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Abstract: This paper focuses on an extension of the Limit Order Book (LOB) model with general shape
introduced by Alfonsi, Fruth and Schied [2]|. Here, the additional feature allows a time-varying LOB depth.
We solve the optimal execution problem in this framework for both discrete and continuous time strategies.
This gives in particular sufficient conditions to exclude Price Manipulations in the sense of Huberman and
Stanzl [12] or Transaction-Triggered Price Manipulations (see Alfonsi, Schied and Slynko [4]). These condi-
tions give interesting qualitative insights on how market makers may create or not price manipulations.
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Introduction

It is a rather standard assumption in finance to consider an infinite liquidity. By infinite liquidity, we mean
here that the asset price is given by a a single value, and that one can buy or sell any quantity at this price
without changing the asset price. This assumption is in particular made in the Black and Scholes model [7],
and is often made as far as derivative pricing is concerned. When considering portfolio over a large time
horizon, this approximation is relevant since one may split orders in small ones along the time and reduces
one’s own impact on the price. At most, the lack of liquidity can be seen as an additional transaction cost.
This issue has been broadly investigated in the literature, see Cetin, Jarrow and Protter [8] and references
within.

If we consider instead brokers that have to trade huge volumes over a short time period (some hours
or some days), we can no longer neglect the price impact of trading strategies. We have to focus on the
market microstructure and model how prices are modified when buy and sell orders are executed. Generally
speaking, the quotation of an asset is made through a Limit Order Book (LOB) that lists all the waiting
buy and sell orders on this asset. The order prices have to be a multiple of the tick size, and orders at the
same price are arranged in a First-In-First-Out stack. The bid (resp. ask) price is the price of the highest
waiting buy (resp. lowest selling buy) order. Then, it is possible to buy or sell the asset in two different
ways: one can either put a limit order and wait that this order matches another one or put a market order



that consumes the cheapest limit orders in the book. In the first way, the transaction cost is known but the
execution time is uncertain. In the second way, the execution is immediate (provided that the book contains
enough orders). The price per share instead depends on the order size. For a buy (resp. sell) order, the first
share will be traded at the ask (resp. bid) price while the last one will be traded some ticks upper (resp.
lower) in order to fill the order size. The ask (resp. bid) price is then modified accordingly.

The typical issue on a short time scale is the optimal execution problem: on given a time horizon, how to
buy or sell optimally a given amount of assets? As pointed in Gatheral [10] and Alfonsi, Schied and Slynko [4],
this problem is closely related to the market viability and to the existence of price manipulations. Modelling
the full LOB dynamics is not a trivial issue, especially if one wants to keep tractability to solve then the
optimal execution problem. Instead, simpler models called market impact models have been proposed. These
models only describe the dynamics of one asset price and model how the asset price is modified by a trading
strategy. Thus, Bertsimas and Lo [6], Almgren and Chriss [5], Obizhaeva and Wang [13]| have proposed
different models where the price impact is proportional to the trading size, in which they solve the optimal
execution problem. However, some empirical evidence on the markets show that the price impact of a trade
is not proportional to its size, but is rather proportional to a power of its size (see for example Potters and
Bouchaud [14], and references within). With this motivation in mind, Gatheral [10] has suggested a nonlinear
price impact model. In the same direction, Alfonsi, Fruth and Schied [2] have derived a price impact model
from a simple LOB modelling. Basically, the LOB is modelled by a shape function that describes the density
of limit orders at a given price. This model has then been studied further by Alfonsi and Schied [3] and
Predoiu, Shaikhet and Shreve [15].

The present paper extends this model by letting the LOB shape function vary along the time. Beyond
solving the optimal execution problem in a more general context, our goal is to understand how the dynamics
of the LOB may create or not price manipulations. Indeed, a striking result in [2, 3] is that the optimal
execution strategy is made with trades of same sign, which excludes any price manipulation. This result
holds under rather general assumptions on the LOB shape function, when the LOB shape does not change
along the time. Instead, we will see in this paper that a time-varying LOB may induce price manipulations
and we will derive sufficient conditions to exclude them. These conditions are not only interesting from
a theoretical point of view. They give a qualitative understanding on how price manipulations may occur
when posting or cancelling limit orders. While preparing this work, Fruth, Schoneborn and Urusov [9] have
presented a paper where this issue is addressed for a block-shaped LOB, which amounts to a proportional
price impact. Here, we get back their result and extend them to general LOB shapes and thus nonlinear
price impact. The other contribution of this paper is that we solve the optimal execution in a continuous
time setting while [2, 3] mainly focus on discrete time strategies. This is in particular much more suitable
to state the conditions that exclude price manipulations.

1 Market model and the optimal execution problem

1.1 The model description

The problem that we study in this paper is the classical optimal execution problem. To deal with this
problem, we consider in this paper a framework which is a natural extension of the model proposed in
Alfonsi, Fruth and Schied [2] and developed by Alfonsi and Schied [3] and Predoiu, Shaikhet and Shreve [15].
The additional feature that we introduce here is to allow a time varying depth of the order book. We consider
a large trader who wants to liquidate a portfolio of x shares in a time period of [0, T]. In order liquidate
these x shares, the large trader uses only market orders, that is buy or sell orders that are immediately
executed at the best available current price. Thus, our large trader cannot put limit orders. A long position
x > 0 will correspond to a sell program while a short position x < 0 will stand for a a buy strategy. The
optimal execution problem consists in finding the optimal trading strategy that minimizes the expected cost
of the large trader.

We assume that the price process without the large trader would be given by a rightcontinuous martingale
(S?,t > 0) on a given filtered probability space (€2, (F;), F,P). The actual price process (S, ¢ > 0) that



takes into account the trades of the large trader is defined by:
Sy = SY 4+ Dy, t > 0. (1)

Thus, the process (D, t > 0) describes the price impact of the large trader. We also introduce the process
(E¢,t > 0) that describes the volume impact of the large trader. If the large trader puts a market order of
size & (& > 0 is a buy order and & < 0 a sell order), the volume impact process changes from E; to:

Et+ = Et + &t- (2)

When the large trader is not active, its volume impact E; goes back to 0. We assume that it decays
exponentially with a deterministic time-dependent rate p; > 0 called resilience, so that we have:

dEt = —ptEtdt. (3)

We now have to specify how the processes D and E are related. To do so, we suppose a continuous
distribution buy and sell limit orders around the unaffected price S7: for € R, we assume that the number
of limit orders available between prices S + x and S + z + dx is given by A(t)f(z)dz. These orders are
sell orders if z > D, and buy orders otherwise. The functions f : R +— (0,00) and A : [0, 7] — (0,00) are
assumed to be continuous, and represent respectively the LOB shape and the depth of the order book. We
define the antiderivative of the function f, F(y) := foy f(z)dz, y € R, and assume that

lim F(x) = —o0 and lim F(z) = oo, (4)

Tr—r—00 T—r00

which means that the book contains an infinite number of limit buy and sell orders. Thus, we set the
following relationship between the volume impact F; and the price impact Dj:

/0 t At) f(x)dx = E,

or equivalently,

Ey = A\t)F(Dy) and D, = F~! (%) : (5)

Within this framework, a large trade ¢; changes D; to Dyy = F~! (EA‘(—*;)&) and has the cost

Dy

Dit
/ (9 + 2)A(t) f(@)da = £,59 + / At)af (2)de = m(&,). (6)

Dy Dy

Throughout the paper, we assume that A is C? and set 7; = );:((tt)). Thus, we have

) = A(0) exp ( /O t nudu) ,

and t — 1, is C1. Similarly, we assume that ¢ — p; is C1.

Now, let us observe that we have assumed that the volume impact decays exponentially when the large
trader is inactive. Other choices are of course possible, and a natural one would be to assume that the price
impact decays exponentially

th = —ptDtdf, (7)
which amounts to assume that dE; = n,Eydt — p\(t) fF(F~H(E/A(t)))F~H(Ey /A(t))dt by (5).

Definition 1.1. The dynamics of “model V7 with volume impact reversion is the one given by (1), (2), (3)
and (5). The dynamics of “model P” with price impact reversion is the one given by (1), (2), (7) and (5).
In both models, we assume that the market is at equilibrium at time 0, i.e. Eg = Dy = 0.



Remark 1.1. Though being simplistic, this model describes through p; and \(t) the two different ways that
market makers have to put (or cancel) limit orders: it is either possible to pile orders at an existing price or
to put orders at a better price than the existing ones. Thus, A(t) describes how market makers pile orders
while p; describes the rate at which new orders appear at a better price. Basically, one may think these
functions one-day periodic, with relative high values at the opening and the closing of the market and low
values around noon. The particular case A = 1 corresponds to the model introduced by Alfonsi, Fruth and
Schied [2] for which new orders can only appear at a better price.

1.2 The optimal execution problem, and price manipulation strategies

We focus on the optimal liquidation of a portfolio with x shares by a large trader who can place market
orders over a period of time [0,7]. Thus, x > 0 (resp. x < 0) corresponds to a selling (resp. buying)

strategy.

We first consider discrete strategies and assume that at most N + 1 trades can occur. An admissible
strategy will be then described by an increasing sequence 79 = 0 < --- < 7y = T of stopping times and
random variables &, ...,&x (& stands for the trading size at time 7;) such that

* X+ ZZJ-V:O & =0, i.e. the trader liquidates indeed x shares,
o ¢ is Fr,-measurable,
e IMeRVO<i<N,& > M, as.
The expected cost of an admissible strategy (&, 7) with & = (&, ...,&n) and T = (19, ...,7n) is given by

N
=0

where 7, (&;) stands for the cost of the i-th trade, and is defined by (6) in models V' or P. The goal of the
large trader is then to minimize this expected cost among the admissible strategies.

We also consider continuous time trading strategy and make the same assumptions as Gatheral et al. [11].
An admissible strategy (X;)¢>o0 is a stochastic process such that

e Xg=xand Xpy =0,
e X is (F:)-adapted and leftcontinuous,
e the function ¢ € [0, T+4] — X; has finite and a.s. bounded total variation.

The process X; describes the number of shares that remains to liquidate at time ¢. Thus, the discrete time
strategy above corresponds to X; = x+ Zi]\;o &1, <+, and the three assumptions on (&, 7") precisely give the
ones on X. Let us observe that processes E and D are also leftcontinuous since we have in model V' (resp.
model P):

dE; = dX; — piFydt, (vesp. dE; = dXy + i Fdt — p X&) fF(F7HE /N@))F (B /A(t))dt). (9)
We want now to write the cost associated to the strategy X. To do so, we introduce the following notations
v R @) = [ ufwdy. Gla) = F (F(2). (10)
0
so that m(dX;) = SPdX: + \(t)[G (E‘/\Jr(f)x‘) -G (;5(—;)] Since G’ = F~!, the cost of an admissible strategy
is given by:
T
_ E E,+ AX, E, _ E;
C(X)=E S+ P %) | dXx A |G ) —a (= ) - F7 =% ) AX
=g [ [st+r (5| o+ oo o (255 N o) 2|

t<T



which coincides with (8) for discrete strategies. Here, AX; = X;. — X; denotes the jump of X at time ¢
(jumps are countable), and dX; stands for the signed measure on [0,7] associated to (X;,0 <t < T+) (a
jump AX7p induces a Dirac mass in 7). If we introduce the continuous part of X, X¢ := X; — ZO<s<t AX,,
we can rewrite the cost as follows:

C(X)=E /OT [SE + P! (%ﬂ dX§ + Z SOAX, + A(t) {G (Eti(if)&) -G (%)] . (12

t<T

The optimal execution problem is in fact closely related to questions around market viability and arbi-
trage. We recall the definition of price manipulation strategies introduced by Huberman and Stanzl [12].

Definition 1.2. A round trip is an admissible strategy X for x =0. A Price Manipulation Strategy (PMS)
in the sense of Huberman and Stanzl is a round trip whose expected cost is negative, i.e. C(X) < 0.

Heuristically, if a PMS exists, it could be repeated indefinitely and would lead to a classical arbitrage
(i.e. an almost sure profit) by a law of large numbers. However, it has been pointed in Alfonsi et al. [4] the
absence of PMS does not ensure the market stability. In fact, in some PMS free models, the optimal strategy
to sell x shares consists in buying and selling successively a much higher amount of shares. To correct this,
they introduce the following definition.

Definition 1.3. A model admits transaction-triggered price manipulations (TTPM) if the expected cost of
a sell (buy) program can be decreased by intermediate buy (sell) trades, i.e.

3X admissible, C(X) < inf {C(X), X is admissible and nonincreasing or nondecreasing} .

It is rather natural choice to exclude TTPM: in presence of TTPM a large trader would increase the
traded volume to minimize its cost, which produce noise and may yield to instability. Besides, the absence
of TTPM implies the absence of PMS. The optimal strategy for buying € > 0 shares is made only with
intermediate buy trades and has thus a positive cost. Thus, by some cost continuity that usually holds (this
is the case for models V' and P), any round trip has a nonnegative cost.

Remark 1.2. It is possible to define a two-sided limit order book model like in Alfonsi, Fruth and Schied [2]
or Alfonsi and Schied ([3], Section 2.6). In such a model, bid and ask prices evolve as follows. A buy (resp.
sell) order of the large trader shifts the ask (resp. bid) price and leaves the bid (resp. ask) price unchanged.
When the large trader is idle, the shifts on the ask and bid prices goes back exponentially to zero, like in
models V' or P. As in [2, 3], the two-sided model coincides with the model presented here when the large
trader puts only buy orders or only sell orders. In particular, the optimal strategies are the same in both
models in absence of TTPM.

2 Main results

The first focus of this paper is to extend the results obtained in Alfonsi et al. [2, 3] and obtain the optimal
execution strategies for LOB with a time varying depth A. Doing so, our goal is also to better understand
how this time varying depth may create manipulation strategies. In fact, it was shown in [2] and [3] for A =1
that under some general assumptions on the shape function f, there is an optimal liquidation strategy which
is made only with sell (resp. buy) orders when x > 0 (resp. x < 0). Thus, there is no PMS nor TTPM when
the LOB shape is constant. This is a striking result, and one may wonder how this is modified by changing
slightly the assumptions. In Alfonsi, Schied and Slynko [4] is studied the case of a block-shaped LOB, where
the resilience is not exponential so that the market has some memory of the past trades. Conditions on the
market resilience are given to exclude PMS and TTPM. Analogously, we want to obtain here conditions on A
and p that rules out such strategies. This is not only interesting from a theoretical point of view. This will
give also some noticeable qualitative insights for market makers. In fact, for a market maker who places and
cancels significant limit orders, these conditions will indicate if he may or not create manipulation strategies.



Before showing the results, it is worth to make further derivations on the expected cost. Let us start with
discrete strategies. By using the martingale property on S° and the assumptions on ¢ made in Section 1.2,
we can show easily like in [3] that

CET)=-Six+E

i_v; /D D+ A7) f(x)dx] .

Then, it is easy to check that Zij\io J 5 " X(7i)x f(x)dx is a deterministic function of (&, 7)) in both volume

impact reversion and price impact reversion models. We respectively denote by CV (&, 7) and C* (&, T) this
function and get:

C(&,T)=—Sox+E[CY(,T)], (13)
where M € {V, P} indicates the model chosen. Thus, if the function (z,t) — C™(zx,t) has a unique
minimizer on {(x,t) € RV x RN‘H,Zf\Ll ri = —x,0 =ty < --- < ty = T}, the optimal strategy is

deterministic and given by this minimizer. When ) is constant, it is shown in [3] that under some assumptions

on f depending on the model chosen, the optimal time grid t* is homogeneous with respect to p, i.e.
t;+1
7

block-shaped case. Thus, we will focus on optimizing the trading strategy & on a fixed time grid ¢:

psds = % fOT psds. Instead, there is no such a simple characterization for general A\, even in the

t = (to,...,tn), such that 0 =t < --- <ty =T. (14)
Last, we introduce the following notations that will be used throughout the paper:

_ w - iA(ti— _ [t v . At _ —nu)du .
B A G VI NN IR & = a (ti) _ 1, e A ) < < N (15)

T A(t:) T A (i)

Q;

Similarly in the continuous case, we get by using the martingale assumption (see Lemma 2.3 in Gatheral,
Schied and Slynko [11]) that E[fOT S9dX,;] = —xS§. From (11) and (12), we get C(X) = —xSJ +E[CM (X)],

where
o= 1 (e oo [o (B35 - (5]

Once again, CM is a deterministic function of the strategy X in both models M € {V, P}, and it is sufficient
to focus on its minimization.

2.1 The block-shaped LOB case (f =1)

In this section, we consider a shape function of the limit order book that has the form A(¢). This time-
dependent framework generalizes the block-shaped limit order book case studied by Obizhaeva and Wang [13]
that consists in considering a uniform distribution of shares with respect to the price. We will get an explicit
solution for the optimal execution problem, which extends the results given by Alfonsi, Fruth and Schied [1].

2.1.1 Volume impact reversion model
When f =1, the deterministic cost function is simply given by

N Dty +

..
— [, ! psds
Zj<ie s &

N
i &
cV(gt) = )\tn/ cf(x)der =) = +2 , 16
€8 =3 Mo [ et =35 | 55 o (16)
xp( — ;j sds Lo
which is a quadratic form: CV (§,t) = %éTMvﬁ, with MZV] = L(/\(‘&Tiu, 0<i,7<N.



Theorem 2.1. The quadratic form (16) is positive definite if and only if
aidi<1,Vi€{1,...,N}. (17)

In this case, the optimal execution problem to liquidate x shares on the time-grid (14) admits a unique
optimal strateqy £ which is deterministic and explicitly given by:

55 = 7%‘,>‘(t0) 11_71(11}11
§ =AM [t e - D ] 1< N - (18)
&7\[ = 7%)\(tN)1i;§gN7
where N
)\(to) (1 —2a1) —l—)\(tl) (1 —Zli)2
Ky = At;) ———.
v 17(11&1 +Z ( )170,1'(11'

i=2
Its cost is given by CV (&*,t) = x2/(2Ky).

This theorem provides an explicit optimal strategy for the large trader. It also gives explicit conditions
that exclude or create PMS. First, let us assume that

¥t >0, 2p; +np > 0. (19)

Then, for any time grid (14), a;a; < 1 and the quadratic form (16) is positive semidefinite since it is a limit of
positive definite quadratic forms. Thus, the model is PMS free. Conversely let us assume that 2p;, +n:, <0
for some t; > 0. Let us consider the following round trip on the time grid t = (0, ¢1, t2) with t3 > ¢1, where
the large trader buys x > 0 at time t; and sells = at time t5. The cost of such a strategy is given by

2 2

X to " _ [tz wdu X
CV((0,x,—x),t) = ) (effl nudt 4] 9e~ i pud ) ot TN ((2pt, + 1, )(t2 — 1) + otz — t1))
(20)

and is negative when ¢, is close enough to ;.

Corollary 2.1. In a block-shaped LOB, model V' does not admit price manipulation in the sense of Huberman
and Stanzl if and only if (19) holds.

Let us now discuss this result from the point of view of market makers. A market maker that puts a
significant orders may have an influence on p; and 7; and can increase (resp. decrease) them by respectively
adding (resp. canceling) an order at a better price or at an existing limit order price. What comes out
from (19) is that no PMS may arise if one adds limit orders, whatever the way of adding new orders.
Instead, PMS can occurs when canceling orders. A different conclusion will hold in the price reversion
model.

An analogous result to Corollary 2.1 is stated in a recent paper by Fruth, Schéneborn and Urusov [9] that
has been published while we were preparing this work. To be precise, results in [9] are given for model P
with a block-shaped LOB, and the optimal execution strategy is obtained in a continuous time setting. As
we will see in the next paragraph, models V' and P are mathematically equivalent when the LOB shape
is constant, even though they are different from a financial point of view. By taking a regular time-grid
t; = %,z’ =0...,N, and letting N — 400, we get back the optimal strategy in continuous time (that we
still denote by £*, by a slight abuse of notations):

* * X A(0)po
& — = —
0 0 ESVES
Nosfoo MNT)+ [T L) g 2P0t
ng * X ! + o ti
- — == At (—L) + ot (-ut—) for iy such that =% — ¢ 21
T o S e () o) | ¥t (@D
&x &= — X MT)(nr+pT)
N T - — 2 (s .
N—+oo MNT)+ T LN g5 1 H20T




The strategy dX; = &§oo(dt) + & dt + &0 (dt) with initial trade &, continuous trading & on [t,t + dt]
for t € (0,T) and last trade &7 is indeed shown to be optimal in Fruth, Schéneborn and Urusov [9] among
the continuous time strategies with bounded variation. We will show here again this result for more general
LOB shape. The optimal strategy has the following cost:

2

X
T p2X(s ’
2 (AT + Jy 428 s

Besides, this provides a necessary and sufficient condition to exclude transaction-triggered price manipulation.

Corollary 2.2. In a block-shaped LOB, model V does not admit transaction-triggered price manipulation if
and only if

!
Pt pt+ Mt
Yt >0, e+ p >0, and <7) n <7> > 0. 92

e 2pt + e P\ 200 + i (22)

The first condition comes from the last trade and implies (19) since p, > 0. It can be interpreted
similarly as condition (19) from market makers’ point of view. The second condition in (22) comes from
the intermediate trades and brings on the derivatives of p and 7. It is harder to get an intuitive idea of
its meaning from a market maker’s point of view. Last, let us mention that we can show that the optimal
strategy on the discrete time-grid (14) is made with nonnegative trades if one has (17) and

1—a; 1—a;41

, Vie{l,...,N—1} and ay < 1. (23)

Z Qi1 p
1 —a;a; 4
Condition (22) can be seen as the continuous time limit of condition (23).
Let us give now an illustration of the optimal strategy with a time-varying depth. We consider the case
of a time-varying depth
A(t) = Ao + cos(2nt), with Ao > 1,

which corresponds to a one-day periodic function with high values at the beginning and at the end of the day.

> _ 27 . o1e . o 2 > 0.
We can show that 1, > Tt and with a constant resilience p, there is no PMS as soon as 2p e 0

Figure 1 shows the optimal execution strategy (18) with a value g that exclude PMS but allows TTPM. The
optimal strategy to buy 50 shares consists in buying almost 95 shares and selling 45 shares, which roughly
treble the traded volume.

2.1.2 Price impact reversion model

Dt'ﬂ’ )\

When f =1, the deterministic cost function Zi]\io Dy

(t;)xf(x)dx is given by
N

Criet) = > ) |

n=0 Dy,

Dy, +

dr = S é 61’ 2 - fttj psds Ej 2
xf(x)dx Z > | 2 + Ze Nt (24)
i=0 v j<i J

Xp\ — ttvi sds ..
This is a quadratic form: C¥(£,t) = 36" MP¢, with M, = % for 0 <i,j < N. When f =1,

we get from (9) that model P is equivalent to model V' with a resilience p; = p; — n:. Another way to see
that both models are mathematically the same in the block-shape case is to reverse the time and consider:

vVt € [0,T], pr = pr—t, S\(t) =MNT—-t)and iy ;=T —t;, for 0<i < N.

Then, we have

) IN—j &~ .
P L (25)
AN Mo Vinog)
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Figure 1: Optimal execution strategy to buy 50 shares on a regular time grid, with N = 20, p = 1,

A(t) = 4+ cos(27t) (plotted in dashed line). In solid line is plotted the function ¢ +— (ﬁ) + ot (-2‘;—‘1%)

and the optimal execution problem in Model P with resilience p, LOB depth A(¢) and time-grid ¢ is the
same as the optimal execution problem in Model V' with resilience p, LOB depth A(¢) and time-grid t. We
immediately get the following results.

Theorem 2.2. The quadratic form (24) is positive definite if and only if
azdz<1,Vz€{1,,N} (26)

In this case, the optimal execution problem to liquidate x shares on the time-grid (14) admits a unique
optimal strategy £ which is deterministic and explicitly given by:

66 = (to) 11 a?;l
1-Giq1 .
SIZ*XA(EMM( ~ D] 1<isN -1 27)
— l—a
67\[ - (tN)lfaN];N

where

Kp=

)\(tN)(l—QaN)—i—)\ tn— 1 Z )\ 1—di+1)2
l—-anan — Qi1Qit1
Its cost is given by CT(€*,t) = X2/(2Kp).

By taking a regular time-grid ¢t; = %-,4 =0..., N, and letting N — +o00, we get the optimal strategy in



continuous time:

. x Po—"1
ES Njo €6 = /\(0 V[T P2A(s) ds )\(O) 2:0*7700
0 2ps—ns
&, . P (_Pt_—ﬂt_) (f_—L) Tix
T/N Nj;o gt T A(0)+foT ZPPSSA(;)qd )\(t) [ 2pt—n TP 2pt—nt for i such that A*> t (28)
X X = X AT £
NN o 72 as Dz

The strategy with initial trade £, continuous trading & on [¢,t+dt] for t € (0,T") and last trade &5 is shown
to be optimal in Fruth, Schéneborn and Urusov [9] among the continuous time strategies with bounded
variation, and has the following cost:

2
T p2X(s) ’
2[A(0) + Jy £ ds]

Corollary 2.3. In a block-shaped LOB, model P does not admit price manipulation in the sense of Huberman
and Stanzl if and only if

vVt >0, 2p — e > 0. (29)
It does not admit transaction-triggered price manipulation if and only if
I
YVt >0, py —n >0, and( m)—l—p(pt 7775)20. (30)
2py 2p:

The first condition in (30) comes from the initial trade while the second comes from intermediate trades.
From market makers’ point of view, (29) and the first condition in (30) give different conclusions from
model V. A significant market maker will not create manipulation strategy if he puts orders at a better
price (which increases p) or cancels orders at existing prices (which decreases n). Instead, he may create
manipulation strategies if he piles orders at existing prices, or if he cancels orders that are among the best
offers. The second condition of (30) brings on the dynamics of  and p and it is more difficult to give its
heuristic meaning in terms of trading. Last, let us mention that the optimal strategy in discrete time given
by Theorem 2.2 is made only with trades of same sign if, and only if, one has (26) and

1—a;1 > g, 1—a;

i —, Vied{l,...,.N—-1 dap < 1. 31
1—aiy1Gi41 —  1—aa; ied band &y (31)

2.2 Results for general LOB shape

We extend in this section the results obtained on the optimal execution for block-shaped LOB to more
general shapes. In particular, the necessary and sufficient conditions that we have obtained to exclude
TTPM (namely (22) for model V' and (30) for model P) are still sufficient conditions to exclude TTPM for
a wider class of shape functions. From a mathematical point of view, the approach is the same. We first
characterize the optimal strategy on a discrete time grid, by using Lagrange multipliers. Then, one can guess
the optimal continuous time strategy, and we prove its optimality by a verification argument.

2.2.1 Volume impact reversion model

We first introduce the following assumption that will be useful to study the optimal discrete strategy.

Assumption 2.1. 1. The shape function f satisfies the following condition:

f is nondecreasing on R_ and nonincreasing on R

2.Vt =>0,pe+m > 0.

10



We remark that when the LOB shape does not evolve in time (1 = 0), the second condition is satisfied
and we get back the assumption made in Alfonsi, Fruth and Schied [2]. We define
F~Y(z) — a; F~1 (a;)

r €R, hy,(z) = "o

,1<i<N. (32)
Theorem 2.3. Under Assumption 2.1, the cost function CV (€, t) is mnonnegative, and there is a unique

optimal execution strategy &€* that minimizes CV over {&€ € RN Zfio & = —x}. This strategy is given as
follows. The following equation

Z)\(t (1 = ahy;(v) + Atw)F(v) = —x

has a unique solution v € R, and

& = Mto)hyy (v),
& = Mt)(hyip V) = @ihy; (), 1<i< N -1,
& = AWFW) = Mtv-1)anhyly (v).-

The first and the last trade have the same sign as —x. Besides, if the following condition holds

11-a _ 1—din

(33)

ail—a; — 1—aip1’
the intermediate trades £, 1 <i < N — 1, have also the same sign as —x.

This theorem extends the results of [2], where A is assumed to be constant. In that case, (33) is satisfied
and all the trades have the same sign. Condition (33) is interesting since it does not depend on the shape
function, but it is more restrictive than the condition (23) for the block-shape case (see Lemma 3.4 for
(33) = (23)). In fact, the continuous time formulation is more convenient to analyze the sign of the
trades. Under Assumption 2.1, we will show that no transaction-triggered price manipulation can occur
with the same condition (22) as for the block-shape case.

When stating the optimal continuous-time strategy, we slightly relax Assumption 2.1. This is basically
due to the argument of the proof that relies on a verification argument. Instead, our proof in the discrete
case relies on Lagrange multipliers which requires to show first that the cost function has a minimum, and
we use p; + 1y > 0 for that. We introduce the following function

Nt + Pt T

pe  f(F~1(z))
We will show that no PMS exists and that there is a unique optimal strategy if these functions for ¢ € [0, T
are bijective on R with a positive derivative. If Assumption 2.1 holds, this condition is automatically satisfied.

Theorem 2.4. Let f € C'(R). We assume that for t € [0,T], hy, is bijective on R, such that hi,, > 0.

Then, the cost function CV(X) is nonnegative, and there is a unique optimal admissible strategy X* that
minimizes CV . This strategy is given as follows. The equation

hve(e) = F~'(2) + (34)

/OT Nk ()t + NT)F(v) = —x (35)
has a unique solution v € R and we set {; = h(,lt(u). The strategy dX;} = £50o(dt) + & dt + Exop(dt) with
& = MO)Co,
& = [— + (pt +ne)Ce |
& = —(r),

s optimal. The initial trade £ has the same sign as —x.

11



Thus, a sufficient condition to exclude price manipulation strategies is to assume that hy, is bijective
with hy,, > 0. We have a partial reciprocal result: there are PMS as soon as hi,, (0) < 0 for some #; > 0.
Indeed, in this case we consider the following round trip on the time grid t = (0 tl, to) with to > t;, where
the large trader buys x > 0 at time t; and sells x at time t5. The cost of such a strategy is given by

T z(e” fr,tlz psds __ re” fttlz psds
CV((O’x, —$),t) = )\(tl)G ()\(tl)) + )\(tg) (G < ( )\(t2) 1)) -G <W>>
= 30 (-6 (55 ) + e+ )P (5 ) ) (62— ) 4otz = 1)

The derivative of x — —n;, G(x) + (pt, + 1e, )z F =1 (2) is py, hv, (z), which has the opposite sign of x near 0
since hy,, (0) = 0 and hy,y, (0) < 0 by assumption. Thus, we have CV ((0,z, —x),t) < 0 for x and to — ¢
small enough.

Now, let us focus on the sign of the trades given by the optimal strategy. Without further hypothesis,
the condition & > 0 typically involves the shape function f. However, under Assumption 2.1, we can show
that transaction-triggered strategy are excluded under the same assumption as for the block-shape case.

Corollary 2.4. Let f € Ct. Under Assumption 2.1, the function hy, is C1(R), bijective on R, and such
that h’Vt > 0. Thus, the result of Theorem 2.4 holds and the last trade £ has the same sign as —x.
Beszdes if (22) also holds, & has the same sign as —x for any 0 <t < T, which excludes TTPM.

Let us now focus on the example of a power-law shape: we assume that
flz)=lz|", v> —1.

In this case, F'(z) = sgn(x) |I|+1 is well-defined and satisfies (4). We have FF~!(z) = sgn(x)(y + l)ﬁ |z|ﬁ

and hy(z) = sgn(z)(y + 1)W+1 |:E|W (%). Thus, hy, is bijective and increasing if, and only if:

pe(24+7) +n > 0.

In this case, we have

14
A e) = K senle)la 1 with Ko) = (BCEA)

In this case, we have by Theorem 2.4 that

% = Jo X t)PtI;c)((’Y)dt+)\ A0)Ko(7),
ST A(“PtK_f)((v)dtﬂ(T) (1) | “52 + (o +77t)Kt(7)} (36)
= e MT)(1 - K1(7))

ST X®) pe Ko (v)dt+A(T)

is the unique optimal strategy. For v = 0, we get back (21). If we only assume that p(2 + ) + 1 > 0,
we still have CV (X) > 0 for any admissible strategy X. The cost CV (X) is indeed continuous with respect
to the resilience, and is the limit of the cost associated to resilience p; + ¢, ¢ | 0. On the contrary, if
pt(2+7) +ne < 0, we have hy,(0) < 0 and there is a PMS as explained above.

Corollary 2.5. When f(z) = |z|?, model V does not admit PMS if, and only if
Vt >0, pi(2+7)+mn > 0.

It does not admit transaction-triggered price manipulation if and only if

Vt>0, pr+m >0, and (M)I+pt(ﬂ)>o
- - pe(24+7) + e pe2+)+ne) —

12



These conditions comes respectively from the nonnegativity of the last and intermediate trades. For given
functions p; and 7, the no PMS condition will be satisfied for ¢ € [0,T] when ~ is large enough. This can
be explained heuristically. When + increases, limit orders become rare close to SY and dense away from S?,
which creates some bid-ask spread. One has then to pay to get liquidity, and round trips have a positive
cost. Instead, when -y is close to —1 it is rather cheap to consume limit orders, which may facilitate PMS.
In Figure 2, we have plotted the optimal strategy for v = —0.3 and v = 1 with the same parameters as in
Figure 1 for the Block shape case. We can check that the no PMS condition is satisfied in both cases.

Optimal Execution Strategy Optimal Execution Strategy

N w IS
S S S
T T Tt

=
o

Order size
=3

|
N

[ E—
Order size
o
T R

PR
IS S SRS SR S

|
A

|
g

T T T T T T T T T T T - T T T T T T T T T T T
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1

Time Time

Figure 2: Optimal execution strategy to buy 50 shares on a regular time grid, with N = 20, p = 1,
A(t) = 4 + cos(2nt) (plotted in dashed line) and v = —0.3 (left) or v =1 (right). In solid line is plotted the

/
function ¢ — (%) +pt (%) (this function is well-defined but out of the graph for v = —0.3).

2.2.2 Price impact reversion model

The results that we present for model P are similar to the one obtained for model V. We first solve the
optimal execution problem in discrete time. From its explicit solution, we then calculate its continuous time
limit and check by a verification argument that it is indeed optimal. Doing so, we get sufficient conditions
to exclude PMS and TTPM. In particular, condition (30) that excludes PMS and TTPM for block-shape
LOB also excludes PMS and TTPM for a general LOB shape satisfying Assumption 2.2 below.

To study the optimal discrete strategy, we will work under the following assumption.

Assumption 2.2. 1. The shape function f is C' and satisfies the following condition:

f is nonincreasing on R_ and nondecreasing on R4

2.t >0,p —n > 0.

f(@) . : ; :
3. x> Ty 18 nondecreasing on R_, nonincreasing on R, .

The monotonicity assumption made here is the opposite to the one made in Assumption 2.1 for model V.
This choice is different from the one made in Alfonsi et al. [2, 3]. It is in fact more tractable from a
mathematical point of view, especially here with a time-varying LOB.

Theorem 2.5. Under Assumption 2.2, the cost function C¥(€,t) is nonnegative, and there is a unique
optimal execution strategy £€* that minimizes C¥ over {€ € RN*L ZiJ\LO & = —x}. This strategy is given as

13



follows. The following equation
N -1
hpi(v) At _
ZA(ti—l) F< P" ) h\ ( ))F(hp,li(l/))
i=1

has a unique solution v € R, and

66( = )‘(tO)F ( ; )

61* = )‘(tl) F<M>_F(hPlz(V))‘|’ 1§i§N—1’
Ai41 ’
Ev = AN)IFW) = Flhpy @)

The first and the last trade have the same sign as —x.

We now state the corresponding result in continuous time and set:

z€R, hpy(z) =z |1+ fj( : . (37)
P (1 + 5 ) M

Theorem 2.6. Let f € C?(R). We assume that one of the two following conditions holds.

(i) Fort e [0,T], p: (1 + If/(z)) —m >0 for any x € R and hp; is bijective on R, such that h'p ,(z) > 0,

f(=)
dz-a.e.
(i) Fort € [0,T], pt (1 + zﬁg)) —n: <0 and p; (2 + zﬁg)) — 1 > 0 for any x € R, and hpy is bijective

on R, such that h'p () <0, dz-a.e.

Then, the cost function CT(X) is nonnegative, and there is a unique optimal admissible strategy X* that
minimizes C¥. This strategy is given as follows. The equation

/ AR S ) — mE(hEL )t + NT)F (W) = —x (39)
has a unique solution v € R and we set ¢, = hph(v). The strategy dX; = €500(dt) + & dt + &7 (dt) with
& = MOF(G).
g = M0 |G+ 0a).

d
dt
& = MD(F@) - F(¢r),
s optimal. The initial trade & has the same sign as —x.
In particular, there is no PMS in model P as soon as Assumptions (i) or (i¢) hold. Conversely, let us

assume that p, (2 + m}c(/x)) — 1, < 0, when z belongs to a neighbourhood of 0 for some ¢; > 0. Then, we

set t = (0,¢1,%2) with t2 > 1, and consider that the large trader buys x > 0 at time ¢; and sells z at time ¢s.
The cost of such a round trip is

CP((0,2, —x),t)

A(t1)G (A(Z)) + A(t2) [G <F <e_ JiE pads -1 (A&))) - A(:;)) - F <e_ Ji3 pods p1 (A(Z))ﬂ
- (77 (55)) o (i) 7 (7 (A(jn))] 2ol =)
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The derivative of z — —n,, F(z) + py, 22 f (z) is z.f(z) (pt1 (2 + I}CES)) - 77t1) and has the opposite sign of z

near 0. Thus, CP((O, x,—x),t) is negative when t5 is close to ¢; and z is small enough, which gives a PMS.

Corollary 2.6. Let f € C2(R). Under Assumption 2.2, the function hpy is C1(R), bijective on R and such
that hht > 0. Thus, the result of Theorem 2.6 holds and the last trade &} has the same sign as —x.
Besides, if (30) also holds, & has the same sign as —x for any 0 < ¢t < T, which rules out TTPM.

As for model V', we consider now the case of a power-law shape f(x) = |z|?. We can apply the results of
Theorem 2.6 in this case. We can also notice from (9) that dE; = (n; — pe(1 + 7)) Erdt. Therefore, model P
with resilience p; is the same as model V' with resilience g = ps(1 + ) — 7.

Corollary 2.7. When f(z) = |z|7, model P does not admit PMS if, and only if
Vt >0, pt(2+7) —m >0.

It does not admit transaction-triggered price manipulation if and only if

pt(1+7)m)' <pt(1+7)m)
VE >0, pi(1+7) —m >0, and <7 b (PTG
ot = @) TP

3 Proofs

3.1 The block shape case
tj d
Proof of Theorem 2.1: The quadratic form (16) is given by CV (€, t) = %é’TMvé', with MZVJ = W,
0 <i,j7 < N. Let us assume that a;a; < 1,Vi € {1,..., N}. Then, we can define the following vectors:
€0

- €;
Yo = —F7—, ¥i = @i¥i—1 t+

— 1—aidi,1§i§N
Alto) A(ti)

where eq...ey denote the canonical basis of RV, We have MZ‘]/ = yiTyj. We introduce Y the upper
triangular matrix with columns yq, ..., yx. By assumption, it is invertible and so is M = Y7Y. Conversely,
if MV is positive definite, the minors

n

1 1
det((M))o<ij<n) = [ 1 —a;a;), 1<n<N
e(( z,])OS JS) )\(tO) il )\(tz)( a‘a’) SN

are positive, which gives (17).
Let us turn to the optimization problem. One has to minimize CV (&,t) under the linear constraint
Zij\io & = —x, which gives
X -1
A — VO 39)
17 (M)~ ' (%) (
where 1 € RN*! is a vector of ones. Since Y is upper triangular, it can be easily inverted and we can
calculate explicitly (Mv)f1 1 and get (18). O

3.2 General LOB shape with model V

Let us introduce some notations. For the time grid ¢ given by (14), we introduce the next quantities:

23
Qg ::/ psds, k=1,...,N. (40)

tr—1
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We can write the cost function (13) as follows

where we use the following notations (observe that F,, = a,(E,—1 + &n—1))

n—1
Ey=0, B, =Y &e Th=mi® 1 <n<N.
i=0
Lemma 3.1. We have %g—; =F! (%;Ng)lv) and, fori=0,...,N —1,
ocv ocV (E +§-) ( Eiiq
— — Qi —— = F! ULELLS A as ) 42
3 o A(t:) i Atit1) “2)
Proof. Let us first observe that 66]2" =0, ifi >n, and %Igj = e~ Xk=it1% if { < n. Thus, we get by using
that G/ = F~1:
ocV _ -t E;+ & n i o SR Pl E,+ & _p-t E,
0&; A(t:) B A(tn) A(tn)

_ -1 El+£l _—aigr -1 Ei-‘,—l
- (A(u—)) o (A(tiﬂ))

N
—a 1 ( Eig1 + &g s 1 (En+&n 1 ( En
4+ et |l (+7) + e~ Lkmitz Ok (F kUL 1O TR
o) )T 2 Ao Ne)
_ Ei+§z‘> 1 ( Ei1 > ocY
o — a1 F +aig .
< Ati) it MNiirn)) T 06

Lemma 3.2. Under Assumption 2.1, we obtain the next conclusions.
1. Fori € {1,...,N}, the function hy; defined in (32) is an increasing bijection on R that satisfies
sgn(x)hy(x) > %L’I'I’F’l(:c)
2. If (33) holds, then we have Sgn(.%')h;/}iJrl (x) > sgn(ac)dih(/}i (z) forie{l,...,N —1}.

3. sgn(z)F(x) > sgn(m)th‘_,}N ().
Proof. 1. Since the resilience p; is positive, we have 0 < a; < 1, and a; < 1 since p; +17; > 0 by
Assumption 2.1. We then get
Ohv,;i(z) _ 1 1 3 a;a; S 1—a;a; 1 50
O l—a; [f(F'(2) [f(FNaw)] — 1—a f(F(2))

because f is nondecreasing on R_ and nonincreasing on R, and F~! is increasing.

2. We set f(z) = (F~1)(2) = 1/f(F~Y(z)): this function is positive, nonincreasing on R_ and nonde-
creasing on Ry. Let v > 0 and y = h;’1i+1(v). We note that y > 0 because hy,;41(0) = 0 and hy 41 is
increasing by the first point of this lemma. Thus, we have that

F~'y) —ai F ' (aiy1y)

) —

1—ai11
1. F~Yy) = F Y a1y
- F 1(ai+1y)+ ( )1 ( + )
— Q41
1 1 Yoo, 1 1—ai1 3
= F(@my) +—— J&)de < = (y) + =4/ () = gita(y)
—Git1 Jagy T it
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Hence, we obtain that g; 11 is increasing on R and then, y > g;}l(y). Let z = dih‘_,li (v) > 0. We have:

F1 (a%) —a; F71(2)

v

1—a;
_ pis F- (i);ZF_ ()
— P ff<s>d§zF-1<z>+(‘?_—:)zf<z> =52

Therefore, if (33) holds, we get that g;11(x) < gi(x) for all + > 0. Then, we have g;}l(z) > g7 (2),
and therefore

y =g (v) 297 (v) 2 2.
The same arguments for v < 0 give y < 91'_+11 (v) < gi_l(y) <z

3. Using the above definition, we have sgn(z)gy (z) > sgn(z)F~!(z), and therefore we get

sgn(v)F(v) > sgn(v)gy' (v) > sgn(v)z = sgn(u)th‘_,}N (v).
o

Lemma 3.3. Let a € (0,1) and b > 0 such that ab < 1. We have G(z) — $G(abz) > 0 for x € R, and
G(z) — $G(abz) — +oo.
—

|| =00

Proof. Since G is convex (G’ = F~! is increasing) and G(0) = 0, G(abr) < abG(z). If b > 1, we then have
G(z) — +G(abx) > G(x)(1 — a) which gives the result. If b < 1, we have

G(z) — %G(abz) - /O " P ) — % /O " F~ (u)du = /O " P () du — /O P (bo)dv

/I F~Hu)du + /Oaz (F~Yu)— F~'(bu)) du > |z|(1 — a)F~(Jaz|) — oco. O

T |z|—=+00

Proof of Theorem 2.3: We rewrite the cost function (41) to minimize as follows:

Ve — 3 At) [G <E;(t+j") -¢ <A€Z>>}

n=0
_ Yicobie” Shzirs o
= Aitn)G ( o) - A0)G(0)
N—1 _sn 5
Z?: e kit Ok e~ On+1 Z?: Ge iyt Ok
+ nz:% lA(tn)(;( 0 s ) —)\(tn+1)G< A&W) )]
We define the linear map 7' : RN+ — RN+ by (T¢),, = 2o &i\;tffziﬂ “k so that
N—1
CY(&,t) = AtN)GUTON) + Y Mta)G(T)n) = Altns1)G (ans1(TE)n)].- (43)
n=0
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Let us observe that T is a linear bijection. By Lemma 3.3 we get that CV (¢£,t) > 0and CV (€,t) —  +oo

[€| =400
which gives the existence of a minimizer £&* over &, s.t. ZZJ.V:O & = —x. Thus, by using (42), there must be a
Lagrange multiplier v such that
E; +& . 1 (En+E5
= hvs ), i=0...N—1, and v =F~! [ 25N ) 44
=i (5t ) i = (55 )

We have = A(t )Z = hvlerl (v) and then E;1q = )\(ti)ai_ﬂh(,}iﬂ (v), for 0 <i < N — 1. Thus, we get

& = Ato)hy(v)
5: = )‘(1 Vz—i—l( ) )‘(tl 1)a1th(V)’ 1§’L§N_1’
v = FWA(N) = Atv-1)anhyly (v)

Furthermore, we note that

Zg —x = Alto)(1— an)hp () + . Min—)(1 = an)hyly () + F@)A(tw).

By Lemma 3.2 The right side is an increasing bijection on R, and we deduce that there is only one » € R
which satisfies the above equation. This give the uniqueness of the minimizer £*. Moreover, the functions
F~1 and hy; vanish in 0, and v has the same sign as —x, which gives that £ and £} have the same sign as
—x by Lemma 3.2. Besides, if (33) holds, the trades ! have also the same sign as —x. (]

Let us now prepare the proof of Theorem 2.4 and assume that hy; is bijective increasing. We introduce
for0<¢<T,

cv .70 = M) 6t@) - 6 (505 )] + L Pk ADIGED) — GG, ()
where
yER,s.t.EpL/tT)\( Y (v)du + \(T)F(v) = — X, (46)
Gu= Al ), &= AWISE + (ou + 1)) (47)
Let us observe that v +— j; u)puhyt (v)du + N(T)F(v) is increasing an bijective on R, and (46) admits a

unique solution. The functlon cVi(t, T, E;, X;) denotes the minimal cost to liquidate X; shares on the time
interval [¢, T given the current state E;. In particular, we observe that

Sm) ¢ )]

CV(T,T,Er,X7) = \T) |G
( s Ly LT T) ( ) |: ( A(T)
which is the cost of selling X1 shares at time T'. Besides, an integration by parts gives that

cV<t,T,Et,Xt>=—A<t>G(%)+ [0 (04 4+ 1P (660 = GG du4 ADIGEW). (49

The function ¢ — (py, +1u)F ()¢ — 1,G(C) is nonnegative since it vanishes at 0, and its derivative is equal
to puhv,.(¢) that has the same sign as ¢. Since G > 0, we get:

cV(0,T,0,x) > 0. (49)
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Formula (45) can be guessed by simple but tedious calculations: one has to consider the associated
discrete problem on a regular time-grid and then let the time-step going to zero. We do not present these
calculations here since we will prove directly by a verification argument that this is indeed the minimal cost.

Proof of Theorem 2.4: Let (X;,0 < ¢t < T+) denote an admissible strategy that liquidates x. We
consider (F,0 <t < T+) the solution of dF; = dX; — p:E:dt, v; the solution of (46) and ¢; = h‘_,; (vt). We

set Ct:/ot ( )dXCJF T A [ (%)_G(Aﬁz)ﬂ+CV(t,T,Et,Xt).

0<s<t

Let us observe that Cr = CV(X) and Cy = CV(0,T,0,x). We are going to show that dC; > 0, and that
dCy = 0 holds only for X*. This will in particular show that C"(X) > 0 from (49).
Let us first consider the case of a jump AX; > 0. Then, we have

AC; = \(b) {G (%) e (AE(;)H + OV (b, T, Evy, Xos) — CV (T, By, X)),

Since AE; = AX,, the solution v of (46) is also the solution of —FE;; + j; puhVu(yt)dqu MT)F (1) =
— X441, and then AC; = 0. Now, let us calculate dC;. We set

.t B ) = ADaE) 00 ()

+ /t W) [(pu + 1) F (B ()R (0) = G b, ()] du.

Then, we have from (48):

dC; = F~1 (%) dXf— N ()G (AE(;)) dt — (%) (dXE — (ps +ne) Edt)
Xt (pe + 1) F 1) Gt + N (8)G(C)dt + ZC (t,T, By, Xy, v¢)dvy.

Since |A(T)f(v:) + ftT )\(u)pu(h(/i)’(yt)du} dvy — )\(t)pth(/}t(ut)dt =d(E; — Xt) = —peErdt and

_ wt v (v
F (g ) + PPl

T
0,C(t, T, By, Xp,v) = ANT)of(v)+ / Aw)pu(hys,) () p f(hl())]du
+ u Vo v

- v

AD)f)+ [ TA(u)m(h;;)'(v)du] ,

we finally get

aci = ) [(pt ) (%Fl (%) - @Fl(ct)) - (G(@ ¢ <%)> + puhvalG) (ct - %)] at
= M) (C)dt. (50)

We have !(C) = —(ps+ 1) (Ffl(c) + W) +77tF71(<)+pthv,t(o+0th/v,t(§)(§* %) = pehy (O(C—
/\%) ). Since hy,, > 0, 1y vanishes at ¢ = %, and is positive for ¢ 7é ,\%)

Thus, if X is an optimal strategy, we necessarily have (; = A(t) dt-a.e. Then, we get by differentiat-

ing [Xt B+ [7A puhVu(ut)du FNT)F (v, )} = 0 that [ftT ANw)pu (b ) (ve)du + NT) f ()| dv = 0,
which gives dvy = 0 since (h w) > 0and f > 0. Thus, we get that v, = v where v is the solution of (35). In
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particular, we get AXg = Foy = )\(O)h‘_/ﬁlo(()) = AX{ and then X = X*, which gives the uniqueness of the
optimal strategy. Last we observe that v has the same sign as —x and thus £ has the same sign as —x. O

Proof of Corollary 2.4: Since p; +1; > 0 and zf'(F~!(z)) > 0 by Assumption 2.1, we have

/ e+ 2py 1 et pe af'(F~(z))
hy (z) = o JF-1(2)) pr f(F1(z))3 > 0.

Also, we have sgn(z)hy+(z) > sgn(z)F~1(x) and then sgn(x)h‘_,}t (z) < sgn(z)F(x), which gives that the last

trade & has the same sign as —x. Then, we have % = —m%(g) and thus
o AG d(ne/pt) 1 /
G e | ey )
_ AW [ 1 (pém — Pl 5 > _ et p)®  Gf'(G)
h/V,t(Ct) pef(F=1(Ct)) Pt T (pe 1) (2 ) Pt FEHG))?
is nonnegative if (22) holds since hy,, > 0 and ¢ f'(¢) > 0. O

Lemma 3.4. We have (33) = (23) if pr +n: >0, t > 0.
Proof. We have

L1-a _ 1—-din

33) = — 1—a11)—a; (1 —air1) 2 a; (1 —a;) —azair (1 —a;
(33) wl—a = 1—as ( ait1) — a; ( ait1) > a; ( a;) — @it ( a;)
- 1
< ai+1(1—ai)+g(1—ai+1)21—ai+1—ai+1-

Since ai+1 <1l,wegetl—a;+1—a;11 =1—a;a;41+ (1 — ai)(l — ai+1) >1—a;a;+1 +Zli+1(1 - ai)(l — ai+1).
Thus, (33) implies that:

. 1 _
Giv1 (1 —a;) + 5(1 —ait1) > 1 —aiaip1 + @ip1(1 — ai)(1 — aiq1)

7
& 1—a; +a;0i410; — A;Gi41 > Qip1 — QiQiqp10i41 + QiAiQi410541 — Qip1Qi41
~ (1 — di) (1 — ai+1di+1) > i1 (1 — ZlH_l) (1 — aidi) <~ (23) O

3.3 General LOB shape with model P

We first focus on discrete strategies on the time grid ¢ such as (14). We introduce the following shorthand
notation D, = D, for 0 <n < N and have

€n—1
Atn—1)

Dy=0, D, =a,F~! ( + F(Dn_l)) ,1<n<N.

We can write the cost function (13) as follows:

N

Criet) =Y ) |

n=0 D¢,

Dy, +

xf(x)dr = é)\(z&n) [G ()‘(t")i((i’;) i "C”) — G(F(Dn))] : (51)

We begin with the following lemmas that we use to characterize the critical points of the optimization
problem.
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Lemma 3.5. Fori=0,...,N — 1, we have the following equations:

oc” & ) X f(Diy1) (5CP )
=F ' >+ F(D ; —Dit1 ).
3 (A(ti) FEWD )+ b f (F*l (A(t 5+ F(D; ))) OEit1 i
o]

Proof. First, we have aDg-n = 0 for i > n, and the following recursive equations:
aDn Qp, 6Dn &i-l-lf(Di-i-l) aDn

= , = for1<i<n-2.
Fnt Mta)f (P + F(Daon))) - %60 1 (F (8 + F(Dy)) O

From (51), we get:

aCP _ — gz al — gn aDn
e = 7 (S o) i, 7 (0w 5 ) - o] s00 e
= p! (‘5— + F(D; ) + @1/ (Div1) {F‘l F(Diy) + 241y _ p, }
N HEPD 7 (P-4 (585 + F(D1)) (EDin) + 3 y) ~ Dins
n di-l,-lf(D +1) |: oc’t e fz-’,—l l+1)):| :
f(F1(58 + F(Dy)) L (ti1)
which gives the result. O

Lemma 3.6. Under Assumption 2.2, we have that:

1. The function x — zf(x) is increasing on R (or equivalently, F is convez).
2. We have f (ai) —af(x) >0, i=1,...,N.
3. The function
[L5(2) - it ()]
f (aT) —aif(x)
is well-defined, bijective increasing and satisfies sgn(x)hp;(x) > |z|.

Proof. 1. We have (2f(z)) > 0 since zf'(x) > 0 by Assumption 2.2.
2. We have for z € R,

x€R, hpi(z) =z

Mt f(=) = At)asf () > A(ti1) f (@)1 — @) > 0

a;
because f (ai) > f(x) and a; < 1 by Assumption 2.2.
3. The function hp; is well-defined thanks to the second point. We have sgn(x)hp,(x) > |z| since

a;l
ECHE
1 —=ai50=,

ag

hp,i(w) =z |1+

and it is sufficient to check that f(z)/f(z/a;) is nondecreasing on Ry and nonincreasing on R_. We calculate

o\ £05 (2)-drr (2)

i(z)) ()
'(r) xf'(x/ai)

This is nonnegative on R} and nonpositive on R_ if and only if I]J:(m) 2 i @ian) for z € R, which holds by

Assumption 2.2 since |z| < |z|/a;. O
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Proof of Theorem 2.5: We remark that the cost (51) can be written as follows:

cre,t) = )\(tN)F(F—l (F(DNHAE—N))

(tn)
Bl () e )

Since F' is convex by Lemma 3.6 and F(0) = 0, we have F (an112) < any 1 F(2), for z € R and thus

cPgt) > Atn)F (F—1 (F(DN) + %)) - §A(tn)ﬁ (F—l (F(Dn) + Af;;))) (1 — any1).

In particular C¥(&,t) > 0, sinc F >0 and 4,41 < 1 by Assumption (2.2). Besides, by setting T'(€) =

(%, Dy + % Dy + A(tN ) we can easily check that |T'(€)] IEH_)Jroo +00, which gives immediately

that CP(€,t) — +4oosince F(z) —  +oo.
|€]—=+o00 || =00
Thus, there must be at least one minimizer of CF(&,t) on {¢& € RN+, Zfio & = —x}, and we denote

tBC

by v a Lagrange multiplier such tha = v. By Lemma 3.5 we obtain:

vV = hP,i-i—l(Di-l-l)a 1= 0,. ..,N— 1.

We also have %g =F" (F(DN) + A(tN)) =v,and weget (i=1,...,N —1):

& = Mw)F (2 1) e | p (L™ g hpsW)) |5 &6 = Altw) |F(v) = F(hply ()] -
aq Qi1
Besides, we have
N h;l. v : 1
AEF0) + 3 A () F( o )> A?t(f_i)ﬂhp,i(u»] = x. (52)

Since F' is increasing bijective on R and the function y — F(y) — /\?t(ﬁ)l)F (a;y) is increasing (its derivative

is positive by Lemma 3.6), there is a unique solution to (52), and v has the same sign as —x. Thus &*
is the unique optimal strategy. Moreover, the initial and the last trade have the same sign as —x since
sgn(v)hp N (V) > |V]. O

We now prepare the proof of Theorem 2.6. For sake of clearness, we will work under assumption () and

assume that p; (1+ 2L@) — 5 > 0 for any x € R and that hp; is bijective and increasing. However, a
P (@) n ,

close look at the proof below is sufficient that the same arguments also work under assumption (7).
Contrary to model V, it is more convenient to work with the process D rather than F (both are related
by Dy = F~1(E;/A(t)). We introduce for 0 < ¢ < T,

CP(.T.D1. X)) = X0 [6(G) = (D) + [ Gutudu+ XDIFW) = Gl (5)
where

veER,st. — By + /t ' Au) [puh;,}u(y) F(hBL (W) = nuF (h;}u(y)ﬂ du+ NT)F(v) = —X,, (54)

dGu

Gu = hpy (1), €= Au VGl + putul. (55)
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Let us observe that « — p, 2 f(x)—n, F(x) is increasing: its derivative is equal to f(x) ( (1 + f(g(c))) _ nu)

and is positive by assumption. Therefore, the left hand side of (54) is an increasing bijection on R and
there is a unique solution v to (54). The function CF(t, T, D;, X;) represents the minimal cost to lig-
uidate X; shares on [t,T] given the current state D;. We have in particular that CP(T,T, Dr, X71) =

AT) {G (Ef\(_T)fT) -G (%)} , which is the cost of selling X7 shares at time 7'. Besides, an integration

by parts gives that

CP(t,T, D, X¢) = =Mt F (D) + /t M) |puf (G2 = muF(G)] du+ MT)E(w). (56)

The function ¢ — p, f(¢)¢% — nF (¢) is nonnegative: it vanishes for ( = 0 and its derivative is equal to

¢f Q) (pu (2 + ij(g)) — nu) and has the same sign as ¢ by assumption. Since F > 0, this gives

Cc?(0,T,0,x) > 0. (57)

Proof of Theorem 2.6: Let (X;,0 <t < T+) denote an admissible strategy that liquidates x. We
consider (E;,0 < t < T+) the solution of dE; = dX; + neEdt — pN(t) f(F7H(E/N)))F~H(Ey/A(t))dt
Dy = F~Y(E;/\(t)), v the solution of (54) and (; = h;ylt(ut). We set

C, = /DdX‘Jr > X { (%) G<)f;)>} + CP(t,T, Dy, Xy).

0<s<t

Let us observe that Cr = CT(X) and Cy = C¥(0,T,0,x). We will show that dC; > 0, and that dC; = 0
holds only for X*. This will in particular prove that CP (X) > 0 from (57).
Let us first consider the case of a jump AX; > 0. Then, we have

sci=a0 o (B2 o (e

Since AF; = AX;, we have v; = vy from (54) and then AC; = 0 since F(D;) = G(E;/\(t)). Now, let us
calculate dC;. We set

)] +CP(t+,T, Dy, X)) — CF(t,T, Dy, Xy).

C(t.T, Dy, Xp,v) = NT)F(v) = MOF (Dy) + / A(w) [puf (hp (0D L (0)2 = nuF(hp ), ()] du.

)

Since dD§ = —py Didt + /\(5%53), we have from (56):

dCy = DdX{— N (t)F(Dy)dt + \t)pe f(Dy)Didt — Dyd Xy — A(t)[pe f(G) G — neF(Ce))dt
+?’9_C(taTa DtaXtth)th-

Since d(Et Xt) = A( ) [ (Dt) Ptth(Dt)] dt, we get from (54)
T
[ / W) (W54 () |(Pu = 1) F (b () + pubE () (Wl (ve))| du 4+ A(T >f<ut>] v, (58)

~A(t) [peh s ) F(hp(v2)) = e (RE4() )| dt = M) [0 F(D2) = peDef (D) dit

On the other hand, we have

0,C(t,T, By, Do) = NT)of(v) + / M) (W5 (002, (0) [ 200 = 1) F (B3 () + puh Bl (0)f (WL ()| du

- v

(T)f () + / M) (h5}) ) (b = 1) F(h51(0)) + pubip (o) f (B3, () du] ,
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and we get a—é(t T, D¢, X, ve)dvy = MNt)ve[n:(F(Dy) — F(G)) + pe(Cef(Ge) — Def (Dy))]. We finally obtain:

dC, = Mt)e(C)dt, with (59)
Gr(Q) = m(F(Q) = F(Dy) + pe(D7 f(Dy) = CF(Q)) + hpa(C) (ne(F(Dy) = F(Q)) + pe(CF(C) — Def (D))

We have 1(D;) = 0 and get that ¥}(C) = hip, () [r(F(Dr) — F(C)) + pe(CF(C) = Def(Dy)] by simple
calculations. On the one hand, we have hp,(¢) > 0. On the other hand, the bracket is positive on ¢ > D;
and negative on ¢ < D; since its derivative is equal to (p:—n:) f({)+ p:Cf(¢), which is positive by assumption.
Thus, D; is the unique minimum of ¢: (D) = 0 and 1:(¢) > 0 for { # D;.

Thus, if X is an optimal strategy, we necessarily have (; = Dy, dt-a.e. From (58), we get

Ut M) () ve) | (pu = 1) f (hp (1)) + puhp () ' (hipy, () | du + A(T)f(l/t)] dvy =0,

and thus dvy = 0 since (h;,lu)’ and z = (pu—nu) f(z)+puzf'(x) are positive functions by assumption. We get
that v, = v, where v is the solution of (38). In particular, we have AXy = A(0)F(Do4) = A(O)F(h;}o(y)) =
AX( and then X = X*. This gives the uniqueness of the optimal strategy. Last, £ has the same sign as —x
since v and —x have the same sign. U
Proof of Corollary 2.6: By Assumption 2.2 we have p; —n; > 0, zf'(x) > 0 and z0, ( ) ) < 0, which

gives:

(o (24 252) =00 (e (14 Z02) — ) = pade (2H2)

(Pt (1 + I}CES)) - Ut)2

Also, we have sgn(z)hp(x) > |z|, and hp, is thus leeCthG on R. We deduce that sgn(x)hp 1t(ac) < ||,
which gives that the last trade {7 has the same sign as —

Let us assume moreover that (30) holds. Let v, = AL ()G )2 > 0. Then,

Sef/ (€
o (60 (1 45— B

_ PN — ey th/(ﬁt)_ﬂ)( Gef'(¢) Ut) zf'(x)
& %[ 7 “t(” @ o) Gy ) 9% Gy e

> 0.

h;{t(ac) =

I /
> [M + pi <1 — ﬁ) <2 - ﬂ)] by Assumption 2.2.
Pt Pt Pt
2
2 —
_ %( Pt 77t) (Pt 77t) ¥ (Pt Ut) > 0 by (30).
Pt 2pt 2pt — T
]
References

[1] Aurélien Alfonsi, Antje Fruth, and Alexander Schied. Constrained portfolio liquidation in a limit order
book model. In Advances in mathematics of finance, volume 83 of Banach Center Publ., pages 9-25.
Polish Acad. Sci. Inst. Math., Warsaw, 2008.

[2] Aurélien Alfonsi, Antje Fruth, and Alexander Schied. Optimal execution strategies in limit order books
with general shape functions. Quant. Finance, 10(2):143-157, 2010.

[3] Aurélien Alfonsi and Alexander Schied. Optimal trade execution and absence of price manipulations in
limit order book models. SIAM J. Financial Math., 1:490-522, 2010.

24



4]

5]

[6]

7]

18]

19]

[10]
[11]

[12]

[13]

[14]

[15]

Aurélien Alfonsi, Alexander Schied, and Alla Slynko. Order Book Resilience, Price Manipulation, and
the Positive Portfolio Problem. SSRN eLibrary, 2011.

Robert Almgren and Neil Chriss. Optimal execution of portfolio transactions. Journal of Risk, 3:5-39,
2000.

Dimitris Bertsimas and Andrew Lo. Optimal control of execution costs. Journal of Financial Markets,
1:1-50, 1998.

Fischer Black and Myron Scholes. The pricing of options and corporate liabilities. Journal of Political
Economy, 81(3):pp. 637-654, 1973.

Umut Cetin, Robert A. Jarrow, and Philip Protter. Liquidity risk and arbitrage pricing theory. Finance
Stoch., 8(3):311-341, 2004.

A. Fruth, T. Schéneborn, and M. Urusov. Optimal trade execution and price manipulation in order
books with time-varying liquidity. Working Paper Series, 2011.

Jim Gatheral. No-dynamic-arbitrage and market impact. Quant. Finance, 10(7):749-759, 2010.

Jim Gatheral, Alexander Schied, and Alla Slynko. Transient linear price impact and fredholm integral
equations. Mathematical Finance, pages no—no, 2011.

Gur Huberman and Werner Stanzl. Price manipulation and quasi-arbitrage. Econometrica, 72(4):1247—
1275, 2004.

A. Obizhaeva and J. Wang. Optimal Trading Strategy and Supply /Demand Dynamics. Working Paper
Series, 2005.

Marc Potters and Jean-Philippe Bouchaud. More statistical properties of order books and price im-
pact. Physica A: Statistical Mechanics and its Applications, 324(1-2):133-140, 2003. Proceedings of the
International Econophysics Conference.

Silviu Predoiu, Gennady Shaikhet, and Steven Shreve. Optimal execution in a general one-sided limit-
order book. SIAM J. Financial Math., 2:183-212, 2011.

25



