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Abstract

We analyze the existence of price manipulation and optimal trade execution strategies in a model for
an electronic limit order book with nonlinear price impact and exponential resilience. Our main results
show that, under general conditions on the shape function of the limit order book, placing deterministic
trade sizes at trading dates that are homogeneously spaced is optimal within a large class of adaptive
strategies with arbitrary trading dates. This extends results from our earlier work with A. Fruth. Perhaps
even more importantly, our analysis yields as a corollary that our model does not admit price manipulation
strategies. This latter result contrasts the recent findings of Gatheral [12], where, in a related but different
model, exponential resilience was found to give rise to price manipulation strategies when price impact is
nonlinear.

1 Introduction.

The problem of optimal trade execution is concerned with the optimal acquisition or liquidation of
large asset positions. In doing so, it is usually beneficial to split up the large order into a sequence
of partial orders, which are then spread over a certain time horizon, so as to reduce the overall price
impact and the trade execution costs. The optimization problem at hand is thus to find a trading
strategy that minimizes a cost criterion under the constraint of overall order trade execution within
a given time frame. There are several reasons why studying this problem is interesting.

First, liquidity risk is one of the least understood sources of financial risk, and one of its
various aspects is the risk resulting from price impact created by trading large positions. Due
to the nonlinear feedback effects on dynamic trading strategies, market impact risk is probably
also among the most fascinating aspects of liquidity risk for mathematicians. The optimal trade
execution problem allows studying market impact risk in its purest form. Moreover, the results
obtained for this problem can serve as building blocks in a realistic analysis of more complex
problems such as the hedging of derivatives in illiquid markets.
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Second, the mathematical analysis of optimal trade execution strategies can help in the ongoing
search for viable market impact models. As argued by Huberman and Stanzl [14] and Gatheral [12],
any reasonable market impact model should not admit price manipulation strategies in the sense
that there are no ‘round trips’ (i.e., trading strategies with zero balance in shares), whose expected
trading costs are negative. Since every round trip can be regarded as the execution of a zero-
size order, a solution of the optimal trade execution problem also includes an analysis of price
manipulation strategies in the model (at least as limiting case when the order size tends to zero).

In recent years, the problem of optimal trade execution was considered for various market
impact models and cost functions by authors such as Bertsimas and Lo [9], Almgren and Chriss [5,
6], Almgren [4], Obizhaeva and Wang [16], Almgren and Lorenz [7], Schied and Schéneborn [19],
Schied, Schéneborn, and Tehranchi [18], and our joint papers with A. Fruth [1, 2], to mention only
a few.

Here, we continue our analysis from [1, 2]. Instead of focussing on the two-sided limit order
book model in [2], our emphasis is now on a zero-spread market impact model that is obtained from
the one in [2] by collapsing the bid-ask spread. There are several advantages from introducing
this model. First, it is easier to analyze than the two-sided model, while it still allows to transfer
results to the two-sided framework;! see Section 2.6. Second, most other market impact models in
the literature, such as those suggested by Almgren and Chriss [5, 6] or Gatheral [12], do not include
a bid-ask spread. Therefore, these models and their features can be compared much better to our
zero-spread model than to the two-sided model. Third, it is easier to detect model irregularities,
such as price manipulation strategies, in the zero-spread model. In the two-sided model such
irregularities may not emerge on an explicit level.

In our model, the limit order book consists of a certain distribution of limit ask orders at prices
higher than the current price, while for lower prices there is a continuous distribution of limit buy
orders. We consider a large trader who is placing market orders in this order book and thereby
shifts prices according to the volume of available limit orders. Since the distribution of limit orders
is allowed to be non-uniform, the price impact created by a market order is typically a nonlinear
function of the order size. In reaction to price shocks created by market orders there is a subsequent
recovery of the price within a certain time span. That is, the price evolution will exhibit a certain
resilience. Thus, the price impact of a market order will neither be completely instantaneous nor
entirely permanent but will decay exponentially with a time-dependent resilience rate. As in [2],
we consider the following two distinct possibilities for modeling the resilience of the limit order
book after a large market order: the exponential recovery of volume impact, or the exponential
recovery of price impact.

This model is quite close to descriptions of price impact on limit order books found in empirical
studies such as Biais et al. [10], Potters and Bouchaud [17], Bouchaud et al. [11], and Weber and
Rosenow [20]. In particular, the existence of a strong resilience effect, which stems from the
placement of new limit orders close to the bid-ask spread, seems to be a well established fact,
although its quantitative features seem to be the subject of an ongoing discussion.

While in [2] we considered only strategies whose trades are placed at equidistant times, we
now allow the trading times to be stopping times. This problem description is more natural than
prescribing a priori the dates at which trading may take place. It is also more realistic than the
idealization of trading in continuous time. In addition, the time-inhomogeneous description allows
us to account for time-varying liquidity and thus in particular for the well-known U-shape patterns
in intraday market parameters; see, e.g., [15].

!This technique was already used in [1, 2].
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Optimal trade execution in this extended framework leads to the problem of optimizing si-
multaneously over both trading times and sizes. This problem is more complex than the one
considered in [2] and requires new arguments. Nevertheless, our main results show that the unique
optimum is attained by placing the deterministic trade sizes identified in [2] at trading dates that
are homogeneously spaced with respect to the average resilience rate in between trades.

As a corollary, we show that neither of the two variants of our model admits price manipulation
strategies in the sense of Huberman and Stanzl [14] and Gatheral [12], provided that the shape
function of the limit order book belongs to a certain class of functions (which slightly differs for
each variant). This corollary is surprising in view of recent results by Gatheral [12]. There it was
shown that, in a closely related but different market impact model, exponential resilience leads to
the existence of price manipulation strategies as soon as price impact is nonlinear.

This paper is organized as follows. In Section 2.1 we introduce our market impact model with
its two variants. The cost optimization problem is explained in Section 2.2. In Section 2.3 we
state our main results for the case of a block-shaped limit order book, which corresponds to linear
price impact. This special case is much simpler than the case with nonlinear price impact. We
therefore give a self-contained description and proof for this case, so that the reader can gain a
quick intuition on why our results are true. The proofs for the block-shaped case rely on the results
from our earlier paper [1] with A. Fruth and are provided in Section 3.1. The main results for
the model variant with reversion of volume impact are stated in Section 2.4. The corresponding
proofs are given in Section 3.2. The results for the model variant with reversion of price impact
are stated in Section 2.5, while proofs are given in Section 3.3. In Section 2.6 we explain how our
results can be transferred to the case of a two-sided limit order book model.

2 Setup and main results

In this section we first introduce the two variants of our market impact model and formulate the
optimization problem. We then state our results for the particularly simple case of a block-shaped
limit order book. Subsequently, we formulate our theorems for each model variant individually.
Finally we explain how the results for the models described in Section 2.1 can be transferred to
the case of a non-vanishing bid-ask spread.

2.1 Description of the market impact models

The model variants that we consider here are time-inhomogeneous versions of the zero-spread
models introduced in [2, Appendix A]. The general aim is to model the dynamics of a limit order
book that is exposed to repeated market orders by a large trader, whose goal is to liquidate a
portfolio of X shares within a certain time period [0, T]. The case X, > 0 corresponds to a long
position and hence to a sell program, the case Xy < 0 to a buy program. Here we neglect the
bid-ask spread of the limit order book, but in Section 2.6 we will explain how our results can be
carried over to limit order book models with non-vanishing bid-ask spread. In these two-sided
models, buy orders only impact the ask side of the limit order book and sell orders only affect the
bid side. Nevertheless, we will see that the optimal strategies are the same as in the zero-spread
models.

When the large trader is inactive, the dynamics of the limit order book are determined by
the actions of noise traders only. We assume that the corresponding unaffected price process S°
is a rightcontinuous martingale on a given filtered probability space (Q, (F;),F,P) such that S
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is P-a.s. equal to some constant Sy. The actual price process S is driven by the dynamics of S°
and by the response of the limit order book to the market orders of the large traders. The key to
modeling this response is to start by describing first the volume impact process E. If at time ¢ the
trader places a market oder of size &, where & > 0 stands for a buy order and & < 0 for a sell
order, the volume impact process jumps from E; to

E. =FE,+¢&. (1)

When the large trader is inactive in between market orders, E reverts back at a given rate. In our
first model variant, the Model with volume impact reversion, we assume that the volume impact
process reverts on an exponential scale with a deterministic, time-dependent rate ¢ — p;, called
resilience speed. More precisely, we assume that

dEt = _ptEt dt (2)

while the large investor is not placing buy orders. Equations (1) and (2) determine completely the
dynamics of the volume impact process E in our first model variant.

In the next step, we describe the relation between volume impact and price impact. To this
end, we assume a continuous distribution of bid and ask orders away from the unaffected price
SP. This distribution is described by a continuous function f : R — [0, 00) that satisfies f(z) > 0
for a.e. x, the shape function. Its intuitive meaning is that the number of shares offered at price
SY + x is given by f(x)dx. Thus, a volume impact of E; shares corresponds to a price impact of

Dy, which is given implicitly via
Dy
(x)dx = E.
0
By introducing the antiderivative of f,

Fy) = / "f@)ds, yeR

the relation between the volume impact process E and the price impact process D can be expressed
as follows:

E,=F(D,) and D,=FYE,). (3)
Here we have used our assumption that f > 0 a.e. so that F'is indeed invertible. Given the price
impact process D, the actual price process S is defined as

Thus, if at time t the trader places a market order of size &, then the price process jumps from S;
to
Sty = 8} + Doy = S + F7H(E + &);

see Figure 1. Hence, the price impact D, — D, will be a nonlinear function of the order size & unless
f is constant between D; and D;,. The choice of a shape function that is constant throughout
R corresponds to linear market impact and to the zero-spread version of the block-shaped limit
order book model of Obizhaeva and Wang [16]. This zero-spread version was introduced in [1].
Instead of an exponential resilience of the volume impact as described in (2), one can also
assume an exponential reversion of the price impact D. This means that one has to replace (2) by

dD, = —p,D, dt (5)

while the large investor is not placing buy orders. The resulting model variant will be called the
Model with price impact reversion. We now summarize the definitions of our two model variants.

4
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FigureDlz The price impact of a buy market order of size & > 0 is defined by the equation
&= [p," [(x)de = F(Diy) — F(Dy).

Definition 2.1. The dynamics of the Model with volume impact reversion are described by equa-
tions (1), (2), (3), and (4). The Model with price impact reversion is defined via equations (1),
(5), (3), and (4).2

With the reversion of the processes D and E as described in Equation (2) and (5) we model the
well-established empirical fact that order books exhibit a certain resilience as to the price impact
of a large buy market order. That is, after the initial impact the best ask price reverts back to
its previous position; cf. Biais et al. [10], Potters and Bouchaud [17], Bouchaud et al. [11], and
Weber and Rosenow [20] for empirical studies.

Note that we assume that the shape function of the limit order book is neither time-dependent
nor subject to additional randomness. This assumption is similar to the assumption of fixed, time-
independent impact functions in the models by Bertsimas and Lo [9], Almgren [4], or Gatheral [12].
It can also be justified at least partially by the observation that the shapes of empirical limit order
books for certain liquid stocks can be relatively stable over time. More importantly, it was noted
in [2] that our optimal strategies are remarkably robust with respect to changes in the shape
function f. One can therefore expect that a moderate randomization of f will only have relatively
small effects on the optimal strategy. A corresponding analysis will be the subject of future
research.

We now introduce three example classes for shape functions that satisfy the assumptions of our
main results.

Example 2.2 (Block shape). The simplest example corresponds to a block-shaped limit order
book:
flz)=q for some constant ¢ > 0. (6)

It corresponds to the zero-spread version of the block-shaped limit order book model of Obizhaeva
and Wang [16], which was introduced in [1]. In this case, the price impact function is linear:
F~Yx) = z/q. Tt follows that the processes D and E are related via E; = ¢D;, and so the model
variants with volume and price impact reversion coincide. Results and proofs are particularly easy
in this case. We therefore discuss it separately in Section 2.3. &

2These models are respectively referred as Model 1 and 2 in [1, 2].
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Example 2.3 (Positive power-law shape). Consider the class of shape functions
f(z) = Mz, where A\, a > 0. (7)

In this case, F(x) = 1J%Oé|:1c|1+asign z, and so F~(z) = (H2[z])"/+signz. Hence price impact

follows a power law. The choice o = 1 corresponds to square-root impact, which is a particularly

popular choice and admits certain justifications; see [12]. See also [8] for empirical results on power-

law impact. We will see later that the shape functions from the class (7) satisfy the assumptions

of our main results. Moreover, as was kindly pointed out to us by Jim Gatheral, our Model with

volume impact reversion is equivalent to the Model with price impact reversion when we replace
pt

pr by py = 5 - Indeed, when the large trader is not active during the interval [t,t 4+ s) volume

. . . . _ t+s
impact reversion implies that F; , = e S pudupy, Hence,

Diys=F H(Erys) =€~ S WP E) = e S “Dy,
and so D satisfies dD, = —p, D, dr in [t,t + s). &

Example 2.4 (Negative power-law shape). Consider the shape functions of the form

q

S
0T o) or z > 0,
flx) =
q
S
A=\ ) or z <0,

where ¢ and Ay are positive constants and oy € (0,1]. We will see later that these shape functions
satisfy the assumptions of our main results. &

2.2 The cost optimization problem

We assume that the large trader needs to liquidate a portfolio of X shares until time 7" and that
trading can occur at N + 1 trades within the time interval [0, T]. An admissible sequence of trading

times will be a sequence 7 = (g, ..., 7y) of stopping times such that 0 =79 <7 < .- - <7y =T.
For such an admissible sequence of trading times, 7, we define a 7 -admissible trading strategy as
a sequence & = (£, &1, ..., &y) of random variables such that

o Xy+ ZnN:O &n = 0 (i.e., the strategy liquidates the given portfolio Xj),
e cach &, is measurable with respect to F, ,
e cach &, is bounded from below.

The quantity &, corresponds to the size of the market order placed at time 7,,. Note that we do
not a prior: require that all &, have the same sign, i.e., we also allow for an alternation of buy
and sell orders. But we assume that there is some bound on the size of sell orders. Finally, an
admissible strategy is a pair (7, &) consisting of an admissible sequence of trading times 7 and a
T -admissible trading strategy &.

Let us now define the costs incurred by an admissible strategy (7,&). When at time 7, a buy
market order of size £, > 0 is placed, the trader will purchase f(z)dx shares at price Sgn + x, with
x ranging from D, to D, .. Hence, the total cost of the buy market order amounts to

D7n+

ml@) = [ TS v =806+ [ et (5)

D, D,

6
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Similarly, for a sell market order &, < 0, the trader will sell f(x)dx shares at price Sgn + x, with
x ranging from D, , to D, . Since the costs of sales should be negative, formula (8) is also valid
in the case of a sell order.

The average cost C(€,7T) of an admissible strategy (£,7) is defined as the expected value of
the total costs incurred by the consecutive market orders:

C(e.T) = E| ﬁme)]. (9)

The problem at hand is thus to minimize the average cost C(§,7T) over all admissible strategies
(&,7). In doing this, we will assume for simplicity throughout this paper that the function F' is
unbounded in the sense that

lim F(z) =00 and lim F(x)= —oc. (10)
zToo x|—00
That is, we assume that the limit order book has infinite depth. Relaxing this assumption is
possible but would require additional constraints on the order sizes in admissible strategies and
thus complicate the problem description.

In our earlier paper with A. Fruth, [2], we considered the case of a constant resilience p and a
fixed, equidistant time spacing 7., = {¢T/N |i = 0,..., N}. In this setting, we determined trading
strategies that minimize the cost C(§, 7,,) among all 7.,-admissible trading strategies £. Our goal
in this paper consists in simultaneously minimizing over trade times and sizes. Also, in our present
setting of an inhomogeneous resilience function p; it is natural to replace the equidistant time
spacing by the homogeneous time spacing

T = (t, ..., t%)

t; 1 T
psds:—/ ps ds, 1=1,...,N.
/rf N Jo

i—1

defined via

We also define -
a = e W Jo pudu, (11)

Our main result states that, under certain technical assumptions, 7* is in fact the unique optimal
time grid for portfolio liquidation with N + 1 trades in [0,7]. In addition, the unique optimal
T*-admissible strategies for both model variants, i.e., for the reversion of price or volume impact,
are given by the corresponding trading strategies in [2].

As a corollary to our main results, we are able to show that our models do not admit price
manipulation strategies in the following sense, introduced by Huberman and Stanzl [14] (see also

Gatheral [12]).

Definition 2.5. A round trip is an admissible strategy (€,7T) for Xg = 0. A price manipulation
strategy is a round trip (&,7) such that C(§,7) < 0.

Our main results also imply that our models do not possess the following model irregularity,
which was introduced and discussed in our joint paper [3] with A. Slynko.
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Definition 2.6. A model admits transaction-triggered price manipulation if the expected execution
costs of a sell (buy) program can be decreased by intermediate buy (sell) trades. More precisely,
there is transaction-triggered price manipulation if there exists Xy € R and a corresponding
admissible strategy (&, 7) such that

C(€,T) < inf {C(E, 7) ’ (&,7) is admissible and all trades in £ have the same sign}. (12)

By taking Xy = 0 in Definition 2.6, one sees that standard price manipulation in the sense
of Definition 2.5 can be regarded as a special case of transaction-triggered price manipulation. It
follows that the absence of transaction-triggered price manipulation implies the absence of standard
price manipulation. It is possible, however, to construct models that admit transaction-triggered
price manipulation but not standard price manipulation. This happens, for instance, if we take
a constant shape function f = ¢ and replace exponential resilience by Gaussian decay of price
impact; see [3].

2.3 Main results for the block-shaped limit order book

We first discuss our problem in the particularly easy case of a block-shaped limit order book in
which f(x) = ¢. In that case, our two model variants with the respective reversion of price and
volume impact coincide. It follows from the results in [1] that for every admissible sequence of
trading times 7 = (7g,...,7y) there is a 7-admissible trading strategy that minimizes the cost
C(-,7T) among all 7-admissible trading strategies. This strategy can even be computed explicitly;
see [1, Theorem 3.1]. In the following theorem we consider the problem of optimizing jointly over
trading times and sizes.

Theorem 2.7. In a block-shaped limit order book, there is a P-a.s. unique optimal strategy (£*,7*)

consisting of homogeneous time spacing T* and the deterministic trading strategy & defined by
— X,

24+ (N-1)(1—-a"

§ =& = and & ==&y =& (1 —a), (13)

where a* is as in (11).

While the preceding theorem is a special case of our main results, Theorem 2.11 and Theo-
rem 2.17, it admits a particularly easy proof based on the results in [1]. This proof is given in
Section 3.1.

Corollary 2.8. In a block-shaped limit order book, there is neither standard not transaction-
triggered price manipulation.

An obvious extension of our model is to allow the resilience rate p; to be a progressively
measurable stochastic process. In this case, optimal strategies will look different. However, the
absence of price manipulation remains valid even for this case; see Remark 3.2 at the end of Section
3.1.

Figure 2 gives an illustration of the situation when p(t) = a + bcos(t/(27)), 0 <t < T. For
a > b > 0 the resilience is greater near the opening and the closure of the stock exchange, and
T represents the trade duration in days. We plot here the relative gain, i.e., the quotient of the
respective expected costs, for the optimal strategies corresponding to the optimal time grid 7* and
the equidistant time grid 7.,. More precisely, we plot the quotient of the respective cost functions
defined in equation (32) below.
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Figure 2: Relative gain between the extra liquidity cost of the optimal strategy on the optimal
grid 7™ and the optimal strategy on the equidistant grid 7., as a function of N, when T' = 1,2
and 5 with the resilience function p(t) = 10 4 8 cos(t/2m).



Optimal trade execution and absence of price manipulations

2.4 Main results for volume impact reversion

In this section we state our main results for the Model with volume impact reversion. They hold
under the following assumption. Its first part covers Examples 2.2 and 2.4. Its second part covers
the important case of power law price impact as introduced in Example 2.3.

Assumption 2.9. In the Model with volume impact reversion, we assume in addition to (10) that
the shape function f satisfies one of the following conditions (a) and (b).

(a) f is nondecreasing on R_ and nonincreasing on R,.
(b) f(z) = Az|*, for constants A, a > 0.

We start by looking at optimal trading strategies when an admissible sequence of trading times
T = (10,...,7n) is fixed. If € is a 7T-admissible trading strategy and it happens that 7, = 7,41,
then the corresponding trades, &; and &1, are executed simultaneously. We therefore say that two
T-admissible trading strategies & and € are equivalent if &+ &1 = &, + ¢, o1 P-as. on {1, = 7541 }.

Proposition 2.10. Suppose that an admissible sequence of trading times T is given and that
Assumption 2.9 holds. Then there exists a T -admissible trading strategy €¥°7, P-a.s. unique up to
equivalence, that minimizes the cost C(-,T) among all T -admissible trading strategies. Moreover,
EV'T £ 0 for Xy # 0 up to equivalence, and all components of €V'7 have the same sign. For X, = 0,
all components of €V'7 are zero.

As we will see in the proof of Proposition 2.10, the optimal trading strategy &€""7 can be
implicitly characterized via a certain nonlinear equation. Our main result for the case of volume
impact reversion states, however, that things become much easier when optimizing simultaneously
over trading times and sizes:

Theorem 2.11. Under Assumption 2.9, for every Xy # 0 there is a P-a.s. unique optimal strategy
(&Y, T*) consisting of homogeneous time spacing T* and the deterministic trading strateqy €V that
is defined as follows. The initial market order &Y is the unique solution of the equation

FHE) —a P (')

1—a*

FH(=Xo = N¢§g (1—a")) =

, (14)
the intermediate orders are given by

& == =& (1-a), (15)

and the final order is determined by
v =—Xo—& — (N—1g (1—a’).

Moreover, & # 0 and all components of € have the same sign. That is, € consists only of
nontrivial sell orders for Xy > 0 and only of nontrivial buy orders for Xy < 0.

The preceding results imply the following corollary relating to Definitions 2.5 and 2.6.

10
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Corollary 2.12. Under Assumption 2.9, the Model with volume impact reversion admits neither
standard nor transaction-triggered price manipulation.

The absence of price manipulation stated in the preceding corollary remains valid even for the
case in which resilience p; is stochastic; see Remark 3.2 at the end of Section 3.1.

Corollary 2.12 shows that, in our Model with volume reversion, exponential resilience of price
impact is well compatible with nonlinear impact governed by a shape function that satisfies As-
sumption 2.9. We thus deduce that, at least from a theoretical perspective, exponential resilience of
a limit order book is a viable possibility for describing the decay of market impact. This contrasts
Gatheral’s [12] observation that, in a related but different continuous-time model, exponential de-
cay of price impact gives rise to price manipulation in the sense of Definition 2.5 as soon as price
impact is nonlinear. Given the strong contrasts between the results in [12] and our Corollary 2.12,
it is interesting to discuss the relations between the model in [12] and our model.

Remark 2.13 (Relation to Gatheral’s model). In [12], a continuous-time model is introduced,
which is closely related to our model. Formulating a discrete-time variant within our setting leads
to the following definition for the actual price process:

=S+ > hE)U(t — 7). (16)

<t

Here, h : R — R is the price impact function, and ¢ : R, — R, is the decay kernel. The decay
kernel describes the time decay of price impact. If we take ¢(t) = e ** for a constant p > 0, (16)
takes the form

S/ =80+ h(&)e (17)

Tn<t

It was shown in Section 4 of [12] that the continuous-time version of (17) admits price manipulation
in the sense of Definition 2.5 as soon as the function A is not linear. By approximating a continuous-
time price manipulation strategy with discrete-time strategies, one sees that this result carries over
to the discrete-time framework (17).

When taking a constant resilience speed p in our Model with volume impact reversion, the
volume impact process is of the form F; =% _, £,e P=™) and so our price process is given by

S, = S0+ F—l( 3 gne—p@—m)) . (18)

Tn<t

Thus, the difference between the two models is that in (17) the nonlinear price impact function is
applied to each individual trade, while in (18) the price impact is obtained as a nonlinear function
of the volume impact. Therefore, both models are different, and there is no contradiction between
the results in [12] and Corollary 2.12. &

Remark 2.14 (Continuous-time limit). Let us briefly discuss the asymptotic behavior of the
optimal strategy when the number N of trades tends to infinity. Since for any N we have that &)
lies strictly between 0 and — X, we can extract a subsequence that converges to some fé/ >°. One
therefore checks that the right-hand side of (14) tends to

V, 00

W (6™) o= FH (&™) + 1.
(o) = G e

11
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Since N(1 —a*) — fOT ps ds, the left-hand side of (14) converges as well, and so &> must be a
solution y of the equation

Ffl( — Xy —y/OTpsds) = hy (y).

Note that, under our assumptions, hj’ is strictly increasing. Hence, the preceding equation has a
unique solution, which consequently must be the limit of £ as N T oo. It follows moreover that

NeY — g™ fOT psds and that

T
& — —Xo-g= & [ puds =g
0

Thus, the optimal strategy, described in “resilience time” r(t) := fot ps ds, consists of an initial
block trade of size 58/ >°_ continuous buying at constant rate 5(‘]/ *® during (0,7, and a final block
trade of size fr}/’oo. Transforming back to standard time leaves the initial and final block trades
unaffected, and continuous buying in (0,7") now occurs at the time-dependent rate ,otfé/ s

One can expect that this limiting strategy could be optimal in the following continuous-time
variant of our model, which is similar to the setup in [13]. A strategy is a predictable processes
t — X; of bounded total variation, which describes the number of shares in the portfolio of the
trader at time t. Given such a strategy, the process E is defined via Ey = 0 and

dEt = dXt — ptEt dt, (19)
and D is given by D, = F(E;). The optimal strategy obtained above then corresponds to

dX] = &0 (dt) + & py dt + £ 0r(dt). ¢

2.5 Main results for reversion of price impact

In this section we state our main results for the Model with reversion of price impact. This case
is analytically more complicated than the Model with volume impact, because the quantity that
decays exponentially is no longer a linear function of the order size. We therefore need a stronger
assumption:

Assumption 2.15. In addition to (10) we assume that the shape function f satisfies one of the
following conditions (a) and (b).

(a) fistwice differentiable on R\{0}, nondecreasing on R_ and nonincreasing on R, and satisfies

x — xf'(z)/f(z) is nondecreasing on R_, nonincreasing on R, and (—1,0]-valued,  (20)
f@) oo (F @Y o f ()
1+:Ef<x)+2x (f(a:)) —x o) >0 for all x > 0. (21)

(b) f(z) = Az|*, for constants A, a > 0.

We will see in Example 2.19 below that Assumption 2.15 (a) is satisfied for the power law shape
functions from Example 2.4. Also, we know already from Example 2.3 that under Assumption 2.15
(b) that the Model with reversion of price impact is equivalent to a model with reversion of volume
impact.

12
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We start by looking at optimal trading strategies when an admissible sequence of trading times
T = (70,...,7n) is fixed. Asin Section 2.4, we say that two T-admissible trading strategies £ and
€ are equivalent if §; + & = & + ;41 P-as. on {7, = 7311}

Proposition 2.16. Suppose that an admissible sequence of trading times T is given and that
Assumption 2.15 holds. Then there exists a T -admissible trading strategy €77, P-a.s. unique up
to equivalence, that minimizes the cost C(-,T). Moreover, €57 # 0 for Xo # 0 up to equivalence,
and all components of €07 have the same sign. For Xy = 0, all components of €07 are zero.

As in Proposition 2.10, computing the optimal trading strategy €7 for an arbitrary sequence
T can be quite complicated. But again the structure becomes much easier when optimizing also
over the sequence of trading times 7. To state the corresponding result, let us recall from (11) the
definition of a* and let us introduce the function

_Ifa)/a —a ()
I () = P ) —a )

We will see in Lemma 3.8 (a) below that hp,«(x) is indeed well-defined for all z € R as soon as
Assumption 2.15 is satisfied.

Theorem 2.17. Suppose that that the shape function f satisfies Assumption 2.15. Then for
Xo # 0 there is a P-a.s. unique optimal strateqy (€, T*), consisting of homogeneous time spacing
T* and the deterministic trading strategy &¥ that is defined as follows. The initial market order
&r is the unique solution of the equation

FH(=Xo = N[&g = F(a"FPHE)]) = hpae (F7HED) (22)
the intermediate orders are given by
&G = ==& - Fl@F(&)), (23)
and the final order is determined by
Ev=—Xo— N& + (N =DF (@' F7H(&))-
Moreover, &8 # 0 and all components of € have the same sign. That is, €7 consists only of

nontrivial sell orders for Xy > 0 and only of nontrivial buy orders for Xy < 0.

Again, the preceding results lead to the following corollary. Its conclusion on the absence of
price manipulation remains valid even for the case in which resilience p; is stochastic; see Remark
3.2 at the end of Section 3.1.

Corollary 2.18. Under Assumption 2.15, the Model with price impact reversion admits neither
standard nor transaction-triggered price manipulation.

We continue this section by showing that the power law shape functions from Example 2.4
satisfy Assumption 2.15 (a).

13
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Example 2.19 (Negative power-law shape). Let us show that the power-law shape functions from
Example 2.4 satisfy our Assumption 2.15 (a). For checking (20) and (21) we concentrate on the
branch of f on the positive part of the real line. So let us suppose that

q
= fi >0
fo) = e a0,
with v € [0,1], ¢, A > 0. We have zf'(z)/f(x) = —11)‘;5 € (—1,0] which is nonincreasing on R, .

Moreover, for > 0 we have

Fl@) o (f’(ﬂf))2 _ef"@) 142 a)dr 4 (1 20+ a?)(Mr)?

T 7(@) @) TSI

> 0. ¢

Remark 2.20. With a positive power-law shape, we know from Example 2.3 that the model with
volume impact reversion p; is equivalent to the model with price impact reversion p; = p/(1 + «).
Thus, the strategy defined via (14) and (15) with a* is the same as the one defined by (22) and (23)

with a* = (a*)ﬁ. This can be checked by a straightforward calculation. &

Remark 2.21. As in Remark 2.14, we can study the asymptotic behavior of the optimal strategy
as the number NN of trades tends to infinity. First, one checks that hp,- converges to

f(x) )
f(x) +af(x))

and that N(y — F(a*F~(y))) tends to F~1(y) f(F~1(y)) fOT ps ds. Now, suppose that the equation

hy (z) == x(l +

F*I( —Xo— F ' () f(F'(y)) /OT Ps ds) = hF (F~(y))

has a unique solution that lies strictly between 0 and —X,, and which we will call éép . We
then see as in Remark 2.14 that &> is the limit of ¢ when N 1 co. Next, NP converges to

FUE XV FEHES™)) Ji psds and EF to
T
9% = Xy — €8 — P ER) F(FHED™) / o ds.

This yields a description of the continuous-time limit in “resilience time” r(t) := fot psds. Using
a time change as in Remark 2.14, we obtain that the optimal strategy consists of an initial block
order of £1°° shares at time 0, continuous buying at rate p F' =1 () f(F~(¢,>°°)) during (0,T),
and a final block order of 6}3’00 shares at time 7. One might guess that this strategy should be
optimal in the continuous-time model in which strategies are predictable processes t — X, of total
bounded variation and the volume impact process satisfies

dEt = dXt — Ptg(Et) dt

for g(x) = f(F~(x))F~!(x); see also Remark 2.14. %

14
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2.6 Two-sided limit order book models

We now explain how our results can be used to analyze models for an electronic limit order book
with a nonvanishing and dynamic bid-ask spread. To this end, we focus on a buy program with
Xo < 0 (the case of a sell program is analogous). Therefore emphasis is on buy orders, and we
concentrate first on the upper part of the limit order book, which consists of shares offered at
various ask prices. The lowest ask price at which shares are offered is called the best ask price.
When the large trader is inactive, the dynamics of the limit order book are determined by the
actions of noise traders only. We assume that the corresponding unaffected best ask price A°
is a rightcontinuous martingale on a given filtered probability space (€, (F;), F,P) and satisfies
AY = Ay P-a.s. for some constant Ag. Above the unaffected best ask price AY, we assume a
continuous distribution for ask limit orders: the number of shares offered at price AY + z with
x > 01is given by f(z)dx, where f is a given shape function.

The actual best ask price at time t, i.e., the best ask price after taking the price impact of
previous buy orders of the large trader into account, is denoted by A;. It lies above the unaffected
best ask price, and the price impact on ask prices caused by the actions of the large trader is
denoted by

DA = A, — AV
A buy market order of & > 0 shares placed by the large trader at time ¢t will consume all the ask
limit orders offered at prices between A; and Ay = A? 4+ D\, where D} is determined by the

A
condition [ 5 4" f(x)dx = &, Thus, the process D? captures only the impact of market buy orders
t

on the current best ask price. We also define the volume impact on ask orders by E := F(D?),
where again F(z) = [ f(y) dy.

On the bid side of the limit order book, we have an unaffected best bid process, BY. All we
assume on its dynamics is BY < AY at all times ¢. The distribution of bids below B is modeled
by the restriction of the shape function f to the domain (—o00,0). In analogy to the ask part,
we introduce the the price impact on bid prices by DP := B, — B?. The process D will be
nonpositive. A sell market order of & < 0 shares placed at time ¢ will consume all the shares
offered at prices between B; and By, := B + Dt]i, where Dfi is determined by the condition

& =F(D})) - F(Dy) = Ej — B,

for EB := F(DP). As before, there are now two distinct variants for modeling the reversion of the
volume and price impact processes while the trader is not active. More precisely, we assume that

dEA = —p EA dt and dEP = —p,EF dt for reversion of volume impact (24)
dD{* = —p, D dt and dDP = —p,DPF dt for reversion of price impact.
The respective model variants will be called the two-sided limit order book models with reversion
of volume or price impact.
Finally, we define the costs of an admissible strategy (7,&). We can argue as in Section 2.2
that the costs incurred at time 7,, should be defined as

(DA,
/ f(z)dx for &, >0,
D4
Tr(§) =40 for &, =0, (25)
D7n+
/ f(z)dx for &, <O.
\ DEn

15
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The following result compares the costs in the two-sided model to the costs 7, (§) defined in (8).

Proposition 2.22. Suppose that A° = S°. Then, for any strategy &, we have 7, (&) > 7., (€) for
all n, with equality if all trades in &€ are nonnegative.

The preceding result can be proved by arguments given in [2, Section A]. Together with the
observation that there is no transaction-triggered price manipulation in the models introduced in
Section 2.1, it provides the key to transferring results on the basic model to the order book model.
We thus have the following corollary.

Corollary 2.23. Suppose that A = S°.

(a) Under Assumption 2.9, the strategy (€Y, T*) defined in Theorem 2.11 is the unique optimal
strategy in the two-sided limit order book model with volume impact reversion.

(b) Under Assumption 2.15, the strateqy (¢7,T*) defined in Theorem 2.17 is the unique optimal
strategy in the two-sided limit order book model with price impact reversion.

3 Proofs

In a first step, note that the average costs introduced in (9) are of the form

C(E,T) :E[ i“m@] :E[ ﬁ:gnsg] +E[ ﬁ:/:Tnerf(x)d:c].

Due to the martingale property of S°, optional stopping, and the fact that ZLO & = —Xo,
the first expectation on the right is equal to —XySy. Next, note that the process D evolves
deterministically once the values of 5(w), ..., 7n(w) and &y(w), ..., En(w) are given. Thus, when
the functional 3. [ [l))T " xf(x) dr admits a unique deterministic minimizer, this minimizer must
be equal to the unique (;ptimal strategy.

To formulate the resulting deterministic optimization problem, it will be convenient to work
with the quantities

Tk
ay, ::/ psds, k=1,...,N, (26)
Tk—1
instead of the 7, themselves. The condition 0 = 79 < 77 < --- < 7y = T is clearly equivalent to
a = (ai,...,ay) belonging to
N T
A= {a = (aq,...,ay) € Rf‘ Zak :/ psds}.
k=1 0

By abuse of notation, we will write
E, and D, instead of E, and D,, (27)
as long as there is no possible confusion. We will also write

E..=FE,+&, and D,y = D, +¢&, instead of E,  and D, . (28)

16
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Then

Eryg = e B, = e (B, + &) for volume impact reversion,

29
Diy1 = e @Dy, = e 1 F (g 4 F(Dy)) for price impact reversion. (29)

With this notation, it follows that there exist two deterministic functions CV, CF : RN *1x 4 —
R such that

i /D”+ o f(2) dr = {Cv(ﬁ, a) in the Model with volume impact reversion, (30)
n=0 n

CP(¢,a) in the Model with price impact reversion.

We will show in the respective Sections 3.2 and 3.3 that, under our assumptions, the functions C'V
and C* have unique minima within the set = x A, where

N
== {w:(l’o,...,l’]\/)ERNJrl‘XO"‘an:O}'

n=0

When working with deterministic trading strategies in = rather than with random variables, we
will mainly use Roman letters like « instead of Greek letters such as €. Last, we introduce the
functions

F(zx) = /0m z2f(z)dz and G=FoF (31)

We conclude this section with the following easy lemma.

Lemma 3.1. For Xy < 0, there is no * € = such that E,, = E, + x, < 0 (or, equivalently,
D,. <0) foralln=0,...,N.

Proof: Since the effect of resilience is to drive the extra spread back to zero, we have F,, >
ZTo+- - -+x, up to and including the first n at which xo+- - -+, > 0. Since xg+- - -+xy = — Xy > 0,
the result follows. 0

3.1 Proofs for a block-shaped limit order book

In this section, we give quick and direct proofs for our results in case of a block-shaped limit
order book with f(x) = ¢. In this setting, our two model variants coincide; see Example 2.2. As
explained in [1], the cost function in (30) is an increasing affine function of
1
Clz, ) = 5(:1:, M(a)x), rEZ aE A, (32)
where (-,-) is the usual Euclidean inner product and M(ea) is the positive definite symmetric
matrix with entries

(@ =50 (= [ i) = (=[S 3,
i=1

TnAm J=1

), 0<n,m<N.

Proof of Theorem 2.7. For a belonging to
A ={a€A|la;>0,i=1,...,N},

17
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the inverse M(a)™! of the matrix M(a) can be computed explicitly, and the unique optimal
trading strategy for fixed a is

_XO

M)y

() =

By [1, Theorem 3.1] the vector M(a)~'1 has only strictly positive components for o € A*. Tt
follows that

. . X
minC(@, o) = Cl@'(a) o) = 2(1, M ()~ 11)
X2 2 N e
0 —e
X3 33
2 (1+e—“1+nz:;1+e—an> (33)
2 N 2 -1
0
ST N S 0
S
Minimizing mingez C(, @) over a € A* is thus equivalent to maximizing > | 2. The
function a — +§,a is strictly concave in a > 0. Hence,
i 2 2N B 2N
e lte ™ T e nTaaom | e Ry pude]

with equality if and only if & = a*, where a* corresponds to to homogeneous time spacing 7*,
ie.,

1 [T
af:N/O ps ds, 1=1,...,N. (34)

Next, C(x, ) is clearly jointly continuous in € = and @ € A, so infpe= C(x, ) is upper
semicontinuous in «. One thus sees that the minimum cannot be attained at the boundary of A.
Finally, the formula (13) for the optimal trading strategy with homogeneous time spacing can be
found in [1, Remark 3.2] or in [2, Corollary 6.1]. O

Proof of Corollary 2.8. The result follows immediately from Theorem 2.7. O

Remark 3.2 (Stochastic resilience). Suppose that the resilience rate p; is not necessarily deter-
ministic but can also be progressively measurable stochastic process. We assume moreover that p,
is strictly positive and integrable. Then the expected costs of any admissible strategy (7, &) will
still be of the form

C(e.T) = E[C(€, a) .

Since C'(§, ) > 0 for every round trip by Corollary 2.8, the same is true for C(€,7), and hence
there cannot be price manipulation for any round trip, even under stochastic resilience. The same
argument also applies in the contexts of Sections 2.4 and 2.5. &

3.2 Proofs for reversion of volume impact

We need a few lemmas before we can prove our main results for reversion of volume impact. For
simplicity, we will first prove our results for X, < 0. The case for X, > 0 will then follow by the

18
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symmetry of the problem formulation. The case of round trips with Xy, = 0 will be analyzed by a
limiting procedure in the proof of Proposition 2.10.

The subsequent Lemma 3.3 formulates analytic properties implied by our Assumption 2.9. In
fact, only these properties will be needed in the remainder of the proof, and so our results remain
valid for all shape functions f that satisfy the conclusions of Lemma 3.3. The next step in our
proof is to prove existence and uniqueness of optimal strategies. This is done in Lemma 3.6 by
exploiting the fact that, in the Model with volume impact reversion, the cost functional is coercive
and strictly convex. Note, however, that convexity will be lost in the Model with price impact
reversion. The final and most delicate step of the proof is to show that the first-order condition
for optimality yields a nonlinear equation that uniquely determines the optimal strategy. The
recursive formula of Lemma 3.4 is a preliminary step into that direction.

Lemma 3.3. Under Assumption 2.9, the following conclusions hold.
(a) For each a € (0,1), the function hy.(y) = F~*(y) — aF~(ay) is strictly increasing on R.
(b) For alla,b € (0,1) and v > 0, we have the inequalities:

Ty V(1= @) > b Dy (v(1 = D)), (35)
b-hyy(v(1 =) < F(v). (36)

¢) The function Hy : (y,a) € (0,00) x (0,1) — ENy)—aF " (ay) ayFﬁl(y)f_Ffl(“y) c R? is
1—a

1—a

one-to-one.

Proof of Lemma 3.3 under Assumption 2.9 (a): Assumption 2.9 (a) states that f is increasing
on R_ and decreasing on R,. Part (a) of the assertion thus follows from [2, Remark 2].
For the proof of part (b), let y := hy,, (v(1 —a)). Then y > 0 since hy,,(0) = 0. Note also that

F~!is convex on R,. Let ]?be its derivative. Then,

vy = F1<y)1__a51<ay) _ F—l(ay) +

= F ' (ay) + fla /y f@)de < F'(y) + yfly) = g(y).

F'(y) — F'(ay)
1—a

Clearly, g is a strictly increasing function on R, and so we have y > g~ 1(v).

Next, let z :=b- h‘_/})(l/(l —b)). Then,

Flz/b) =bF ' (2) F~l(z/b) = F~'(2)
v 1-b =P+ 1-b

o 1_b/ Py de > F-(2) + 2f(2) = g(2),

since f(z) = 1/f(F~1(z)) is nondecreasing for z > 0. Thus, z < g~'(v) < hyo(¥(1—a)), and (35)
follows. For (36) it now suffices to note that g(z) > F~!(z).
To prove part (c), let aj,as € (0,1) and y;,y2 > 0 and assume that Hy(ai,y1) = Hy(az,y2).

Since . . . .
F(y) —al (ay) _ F(y) — F(ay)
1—a 1—a

)
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we get
F! — FYa -1 _ P,
F= () +a (yl)l_al @y) _ po1) 40 (@/2)1 - (a212)
F—1 . F—l a F—l B F_l a
@ <y1>1 — (ary1) — (y2)1 — ( 2y2). 37)

Assume that y; # ys, say, y1 > yo > 0. Multiplying the first identity by y; and subtracting the
second identity yields

F~ ') — F ' (y2) _ @
Y1 — Y2 1 —ay

[F~H(y2) — F~H(asys)]. (38)

n

Since (F~1)(y) = f(y) is nondecreasing for y > 0, we obtain that

F1 — ! ~ a
" (y1) (2) >y f(ys) and 2

Y1 — Y2 1—a [F71<y2) - Fﬁl(awz)] < a2y2f(y2),

which contradicts the previous equation since y; > yo > asys. Therefore we must have y; = ys.
It is therefore sufficient to show that

h(a) = ——[F'(y) = F'(ay)],  a€l0,1],

1—a

is one-to-one for any y > 0. Its derivative is equal to

1(a) =

[F(y) — F(ay)] —

= Flay). (39)

(1—a)? 1-

~

Using again that f(y) is nondecreasing for y > 0, we get

F7(y) = F'(ay) > (1 — a)yf(ay)
and in turn 2/(a) > 0. O

Proof of Lemma 3.3 under Assumption 2.9 (b): Assumption 2.9 (b) states that f(x) = A|z|®
for constants A\, &« > 0. Thus,

1+ a\ e 2oy, L,
ha(y) = (—5—) 7" (1= atE)ly| Fsigny, (40)

and so part (a) of the assertion follows.
As for part (b) of the assertion, note that

B A o 1—a e
e - 0) = o ()

-1 . A 1+a A 1+a(14+a 14a
Hence, when a goes from 0 to 1, the value of hy, (v(1—a)) decreases from ;217 to 2-v (—2+a)

Using the shorthand notation 7 := 1 + «, the inequality (35) will thus follow if we can show that

b 1_1bﬂ< i
1-br Ity

(41)
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for 0 < b < 1and v > 1. The preceding inequality is equivalent to

1 —b<—L (b7 —p).

I+~
But the function on the right is a strictly convex decreasing function of b, whose derivative at b = 1
is —1. This proves the asserted inequalities and in turn (35). Inequality (36) is obvious, given our
formulas for h‘j}) (v(1—1b)) and F.

To prove (c), we use the same argument as under Assumption 2.9 (a). First, let us observe that
U:x e Ry x(x/0+) —1)/(x — 1) is increasing, which can be easily checked by derivating. If
Y1 # Yo, sAy, 2 = y1/ys > 1, we get U(z) = ¥(az) from (38) which is not possible since z > 1 > as.
Thus y; = ys, and we get from (37) that W(a;) = ¥(ay), which gives a; = as. O

Let us turn to the calculation of the cost derivatives. With (31), the cost function (30) in the
Model with volume impact reversion can be represented as

N
OV (z,a) = [G(En + ) — G(En)], T €=, ac A (42)
n=0
where )
Ey=0 and E, = ine_zzziﬂak, 1<n<N.
i=0
Lemma 3.4. Fori=0,...,N — 1, we have the following recursive formula,
ocv ocv
=F Y E +x)—e“ FY(E T —— 43
= P B m) = T (B o (13)
Moreover, fori=1,..., N,
leld Yoo ) -~
o = E ; [FYE, +2,) — FY(E,)] e Zi=ir o, (44)
Proof: To prove (43), we first need to calculate OF,, /O0x;. We obtain:
oE, OE, n ,
=0 if 2 > n, and — ¢ k=il if © < n.
Using the fact that G’ = F~!, we therefore get
oct = FYE +x;)+ i [FYE, +1,) — FY(E,)]e” Zh=it1
a.ﬁlf@' i 7 = n n n

= F_l(Ei + l‘l) — 6_ai+1F_1(Ei+1)

n=t+2

N
+e” it <F_1(Ei+1 + Tit1) + Z [FYE, + 2,) — FY(E,)] e Zh=ir2 ak) ;

which yields (43).
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For the proof of (44), we have first to compute 0FE,, /Oc;. We obtain:

oE,

dar, =0 if 2 > n, and 8% :—Zx e~ Lk=m+1 O for i < n.
From here, we get
acv al
- _ Skemi1 @
doy Z (En + ) = er pem
N

= B[P Byt an) = FUE, e B,
which is (44). 0

Remark 3.5. A consequence of this lemma is that homogeneous time spacing a* and the optimal

strategy €Y given in [2] yield a critical point for the minimization in (z, a). Indeed, we have then

E; = a*&Y for any 4, and therefore %%1 does not depend on 1. &

Lemma 3.6. For each a € A the function CV (-, ) has a minimizer =*(a) € =, which is unique
up to equivalence.

Proof: First note that we may assume without loss of generality that a € A* = {a € A| oy >
0,7 =1,...,N}. Indeed, if a; = 0 we can merge the trades z;_; and z; into a single one and
reduce N to N — 1.

We next extend the arguments in [2, Lemma B.1] to prove the existence of a unique minimizer
of CV(-,a) in E.

Using the convention ) ;. oy := 0, we obtain by rearranging the sum in (42) that

—+ [ (lee k=it ak) _ G<€fom+1 ixiezg_“ﬂak)} .
=0

n=

Let us define the linear map 7" : RV*! — RN*! via
n
:ine_zzziﬂa’“, n=20,...,N.

We can thus write

CV(z,a) = G((Tz)y) — G(0) + - [G((Tw)n) - G(e’a”“(Ta;)n)}. (45)

n=0

—
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Note first that G is strictly convex since G’ = F~! is strictly increasing. Second, for a € (0, 1), the
function © — G(x) — G(ax) is also strictly convex, because its derivative is equal to the strictly
increasing function hy, in Lemma 3.3. And third, 7" is one-to-one. Hence, CV (-, a) is strictly
convex in is first argument, and there can be at most one minimizer.

To show the existence of a minimizer, note that G’ = F~! is increasing with F~1(0) = 0, and
hence G(y) — G(ay) > (1 — a)|y| - |F~*(ay)|. Therefore, (45) yields

S ey e e[l

n—=

CY(x,a) > G((Tz)y) — G(0)

Hence,
¥ (@.0) > A(|Ta|.) — G(0).

where | - | is the £*°-norm on RY*! and A is the function

AMy) =G AGEp) A _min {lyl- (1= awe) (|[F (@nsr - )| A JF (=0 -9)]) .
where a, 1, := e “+'. Since F is unbounded, both G(y) and |F~'(y)| tend to +oo for |y| — oo,
and the fact that T is one-to-one implies that A(|Tx|«) — oo for |x| — co. Note also that by
assumption a,, > 0 for each n. Hence, C'V (-, @) must attain its minimum on Z. O

We are now in a position to prove the main results for the Model with reversion of volume
impact.

Proof of Proposition 2.10: The result for X, < 0 will follow if we can show that the minimizer
in Lemma 3.6 consists only of strictly positive components. Here, we may assume without loss of
generality that the admissible sequence of trading times is strictly increasing, or equivalently that
a € A*, for otherwise we can simply merge two trades occurring at the same time into a single
trade.

If « is the minimizer of CV (-, @) on Z, then there must be a Lagrange multiplier v such that
x is a critical point of y — CV(y, ) — Vzi]io y;. Hence, (43) yields that

I/(l—(li+1) :F_l(EZ+l‘Z) —G,H_lF_l(EH_l) :hV,ai+1(Ei+$i)a ’iZO,...,N—l, (46)
where a;41 = e”*+! and hy, is as in Lemma 3.3. For the final trade, we have
v=F1YEy+azyn). (47)

Since hy,(0) = 0 = F1(0) and both hy, and F~! are strictly increasing, we conclude that
Eo+ xg, ..., Ex + xx have all the same sign as v. Thus, v > 0 by Lemma 3.1. Next, (46) implies
that E; +x; = h(/ilm(u(l —a;41)) and hence E; 1 = ai+1h‘;,ti+l<y<1 —a;41)). Using (46) once again
yields

zo = hy, (v(1—ay)) and ;= h(,,lam(y(l — ai1)) — aihyy, (v(1 = a;)), i=1,...,N—1.

The inequality (35) thus gives z; > 0 for ¢ = 0,..., N — 1. As for the final trade, (47) gives
vy = F(v) — ayhyt (v(1 —ay)), which is strictly positive by (36).

VvaN
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Now we consider the case Xy = 0. Suppose that (z, «) is a round trip such that CV (z, ) < 0.
Again we can assume w.l.o.g. that a € A*. Then

CV(z,a) = ligl CV(x+el,a).

But C(x+¢1, ) > 0 for each € > 0, due to our previous results. Hence we must have CV (z, a) =
0. The strict convexity of CV (-, ), established in the proof of Lemma 3.6, implies that there can be
at most one minimizer of C'V (-, a) in the class of round trips. Since we clearly have C'V(0, ) = 0,
we must conclude that © = 0. O

Proof of Theorem 2.11: We will show that for X, < 0 the admissible strategy (¢V, a*), defined
via (14), (15), and (34), is the unique minimizer of CV on = x A. The first step is to show
the existence of a minimizer. To this end, note that Proposition 2.10 allows us to restrict the
minimization of CV to Z; x A, where =, = {x € Z|2; >0, i =0,...,N}. The set Z, x A is in
fact the product of two compact simplices, and so the continuity of CV yields the existence of a
global minimizer, which lies in =, x A.

We next argue that any minimizer must belong to the relative interior of =, x A. To this
end, suppose that € =, and a € A are given and such that a; = 0 for some i. We then define
@ = (g, Q1,0i11/2,0411/2, Qiyo, ... any) and & = (xg, ..., T2, Ti1 + 4,0, 201, ..., TN)
and observe that CV(Z, @) = CV(zx, ). But Proposition 2.10 implies that Z cannot be optimal for
@ since T; = 0. In particular, (x, a) cannot be optimal. Thus, the a-component of any minimizer
must lie in the relative interior of A. Finally, for a in the relative interior of A, Proposition 2.10
states that T*(a) belongs to the relative interior of =,.

Now suppose that (x,a) is a minimizer of CV. Due to the preceding step, there must be
Lagrange multipliers v and ) such that (x, a) is a critical point of (y, 3) — CV(y,3) —v Ez‘]\io Yi —
A Zjvzl B;. The identity (43) thus again yields

v(l —e ) = F Y E + 1) — e F Y Eyyy), i=0,...,N—1, (48)
and
v=FYEy+azyn). (49)

Using the same argument as in the proof of Proposition 2.10, we have v > 0. Note that this can
also be obtained by writing

N

— X, = Z:p =F(v)+ > (1—a)hg, (v(1 - a)).

i=1

Indeed, the right-hand side is strictly increasing in v (F and the functions hf}h are strictly increas-
ing) and vanishes for v =0, so v > 0.
Next, (44) gives

A=E;> [F U Ey+z,) — FY(B,)|e Zh=inis, j=1,. N (50)
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We now rewrite the sum in (50) as follows:

N
S [FUEy+2,) — FTY(E,)|em Sk

i —FY(E))
+[FUE; + ;) — F N Bj)e ] + ...
[ (Enoy + 2n-1) — F7 (Ex)eon]em Zisin o
FF Y Ey + zy)e Sheist

Plugging in (48) and (49), simplifications occur and we get

N

S [FUEw+ ) — F T (By))e Zh=in® =y — F7(E).

n=j
Plugging this back into (50) yields A = (v — F~*(E}))E; for j = 1,..., N. Solving this equation
together with (48) for v and A implies that necessarily

F Y E 1+xiq)—e“F e (Ei_1+xi1))

v = y

1l —e
) F_l EZ', +Ti 1) — }71_1 e v Ei* +x;
A= e M (B + i) By ) ,<, iy 1))7
1 —e
fori=1,..., N. Lemma 3.3 (c) thus implies that
o == aQy and xOZEl_'_xl:"':ENfl—i_fol'

This gives a = a*. Moreover, (15) holds since z; = (1 — a*)z fori = 1,..., N — 1. We also get
E; = a*xg for i = 1,..., N. Note next that xy = —Xo — 29 — (N — 1)(1 — a*)zo and therefore
Ex+2xzy =—Xo— N(1 —a*)zyg. Equation (14) now follows from the fact that

80‘/ F—l . *F—l *
P =Xy = N(1 —a*) = F(Ey + 2x) = (@, a) = v = L0 Z @ F 7 (@"0)
ox N 1—a*
This concludes the proof of the theorem. O
Proof of Corollary 2.12: The result follows immediately from Theorem 2.11. 0

3.3 Proofs for reversion of price impact

The general strategy of the proof is similar to the one Section 3.2, although there are also some
differences. We start with two lemmas on properties of the functions satisfying Assumption 2.15.
Their conclusions are more important than Assumption 2.15 itself, as the validity of the conclusions
of Lemmas 3.7 and 3.8 will imply the validity of Theorem 2.17.

Lemma 3.9 provides recursive identities for the gradient of our cost functional. These identities
are needed to derive equations for critical points of the constraint optimization problem. The
existence of such critical points is guaranteed by Lemma 3.11. Uniqueness, however, must be
proved by another method as in Section 3.2, because the cost functional is no longer convex for
price impact reversion.

25



Optimal trade execution and absence of price manipulations

Again, it will be enough to prove our results for Xy < 0. The case for Xy > 0 will then follow
by the symmetry of the problem formulation. The case of round trips with X, = 0 will be analyzed
by a limiting procedure.

Lemma 3.7. Under Assumption 2.15, the following conclusions hold.
(a) @+ xf(x) is increasing on R (or, equivalently, F is convex).

(b) For all a € (0,1), x — af(ax)/f(x) is nondecreasing on R, and nonincreasing on R_ and
takes values in (0,1).

(¢) Forallxz>0,(0,1)2a+— % 1S 1ncreasing.

d) Forallz >0, (0,1)>a+— a*1M 1s decreasing.
1—af(x)/f(x/a)

Proof under Assumption 2.15 (a): (a) The derivative is positive since = f'(z)/f(z) > —1 by
Assumption 2.15 (a).

(b) Since z — zf(x) is increasing, af(azx)/f(x) = [axf(ax)]/[zf(x)] € (0,1). The derivative
of  +— af(ax)/f(x) is equal to [a®f'(ax)f(x) — af(ax)f'(x)]/f(x)? It is nonnegative on R, and
nonpositive on R_ if and only if

af'(ax) _ f'(z) af'(ax)
flax) — f(z) flazx)

These conditions hold as a direct consequence of (20).
(c) For a fixed z > 0, we set ¥(a) = af(ax)/f(z), which takes values in (0,1). We need to

> for x > 0, and

show that
d1-aple) _ (1= awe) = bla)(1-v(@) _,
da 1 —(a) (1 —1(a))? '
This condition holds if and only if
V(@) _ 1-9)
P(a) l—a °
It is thus sufficient to show that ¢’ /4 is nonincreasing, since then we would have

1—1/1(a)</ IZ(%)) dug(l—a)ﬁlés)).

This leads to requiring ¥1” — (10")? < 0, which in turn leads to the following condition:

1+ (az)? Ggg) - (ax)QJ;,(Sf)) >0 forac(0,1).

The latter condition is ensured by Assumption (21), since zf'(z)/f(x) € (—1,0] and thus

of(@)N2 | 2f(2)
(For) 7o

(d) We fix z > 0 and let ¢)(a) := af(z)/f(x/a). We need to show that

g_41_a@m):¢@)_1+aQMMl—a)<O

da" 1 () a2(1— ¢(a))?

26

< 0.




Optimal trade execution and absence of price manipulations

This condition holds if and only if

a(a) < ll%wgl).

Hence it is enough to show that a — a1}/ (a) is nondecreasing, because then we would have

1—1(a) > / w (u) du > (1 — a)a)) (a).

Some calculations lead to
d - v 1 z f'(z/a) z f(w/a)\* (a2 f(x/a)
35“¢<a)"f@va><1*'afwxﬂw () -6 f@va>>’

which is nonnegative by Assumption (21). O

Proof of Lemma 3.7 under Assumption 2.15 (a): Points (a) and (b) are trivial. To check
(c) and (d), we have to show that

1 — gt a — a?te 1—a
a€(0,1), am g prandar g an =1- 97—
are increasing. It is however easy to check by derivating that a — tgg is increasing on (0, 1) when

0 < 8 <, which gives the result. O

Lemma 3.8. Under Assumption 2.15, the following conclusions hold.

(a) For each a € (0,1), the function hp,(x) = x% is well-defined for x € R and is
strictly increasing.

(b) For alla,b € (0,1) and v > 0, we have the inequalities

hpu(v)/a > h;}b(u) and h;}b(y) <.

(¢) The function Hp : (x,a) € (0,00) x (0,1) — (x%, —:1:%(3:)%) is one-to-

one.

Proof: (a) First let us observe that the denominator of hp, is positive, since x — xf(z) is
increasing by Lemma 3.7 (a). We have

al—1
}m“”‘x<1*rﬂﬁmWﬂww)' (51

Again by Lemma 3.7, the fraction is positive and, as a function of x, nondecreasing on R, and
nonincreasing R_, which gives the result.

(b) It is clear from (51) that hpa(x) > 2 for # > 0 and therefore hp, () < 2. Let us now
consider a,b € (0,1), v > 0 and set 2’ = hp,,(v)/a, © = hpy(v). Then both = and a2’ are positive,
and we need to show that =’ > x. It follows that 7

_ x,f(a:’) —a’f(ax) B :Uf(x/b)/b— bf(x)
f(@') — af(ax’) f(x/b) =bf(z)
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Let us suppose by a way of contradiction that ' < x. Then, using Lemma 3.7 (b) and the fact
that u € [0,1) — (1 — au)/(1 — u) is increasing, we get:

1 —a?f(ax)/f(z) 1= a’flax))/f(z) 1= b f(x)/f(z/b)

L—af(ax)/f(x) = 1=af(ax’)/f(z") = 1=bf(x)/f(x/b)
Again by Lemma 3.7, the left-hand-side is increasing w.r.t @ and the right-hand side is decreasing
w.r.t. b. Moreover, both have the same limit,

2+af(x)/f(x)
1+zf(x)/f(x)
when a T 1 and b T 1, which leads to a contradiction.

(C) Let (a17y1)7 (a2,y2) € (07 1) X (07 OO) be such that HP<a17y1) = HP(G27192)- By (51)7 we
then have

{91(1 to)=we(ltn) (o= DI Wi/ @) g0 o (52)

yif () = v3f(y2)re, f(yi/ai) = ai f(ys)
Let us assume for example that v5 < 1 and set n = 72/ € (0, 1]. Eliminating y; in (52) yields

o) = (T2 1 (1) = ) =

Since x — x f(z) is increasing by Lemma 3.7 (a), we have

€ (0.1),001) < 15— f ) <.

Thus, n = 1 is the only zero of ¢(n). We may thus conclude that v; = 75 and in turn that
y1 = y2. Finally, the equality v; = 72 leads to a; = ay due to Lemma 3.7 (d), since

a'_ll —a; f i)/ f(yi)a:)
= aif(yi)/ fyifai)

L+ =
In the Model with price impact reversion, we need to minimize the following cost functional:
CF (30, .-,y Z G(F(D,) + 2) — G(F(D,)), (53)

where Dy = 0 and D, = e " F~Y(z,_y + F(D,_,)) for 1 <n < N. By f(z) = 1/f(F'(z)) we
denote again the derivative of F'=1.

Lemma 3.9. We have the following recursive formula fori=0,...,N —1,
oc? . ~ oct
o = FTU(F(D) + ) + ¢ f(Dia) s+ F(D ))[ — Dl (54)
T Ti1
Moreover, for 7 =1,..., N,
oct oc?
=—-D,f(D; —-D;).
S =000 (G- o)) (59
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Proof: We have D; = e ' F~Y(zo) and D,, = e *F Yz, + F(D,_;)) for 1 <n < N. Thus,
we obtain the following recursive relations between the derivatives of D,, with respect to x;.

oD,, , oD, e
= > = Qn
oz, 0 for i > n, o e f(xp_1+ F(Dp_1)),
oD ~ oD
o= e f(D; F a forl1 <i<n-1.
G = e D) fla+ FD) g% for1<i<n
Thus, by (53),
oct oD,
= F~ Yz, + F(D nzm f(D Y@, + F(Dy)) — Dy] T, (56)
= F'ai+ F(Dy)) + e_ai+lf(Di+1)f($i + F(Dy)) [F~ (@ip1 + F(Din1)) = Dita]
N
s ~ _ oD,
+e = f(Dyga) f (i + (D)) > f(Dy)[F (@ + F(Dy)) — Dy P
n=i+2 v
By (56), the sum in the preceding line satisfies
oD, oct _
Z f(D Ya, + F(Dy)) — D,] e Y1 + F(Disr)).
n—in2 Li+1 Li+1
Hence,
oct . ~ oct
T = F e F(D)) + e (D) fla+ F(D)]| -
x; Ti1

which is our formula (54).
As to (55), we use again the recursive scheme at the beginning of this proof to obtain formulas
for the derivatives of D,, with respect to a;:

oD, oD,

Da; = 0 for j > n, o =—-D,,
oD, oD, ,
= —Df(D, <ji<n-—1.
D D; f(D;) o, for1<j<n-—1
We therefore obtain from (53):
ocr oD,
Dax; = Zf “HNan + F(Dy)) — Dn}@
= _Dif( DF~ (@i + F(D;)) — Dy
- -1 aDn
= > [(D)Dif (D) [F™ (o + F(Dy)) = Da] 5=

n=i+1

= —D,;f(D;) (F‘l(xi + F(D;)) — D; +

P
- -0y (% - D).

29

ocr
8.’172‘

— F Yz + F(Di)))




Optimal trade execution and absence of price manipulations

Remark 3.10. A consequence of this lemma is that the optimal strategy given by [2] on the
homogeneous time spacing grid 7* is a critical point for the minimization in (x, ). Indeed, we
have then D; = a*F~(&)) for any 4, and therefore % does not depend on . &

Lemma 3.11. Assume that o € A*. Then, C*(x,a) — oo as |x| — oo under Assumption 2.15.

Proof: Equation (53) yields

CP(x, )
= Y F(FF(D,)+ 1)) — F(Dy)
. [ﬁ(F*l(F(Dn) +1,)) — F(e™ ' F-Y(F(Dy) + :cn))] + F(FH(F(Dy) + zv)).

Let @ = max;—;_nye % < 1. Since x — zf(x) is increasing on R, we have for z € R, a € [0,d],

.....

F(z) — Flaz) = / i)y > / "y f(w)dy > a(l — @) (ar) = H(x).
Defining Ty(x) = (2o, x1 + F~H(D1),...,anx + F*(Dy)), we thus get
CP (. @) > H(|Tol)]oo).

From (20), 2 — zf(x) is increasing and therefore H(z) — 400 as |x| — +oo. It is therefore
sufficient to have Ty(x) — +oo for || — +oo. To this end, let (x*) be a sequence such that the
sequence (T (")) is bounded. We will show that (z*) then must also be bounded. It is clear that
the first coordinate zf is bounded. Therefore, F'~1(D¥) is also bounded, which in turn implies
that the second coordinate of (Ty(x*)) is bounded. We then get that (z%) is bounded. An easy
induction on coordinates thus gives the desired result. O

We are now in position to prove the main results for the Model with price impact reversion.

Proof of Proposition 2.16: Let us first assume Xy < 0. We can assume without loss of generality
that ¢ € A*, for otherwise we can simply merge two trades occurring at the same time into a
single trade. If x is the minimizer of C”(-, &) on Z, then there must be a Lagrange multiplier v
such that @ is a critical point of y — CT(y, ) — v Ziio y;. Hence, (54) yields that

V:hp,ai+1(Di+1)7 ’iIO,...7N—1,

where a;41 = e ! and hp, is defined as in Lemma 3.8. Since D; 1 = a; 1 F~(z; + F(D;)), we
get with Lemma 3.8 that

T = F(h;;l(l/)/al), z; = F(hpt  (v)/aiy1) — F(h;;i(l/)), i=1,...,N—1

Pait1
For the last trade, we also get that v = F~}(zy+F(Dy)) and zy = F(I/)—F(h;ilN(l/)). Therefore,
summing all the trades, we get:

N

~Xo = F(v) + Y [Flhph () /as) = F(hgh (). (57)

i=1
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Now let us observe that F' is increasing on R, and for any a € (0,1), y — F(y/a) — F(y) is
increasing (its derivative is positive by Lemma 3.7 (a)). Besides, F' and h;}a are increasing for
any a € (0,1) and therefore v is uniquely determined by the above equation. We have moreover
v > 0 because the left-hand side vanishes when v is equal to 0. This proves that there a unique
critical point, which then is necessarily the global minimum of C* by Lemma 3.11.

Next, x; > 0 for i =0,..., N, due to Lemma 3.7 and the fact that F' is increasing.

Finally we consider the case Xy = 0. As in the proof of Proposition 2.10, we can show that a
round trip such that C¥(x, ) < 0 necessarily satisfies C*'(x, a) = 0. Moreover for o € A*, we
see looking at the proof of Proposition 2.16 that (0,...,0) is the only critical point when Xy = 0
since we necessarily have v = 0 by (57). Therefore, it is also the unique minimum of C* by
Lemma 3.11. U

Proof of Theorem 2.17: The existence of a minimizer (¢, a*) and the fact that it belongs to
=, x A* follow exactly as in the proof of Theorem 2.11.
Now suppose that (x, ) is a minimizer of C* for X, < 0. Due to the preceding step, there
must be Lagrange multipliers v, A € R such that (x, ) is a critical point of (y,3) — CF(y,B) —
N N
v Zizo Yi — A Zj:l B;.
From (54), we easily obtain that fori =1,..., N,

Qi f(D.
UV = M[V _ Dz] + eaiDi

flexDy)
and v = F~Y(xzx + F(Dy)) for the last trade. We then deduce from (55) that

o J (e D)) — e (D)

’ fe®iD;) — e f(D;)
(e = D)D)

S 0]

ie., (v,\) = Hp(D;,a;) with a; = e~®. As in the proof of Proposition 2.16 we get (57), which
(by our standing assumption Xy < 0) ensures ¥ > 0 and in turn D; > 0 for i = 1,..., N. Due
to Lemma 3.8, Hp is one-to-one on (0,00) x (0, 1), and therefore oy = --- = ay and Dy = --- =
Dy. Then, Dy = a*F~*(z9). Since D;yy = a*F Y z; + F(D;)), we get z; = xg — F(D;) =
zg — F(a*F~"(x9)), and therefore xy = —Xo — Nxg + (N — 1)F(a*F~"(z9)). Combining this
with v = F~Yzy + F(Dy)), we get

F~'( = Xo— Nlzog — F(a*F~(20))]) = hpa-(F " (x0)).

We refer to [2, Lemma C.3] for the existence, uniqueness, and positivity of the solution x of this
equation. It follows that there is a unique critical point of O on =, x A*, which is necessarily
the global minimum. O

Proof of Corollary 2.18: The result follows immediately from Proposition 2.16 and Theo-
rem 2.17. U

4 Conclusion

We have introduced two variants of a market impact model in which price impact is a nonlinear
function of volume impact and in which either volume or price impact reverts on an exponential
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scale. In both model variants, there are unique optimal strategies for the liquidation or acquisition
of asset positions, when optimality is defined in terms of the minimization of the expected liqui-
dation costs. Existence and structure of these strategies allows us to conclude that our market
impact model admits neither price manipulation in the sense of Huberman and Stanzl [14] nor
transaction-triggered price manipulation in the sense of Alfonsi, Schied, and Slynko [3].

Our optimal execution strategies turn out to be deterministic, because we are minimizing the
expected execution costs. As argued by Almgren and Chriss [5, 6], trade execution strategies used
in practice should also take volatility risk into account, which may lead to adaptive strategies. We
refer to [18, 19]. For future research, it would also be interesting to allow certain model parameters
to be random.
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