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abstract

We develop a multivariate market liquidity model and derive the explicit solution of an optimal
execution strategy under both liquidity risk and volatility risk. The market liquidity is modeled
as the birth-death process of orders flowing into and out of an order book. Given a shape of the
order book of each asset, the market impact of the execution is, then, expressed as a recursive
impact with geometric recovery accompanied by uncertainty. The optimal execution is derived
as the analytical solution to a mean-variance problem which minimizes the tradeoff between the
market impact and the volatility/liquidity risk with an investor’s risk aversion. Some analyses
and implications of the optimal execution strategy are summarized by comparative statics and

simulations. We also discuss its relation to the market manipulation.

1 Introduction

Executing a large volume of block securities under fluctuating market liquidity may cause a
significant market impact which results in a considerable execution cost. Financial crises have
drawn much attention to the execution cost surged under the declining market liquidity. Var-
ious models of asset price processes with market impacts have been developed to control the
execution cost since the financial crisis in 1990’s, from which optimal execution strategies have
been constructed. The development began motivating financial institutions to minimize the
execution cost even in non-crisis period; the execution cost is considered to hold a large part in
the total cost of portfolio management which always facing the needs of trading a large size of
block securities.

The minimization of the execution cost is one of the essential tasks currently undertaken in
financial institutions. Practitioners try to apply the optimal execution strategy as an algorithmic
trading schedule. Owing to the accumulation of high frequency market data, the algorithmic
trading strategy, along with technologies that search for off-exchange liquidity such as liquidity
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in dark pools and crossing networks, have been rapidly developed at large financial institutions
in both buy side and sell side.

With such motives, we propose a new approach that minimizes the market impact involved
in a multi-asset execution while controlling the liquidity risk. We first develop a model of market
liquidity as the fluctuating number of limit orders in a limit order book, which is constructed
as the birth-death process, or M /M /oo queue waiting for an execution. We then solve a static
problem that minimizes the tradeoff between the market impact and the price’s volatility or
liquidity risk to obtain an optimal execution strategy. The model is constructed under multi-
asset environment and analyzed how the optimal strategy is affected by the price’s or liquidity’s
correlation among assets.

Almgren and Chriss {2000] obtained an optimal execution strategy that minimizes the trade-
off between the market impact and the price’s volatility cost by assuming both the short-term
market impact that recovers promptly after executions and the permanent one that does not
recover. Konishi and Makimoto [2001] extended Almgren and Chriss [2000])’s model to multi-
asset environment and obtained optimal slices of block trade by solving a mean and standard
deviation problem. Obizhaeva and Wang [2005] studied the optimal execution strategy assum-
ing recursive liquidity in a flat limit order book, where the price diffuses and recovers gradually
after executions. Alfonsi et al. [2009] extended Obizhaeva and Wang [2005]’s work to derive an
optimal strategy where the limit order book has general but continuous and differentiable shape.

Our model is a mixed type of Obizhaeva and Wang [2005] and Almgren and Chriss [2000]
with additional uncertainty in liquidity. Our model is constructed from the knowledge of queuing
theory, which is different from the Obizhaeva and Wang [2005)’s approach, but our approach
induces an expansion of their model. In our model, uncertainty is added to Obizhaeva and
Wang [2005] in liquidity recovery after executions; we assume the market impact asymptoticaily
declines with randomness to the fundamental price which is modeled as a stationary process with
independent increments. Our problem is similar to that of Almgren and Chriss [2000] which
minimizes the tradeoff between the market impact and the volatility risk. But our problem
consider the liquidity risk as well. We get an analytical solution to the problem, which is easily
analyzed to see how fluctuating liquidity or the fundamental price’s volatility affects the optimal
execution strategy.

By the analyses of the optimal strategy, we obtain similar results to earlier works such that
the execution velocity should increase, as liquidity itself increases, as the investor becomes risk
averse, or as the volatility/resilience of liquidity rises. We also detect that the investor should
sell/buy a liquid asset faster as the correlation coefficient of the liquidity or the fundamental
price increases among assets, while keeping the execution velocity of an illiquid asset unchanged.

The execution strategy should be constructed to avoid market manipulation defined by
Huberman and Stanzl [2004]. It is defined mathematically as the round-trip trade with a negative
cost, which is conceptually different from the market manipulation regulated by law. Gatheral
[2009] pointed out that the model type of Obizhaeva and Wang {2005] may violate no-market-
manipulation condition. Alfonsi and Schied [2009], however, showed the optimal strategy does

not violate the condition since their strategy is composed of only sell or only buy trades under a
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simple setting, but they also pointed out that the model may generate a round-trip trade under
a special parameter of liquidity decay. We confirm the our optimal strategy does not violate the
no-market-manipulation condition in the single asset case, but it may contain round-trip trade
in the multi-asset case.

This paper is constructed as follows. Section 2 defines our model of the market price and
liquidity recovery after the execution, and Section 3 derives the optimal execution strategy
based on our model. Section 4 analyzes the optimal strategy and organizes comparative statics.

Section 5 is the summary of the paper.

2 A model of stochastic liquidity and optimal execution problem

2.1 Stochastic liquidity and recursive market impact

We consider a discrete execution schedule at a regular time interval 7. Suppose an investor has
N assets and K + 1 times of execution time slots starting from the current time O to a finite
time horizon T. Let t, = 7k (k = 0,..., K) be the time just before the k-th execution where
to = 0 and tx = T. Given a block of buy orders with size w; for an asset 7 (t = 1,... ,N)1 , We
will determine the volume of slice orders &§, . .. ,f}{, where 5}; denotes the volume of the asset
1 to be executed as a market order at k-th time slot, and Ef:o 6}; = w;. We focus only on the
optimal execution of a buy order in this paper. The optimal execution of a sell order can be
analyzed in a similar way.

We build the following model that describes the dynamic behavior of asset prices and limit
order books. Let P} and A} be the fundamental price and the best ask price of the asset i at

time ¢, respectively. The fundamental price is given by a random walk

k
PL=P+> A, (k=1,....K,i=1,...,N),
s=1
where P§ is the current price. The process of the increment {A%} is a stationary process with
a finite variance, which satisfies E (A%) = 0 for any s and i. We also assume the covariance
matrix of Al,..., AN, denoted as ¥p = (og), is independent from s, i.e., A% and A{ (I # s)
are uncorrelated.

We then consider limit orders on a limit order book interpreted as the market liquidity of
each asset. Let M} denotes the volume of sell limit orders placed above A? in the order book
of the asset i. We also consider the volume of potential sell orders V{ that are not placed in
the order book at time ¢ but will be placed from A: down to P} after time t. Let f;(p) denotes
the volume of limit orders or potential sell orders at the price level P} + p for the asset i. fi(p)
is considered to be a density of limit orders under a continuous price setting. New orders are
supposed to be placed in the way that the orders fill up the density down from At bit by bit; the
new order is placed just below A%, then A! moves down as a consequence, but it is not supposed

to be placed at a price level apart from A:. The total volume of potential and actual sell orders

! We use super-/sub-script i to indicate the variable for the asset 3.
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between P} and P} + p is given by F;(p) = I3 filg)dg (p > 0). M; and V; can be written in
terms of F;(p) as M} = F;(oo) — Vi and V! = F;(A! — P}). Here, we assume the total volume of
limit orders on the book is finite, i.e., F;(c0) < oo for any i. P} could be viewed as the mid price
of the asset i if the effects of the past trade on the order book are quickly absorbed. However,
this is not the case when the past trades, especially large ones, have ‘eaten up’ the limit orders.
We consider this case where the best ask price A} is higher than the fundamental price Pf. The
concept of the model is described in Figure 1 (a).

Based on the above setting, we also construct the time development of the market liquidity
M; or V. Suppose a new sell limit order arriving at the order book obeys Poisson process at
a rate p;, while the existing limit orders on the book is supposed to be cancelled at a rate v
times the remaining volume of orders M}. The arriving rate y; is supposed to be different asset
by asset while the cancel rate v to be equivalent for all assets. Let q;. (t) denotes the probability
that M equals j, i.e., ¢;(t) = Pr(M; = j), then the forward Kolmogorov equation of g;(t) is

{ @;(t) = padi_1(t) + v(J + 1)g511 () — (s +v5)gi(t), (5 >0) @.1)

G6(t) = vai(t) — pigh(t), (G=0)

with the initial condition of ¢:(0) = §_,,;2 . Solving eq.(2.1) by letting Q;(z,t) = gt (t)27
J iM3 j=04j

yields )

Dt+ Milnz

‘ _ pi(z —
Qi(z,t) = exp 1ot

], (i=1,...,N).

From the above equation, the conditional expected value of M} can be computed as E (Mt‘ L dt|Mti)
(Qi)-(1,dt)/(n!) = (M} + pidt)/(1 + vdt) where dt is a small positive time value. Then, the
differential equation of the expected value is derived as dE (M}) = (u; — vE (M}))dt. We also
compute the stationary state of the liquidity as

i 107Q; LN
Qj(t)—ﬁ 927 (O,t)_’ﬁ(j) e as t — oo.

This indicates that the liquidity asymptotically obeys Poisson process at rate u;/v in its sta-
tionary state. When y;/v is large enough to approximate Poisson distribution to Normal distri-

bution, the time development of M} is, by the above discussion, simply modeled as
dM} = (u; —vM})dt +dZi, (i=1,...,N), (2.2)

where dZti is a stationary and independent stochastic increments with a finite variance. By
assuming Fj(oco) equals the stationary level of liquidity, i.e., F;(0c0) = u;/v, eq.(2.2) is rewritten
in terms of V}! as

dVi = —vVidt —dZ!, (i=1,...,N), (2.3)

— ,—UT i __ ftetT
Let a = e and Z; = tet

execution. Integrating eq.(2.3) from tx+ to the tx,; yields

e "t +T=)d 7% where t,+ is the time just after the k-th

o= aVi , + Zti’c between any

tet
execution time slots. Note that E (Z}) = 0 and V (Z}) < co. We know V{ | = Vi + ¢! since our
market order at time slot ¢ (k = 0,..., K) eats up existing limit orders M}. In what follows, we

2 §qp is Dirac’s delta function.
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rewrite ti’ Ztik and Ptik simply as V, Z! and P,f;, respectively, for simplicity. In consequence,

the time development of V}, is expressed as
Vim=aW+&)+2i, (i=1,...,N, k=0,...,K —1). (2.4)

We also assume the initial state equals the stationary state of the dynamics, hence V¢ = 0 (Vi).
Eq.(2.4) stipulates how the potential liquidity is affected by the market impact of our execution
accompanied by a random fluctuation which is inherited to any future market impacts. We refer
to this type of market impact as a recursive market impact. The variance-covariance matrix of
Z}, ... ,Z,ﬂ\c’ is denoted as Cov (Z,i, Z,i) = (aiZj) = Xz independently from k. Further, we assume
that Z} and le are uncorrelated for any k # [, and {Z}; k=0,..., K} and {AL; E=1,... , K}
are uncorrelated for any i.

By solving eq.(2.4) recursively, we get

k—1 k

Vi=> a7 g+ a0z, (2.5)
s=0 s=1

which indicates that the impact of the past execution will decay geometrically at the rate

a € (0,1). When a is close to 1, the impact decays slowly and V' approximates to a permanent

impact. On the other hand, when a is close to 0, V! is considered to be a temporal impact. The

dynamics of our model is described in Figure 1 (b).

2.2 Formulation of the optimal execution problem

Firstly, we consider the execution cost. According to Alfonsi et al. [2009], the average execution

cost, or the average price, of purchasing E,i of the the asset i is given by

o (Fo)~H(Vi+¢h) . ; ; ;
i+ [ ape)de = Pt + GUVi + €) — GUV)), (2.6)
(Fi)~1(VE)

where

(F) "' (v)

denotes the average price of purchasing the asset i above the fundamental price P,i. In this paper,
we assume the block-shaped order book as in Obizhaeva and Wang [2005]. In this type of a limit
order book, f;(p) = (2a;)7! for all p > 0 where «; is referred to the liquidity parameter. Note
that smaller o; implies higher liquidity of the asset i. Since G;(v) = 20402 (v > 0) for fi(p) under
consideration, the cost of buying &} units of asset i at time ¢ is given as P&t + o (2VE + L)€L
from eq.(2.6). In what follows, we define £, = &y, &) T and w = (wy, ... ,wN)' where T
denotes transpose, and the entire execution strategy is represented as & ={&,...,€x}. The
total execution cost T'C(€) for strategy £ is then given by

N K o N K ) ‘ _
TCE) =) D Piti+> o> (Vi +EL)EL, (2.7)
= k=0

El k=0 d=1

=n(&) =I5(&)
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Figure 1: Dynamics of the model

where I;(&) and I2(€) are defined as the first and the second term in eq.(2.7), respectively.
Since we restrict ourselves to consider static optimization, our objective is to determine the
execution schedule £ at time ¢ = 0 so as to minimize E (T'C(€)) + AV (T'C(&)), where X\ denotes
the investor’s coefficient of risk aversion. The expectations and the variances of I1(£) and I3(&)
are calculated as

N
E(I;(§) = > Plwi, (2.8)
=1

K
VnE) = > > X3 (D&)X é), (29)



191

N K-1/ K
E(I2(8) = D 2a ( Y e >§k + Z%Z(ﬁky (2.10)

i=1 k=0 \s=k+1 =1

N

N
V(I2(8) = Y. (2m)(205)0% (Zas ’%s) (ZaS*’%g). (2.11)
j=1 k=1 s=k

=1

Noting that eq.(2.8) is a constant independent of £, we formulate the optimization problem as

K
min E(12(8) + AV (I1i(8) + V(L&) st w=) &. (2.12)

3 Optimal execution strategy

3.1 Closed form solution of the optimal execution strategy

The first order optimality condition of the minimization problem in eq.(2.12) with respect to &,

is given as
OE(I(£) | \OV(L1(8) | \OV(LE) _ , . _ _
a6 + A oeL + A oei =0, (=1,...,N, k=0,...,K), (3.1)

where §; is a Lagrange multiplier for the constraint of the total volume to execute for the asset i.
Here and in what follows, we define Zz =0 for a > b. Eq.(3.1) with the constraint w = ZI{:(ZO &
forms a system of N(K + 2) linear equations with the same number of unknown parameters
& (i=1,...,N,k = 0,...,K)and B; (¢ =1,...,N). In general, a solution of the first order
condition is just a candidate for the optimal solution. Following a similar manner in Alfonsi
et al. [2009], however, we can prove that the solution to eq.(3.1) is indeed the optimal solution
of eq.(2.12). Our objective is, therefore, reduced to find the explicit solution to eq.(3.1) and the
constraint w = Z,{;O &
From eqs.(2.9)~(2.11), eq.(3.1) can be explicitly expressed in a matrix form as

{ (Zak S£S+Eas ’“53) +A2A225u

s=1 u=s

+4raXza Zak—s Zau—sgu} =8, (k=0,...,K), (3.2

s=1 u=s

where B = (B1,...,8n)" and a = Diag(w;) is a diagonal matrix with o;’s. To represent the
optimal solution, we define

A=(1-a>)a+arZa + 4aXza, B=(1-a)22A"1%,. (3.3)

Since a, XA, and Xz are positive definite, so is A, which ensures the existence of A~1. Let C
be the Cholesky factorization of Xx, i.e., ¥a = C ' C. From eq.(3.3), we get

CBC'=(1-a)?xcAlCT. (3.4)
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The right hand side of eq.(3.4) is positive definite, and thus diagonalizable as
CBC™'=(1-a?CAlCc" =D ''D, (3.5)

where I' = Diag(y;) with v; (¢ = 1,..., N) being the eigenvalues of both sides of eq.(3.4) and D
is the N x N matrix composed of the associated left eigenvectors. It is noted here that, from
the positive definiteness, v; > 0 for all 7. Letting R = (DC)™!, we see from eq.(3.5) that

B = RTR}, BR = RT, R 'B=TR™. (3.6)

Since «;’s are positive, we define

Vit 2+ +4n
0; = (i=1,...,N).

i 2 ’

Let © = Diag(6;), then we obtain the closed form solution of the optimal execution strategy &*.

Theorem 1 The optimal execution strategy at time K 1is given by

& = (I-0?% [(I + Ii—aa-le) {(I -a©@)0 %! _ (© - aI)6K}

+ (I + %Eza) (I — @) (0K + e—K“)] - w. (3.7)
For k=0,...,K — 1, the optimal execution strategies are given in terms of £} as
& = [ri—aa-le {(I - c@)0~K+! _(© - aD)0K}
+ (I + %Eza) I-0) (X + @‘K“)] (I —@?)~ ¢y, (3.8)

& (I +©)~! {(I — 4@ K+k 4 (@ - aI)eK—k} &, (k=1,....,K—1). (3.9)

(Proof) See Appendix A.

3.2 Special cases

To extract the effect of the market impact more explicitly, we set A = O to delete the effect
caused by the fundamental price movement. It is easy to check that the optimal execution
strategy in Theorem 1 is reduced to the following simplified form.

Theorem 2 When Xa = O, the optimal execution strategy is given by

-1
3% [{(K—l)(l—a)+2}1+%22a w,

Il

« 4 x
0 = (I+1—:«&Eza) £K7
& = (1—a)y, (k=1,...,K-1).
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A remarkable feature in this case is that the optimal strategy are the same except for &k = 0
and k = K. Optimal strategies of the same type have been found in Alfonsi et al. [2009] for single
asset case with more general market impact function. See also Obizhaeva and Wang [2005].

When there is only a single asset, the optimal execution strategy can be further simplified.
Let

s — Ao N :4Aaa2z Y= (1 —a)?Aa 9:7+2+\/72+47
a(l—a) 27 1-a’ adn+ Az +a+1’ 2 ’

then, we have the following.

Theorem 3 For a single asset case, the optimal execution strategy is given as follows:

(1) When AXa # 0,

& = {Aad+ Az + 1yl

& = {(G—a)GK‘k+(1—a0)0‘K+k}<p, (k=1,..., K —1),
fk = 0+,
(6 — a)6% — (1 — af)g—K+1 K\ a—K w
h fanad frn) +1 = .
where ¢ P W= RO and o = e e + DY
(2) When AX A = 0,
e = Az +1 w
O T Az42+(K-1)(1-a)
l—a
* = k_—‘l PPN K—].
& +2+ (K -1)(1-a)" ( B )
. 1
€k =

Az+2+(K-1D)1—a)
4 Properties of the optimal execution strategy

4.1 Properties in the single asset case

We analyze the marginal properties of the optimal execution strategy in Theorem 3 in this
section.

First, we consider the case AXA = 0. Figure 2 (a) displays a typical optimal execution
schedule when K = 10 and w = 10. The optimal execution volumes at the first and the last
execution are larger than those in the other time slots, while the volumes at the intermediate
slots ¢1,...,tx—1 are all equivalent. This optimal schedule is governed by the following three
factors. The first factor is the temporal market impact aé?/2, from which the equal distribution
of orders becomes optimal® . The second factor is the recursive market impact, from which a
relatively slower execution becomes optimal since an execution in earlier time slots increases the
cost of the following executions as we discussed in Section 2.1. The third factor is the assumption

that the order book is initially in the stationary state, from which the investor has incentive to

3 The temporal market impact, o£? /2, is the difference between the cost of buying & of an asset from the price
p witout any market impact, p€, and that with the market impact, (p + p + @£)£/2, based on our model setting.
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Figure 2: A typical optimal execution schedule for a single asset

Table 1: Comparative statics when AXA =0

8{:/833 t=0(t=1t1,...,tx_1 t=T
r: a + — indefinite
T: a,\Xz + — —

Note: “+” indicates the sign of 9§} /0z.

increase the purchase at the first time slot since the execution at time 0 entails the smallest cost.
Those factors makes the equal distribution of orders at intermediate time slots, t = t;,...,tgx_1,
while the execution volume at the first and the last time slots, t = 0 and ¢ = T', are higher than
those at the intermediate slots.

Table 1 summarizes the sign of derivatives of {f with respect to each parameter a, a, A, and oz
as comparative statics, showing whether the optimal volume increases or decreases at each time
slot when those parameters rise. We see, from the table, that the faster execution becomes
optimal as parameters «, A, or oz rise. This is mainly because the first and the third factors
dominate the cost when liquidity decreases or volatility rises. However, the direction of the last
execution volume with varying a is indefinite depending on the balance of dominance between
the second and the third factors.

Second, we consider the case of AXa # 0. Figure 2 (b) displays a typical optimal schedule
in this case. Compare to the previous AXa = 0 case, the optimal volumes at the intermediate
time slots are not flat, hence the optimal execution velocity rises due to the uncertainty in the
fundamental price. We consider this to be the fourth factor concerning liquidity fluctuation. We
numerically investigate the case since the direction of &} is not as simple as that in the previous
AX A = 0 case. We detect that, while £ (k =0,..., K — 1) moves down when some parameters
are very small, the overall feature is almost the same as AX A = 0 case; the faster the execution
should be, the larger the parameters a, a, A, oz, or XA are. In other words, the investor
should, in general, execute faster as the resilience increases, as liquidity drops, as the volatility

increases, or as the investor becomes risk averse, that are consistent with intuitive behavior of
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Figure 3: Optimal remaining volume with varying correlation parameters

investors.

It is easily seen that the optimal strategy in Theorem 2 does not violate no-market-manipulation
condition, because the optimal strategy is composed only of buy orders, ie., § > 0 for
k=0,...,K. Since 0 > 1,

(0 —a) — (1 — ab)
-1

hence £§ > 0 is proved. £ > 0 can be proved in a similar manner.

¢ >

=14a>0,

4.2 Properties in the multi-asset case

We focus on the joint property of the optimal execution strategy in Theorem 1 in this section.
The joint property is determined by the four parameters in our model: the asset correlation
rp implicit in XA, the liquidity correlation rz in Xz, the difference in the total volume w;,
and the difference in the liquidity ;. Since the correlation parameters mostly reflect the joint
property, we analyze numerically the effect of the optimal strategy by varying correlations. We
only analyze two assets case here, with one liquid asset where @ = 0.1 and the other illiquid
asset which has relatively low liquidity with o = 10, but it can be generalized to the case of
more than three assets.

Figure 3 displays the optimal remaining volume of the liquid and the illiquid assets with
varying correlations. The left panel (a) shows the optimal remaining volume with varying
liquidity correlation, and the right panel (b) shows that with varying asset correlation. Other
parameters are set to T = 10, A = 0.7, w = (10,10)T, and a = 0.8. We also set the marginal
standard deviation of both the fundamental price and the liquidity to be 0.1 for both assets.

As seen from Figure 3, it is optimal to buy the liquid asset faster as correlation coefficient
increases, while the optimal execution schedule of the illiquid asset stays almost unchanged.
This result indicates that the execution cost should be controlled by the liquid asset only. It is
intuitively interpreted that investors can reduce the volatility and the liquidity risk by buying or

selling a liquid asset which produce a smaller market impact faster than an illiquid asset, when
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they know a positive correlation among the asset movement in advance. However, this is not
the case when assets are negatively correlated, since buying one asset faster negatively affects
the price of the other asset, that inherits higher risk afterward.

We have the other type of solutions, which generate a round-trip trade of the liquid asset,
while the optimal trade does not include the round trip trade in the single asset case as proved
in Section 4.1. This occurs because the joint parameter, the liquidity/volatility correlations, are
given constants in our model, in other words, the investor knows the correlation in advance.
Suppose the investor knows that the liquidity of the asset i and j are positively correlated. The
investor realizes that, if he/she sells the asset ¢ to increase M}, MtJ is likely to move up hence
the price of the asset j move down. This effect results in the reduction of the cost of buying
the asset j at later time slots, and the sold volume of the asset i is bought back afterward.
This mechanism causes the round trip trade and may violate no-market-manipulation condition
discussed in Gatheral [2009].

5 Summary

We developed the multivariate market liquidity model and derived the explicit solution of an
optimal execution strategy under both the liquidity risk and the volatility risk. The market
liquidity is developed as a queue on an order book waiting for an execution. The mean-variance
problem was then solved that minimizes the tradeoff between the market impact and the volatil-
ity /liquidity risk, and we got an optimal execution strategy in an analytical form.

Our model and the optimal execution strategy allow us to understand the property of the
execution schedule of a risk averse investor under fluctuating liquidity. The investor tries to
execute faster as the market become less liquid, as the volatility of liquidity or price increases,
or as the investor is more risk averse. Those findings remain consistent with intuitive behavior of
investors, and also with typical algorithmic trading strategies such as implementation shortfall,
volume peg, or volume weighted average price.

We further continue detailed analysis of the optimal execution strategy in the multi-asset
case. Especially, we should examine more the relationship of the optimal strategy to the market
manipulation. We should also contemplate the generalization of the shape of the order book.

Obtainig a dynamic execution schedule by solving a dynamic problem is also our challenge.
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A  Proof of Theorem 1

In this appendix, we will give a concise proof of Theorem 1, though the detailed calculations are

omitted due to the space limit. We define an operator D by
Dxp = azk_1 — (1 + a)?zy, + 2(1 +a+ a®)zpyq — (14 a)’zpys + ATy 3.

By some algebras, D is shown to satisfy

o;
gt

Applying egs.(A.1)~(A.3) to eq.(3.2), we obtain

1

K
T DY as—kﬁs} = (1~ a®)(—&, + 26541 — €xr2), (A1)
s=k
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qu = _‘agk + (1 +a )gk—t—l a£k+2a (A2)

1 u=s

llMa-

K
Z o sgu} = —&k + 26511 — Lk (A.3)

A£k+2 - {2A + (1 - 0)2)\2A}£k+1 + A&k =0, (k =1,...,K - 3)7 (A4)
where 0 denotes a zero vector. By premultiplying R~1A~! to eq.(A.4), and using eq.(3.6), we
get

Ek+2 - (21 + F)Ek—}—l + Zk = 07 (k = 1a ceey K — 3)5 (A5)
where §; = (Z}c, e ,ZZ)T = R7'¢,. Since I is diagonal, eq.(A.5) can be written in elementwise
as

Giva— (i +2)&, 1+ =0, (i=1,...,N, k=1,...,K —3). (A.6)

A general solution to eq.(A.6) is E;c = c,-é?z"c +di6; k. which is expressed in a matrix form as
& =0c+O@7*%d, (k=1,...,K-1). (A.7)

Here, ¢ = (c1,...,cn) " and d = (d1,...,dn)T are unknown coefficients determined by boundary

conditions.
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To obtain ¢ and d, we define another difference operator Dz = —azg_q + (a+ Dxg — T41-
Applying D to eq.(3.2) at k = K — 1 yields

Al 1 =1 -a){A+(1-a)ABa}xk. (A.8)
Thus, premultiplying R~! A™! to eq.(A.8) and rearranging terms, we get the boundary condition
€x—1={(1 - a)I +T}g. (A.9)
Similarly, premultiplying R~'A~! to eq.(3.2) at k = K — 2 yields
Ex_2= T +T)€x_; +Tég. (A.10)
Substituting eq.(A.7) into eq.(A.9) and eq.(A.10) implies
e! e efc (1-a)I+T .
[ o2 @2 } [ o-Kd } - [ (I+T){(1—a) I +T}+T ] Sk

After some manipulations, we obtain

c| | ©KI-a®) 1
[d]—l @K(@—aI) :l(I+@) lR leK’

where we use the relation

[ 2 —@H (1-a)I+T ]_|:(I—G)_1)(I—a9)

-0~ o! I+D){1—-a)I+T}+T | | (I- ©~1)(® - al) ] J (A.11)

because I' = ©® — 2I + ®~!, and because I’ and © are commutative. Eq.(A.7) and eq.(A.11)

prove
&= (I+©)! {(1 — a®)0 K+ L (@ — aI)eK—k} Ex, (k=1,...,K—-1). (A.12)

On the other hand, subtracting eq.(3.2) at k = 1 from that at k = 0, we get another boundary

condition

K
{(1 —a)a + ABaYp = AZaw + {(1 — o) + 4AaZza} Y _a*71¢,. (A.13)
k=1

Substituting eq.(A.7) with the constraint w = &, + Ele &, into eq.(A.13), we obtain

w = [(I + 1—f—azA) {(I - a@)0 K+ _ (@ — al)OK}

+ (I + I‘I_Aazza) (I-0)(eX + e—K“)] (I - 0% ¢,
which proves eq.(3.7) for €. Eq.(3.9) for & (k = 1,...,K — 1) is then easily obtained from
eq.(A.12). Finally, we substitute eq.(3.7) and eq.(3.9) into eq.(A.13), then eq.(3.8) for &£ is

obtained after some algebra. This completes the proof of Theorem 1. O



