertheless, it is possible to have Case 2, namely, to
have an asset S, where I ¢ J*()A), to be selected in an optimal
solution. This is shown below.

Clearly (x*, y*) remains an optimal solution for PO(A) when A
= X,. Now, we can construct a new solution (x°, ¥°) from (x*, y*),
by increasing the value of x, where = n — k — 1, to A, and,
accordingly, decreasing the values of all x; by A, for j € 9*(A) and
y by A, such that

g(xi—A) =y*— A, jET*(N), (C.1)
gA =yt — A, (C2)
D (- A) + A =M, (C3)

JET*N)

where A, A;, and A, are all positive, satisfying:

A e g
A==, JET*O), (C4)
9
A, =y*—qA, (C.5)
A= DA, (C.6)
JETHN)
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Similar to (B.1), we can show that

F\(x*+ A, y°+A)

jeT*(n) J

—Fy(x% %) + A1 — A)( - %+ > L r’). (C7)

Because 2., ((r; = r,)/q;) = A/(1 = A) when A = X, we have
F,(x*+ A, vy’ + A) = F,(x’, y°). This means that all points (y* —
A, z¢ + (A/(1 — XY)A,) are efficient points for the bicriteria
problem POL,, as long as A, satisfies (C.4)-(C.6). Note that (y* —
A, zF+ (A/(1 — Xk))Ay) is the value of the objective function
under the solution (x°, y°), as y’ = y* — A, and

20=— > r(xi—A) - A

jeTH(n)
=zt + X rA= X rA

JET*(N) JET*(A)

A,

=z*+ E (7’/'_7’1)_:/

jeT*(n) i
=z¥+ Bk+1Ay

A

=z*+ — A, (cf. (4.2) and (4.9)).

1- X

It can be seen that A, within the range of (4.13) satisfies (C.4)-
(C.6). This completes the proof. o
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