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Stochastic Differential Dynamic Programming

Evangelos Theodorou, Yuval Tassa & Emo Todorov

Abstract— Although there has been a significant amount of
work in the area of stochastic optimal control theory towards
the development of new algorithms, the problem of how to
control a stochastic nonlinear system remains an open research
topic. Recent iterative linear quadratic optimal control methods
iLQG [1], [2] handle control and state multiplicative noise
while they are derived based on first order approximation of
dynamics. On the other hand, methods such as Differential
Dynamic Programming expand the dynamics up to the second
order but so far they can handle nonlinear systems with additive
noise.

In this work we present a generalization of the classic
Differential Dynamic Programming algorithm. We assume the
existence of state and control multiplicative process noise, and
proceed to derive the second-order expansion of the cost-to-go.
We find the correction terms that arise from the stochastic
assumption. Despite having quartic and cubic terms in the
initial expression, we show that these vanish, leaving us with
the same quadratic structure as standard DDP.

I. INTRODUCTION

Optimal Control describes the choice of actions that min-
imize future costs under the constraint of state space dy-
namics. In the continuous nonlinear case, local methods are
one of the very few classes of algorithms which successfully
solve general, high-dimensional Optimal Control problems.
These methods are based on the observation that optimal
solutions form extremal trajectories, i.e. are solutions to a
calculus-of-variations problem.

Differential Dynamic Programming, or DDP, is a powerful
local dynamic programming algorithm, which generates both
open and closed loop control policies along a trajectory.
The DDP algorithm, introduced in [3], computes a quadratic
approximation of the cost-to-go and correspondingly, a local
linear-feedback controller. The state space dynamics are
also quadratically approximated around a trajectory. As in
the Linear-Quadratic-Gaussian case, fixed additive noise has
no effect on the controllers generated by DDP, and when
described in the literature, the dynamics are usually assumed
deterministic.

Past work on nonlinear optimal control allows the use of
DDP in problems with state and control constraints [4],[5].
In this work, state and control constraints are expanded up
to the first order and the KKT conditions are formulated
resulting in a unconstrained quadratic optimization problem.
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The application of DDP in real robotic high dimensional
control tasks created the need for extensions that relax the
condition for accurate models. In this vain, in [6] DDP is
extended for the case of min - max formulation. The goal
for this formulation is to make DDP robust against the model
uncertainties and hybrid dynamics in a biped robotic loco-
motion task. In [7] implementation improvements regarding
the evaluation of the value function allow the use of DDP in
a receding horizon mode. In all the past work related to DDP,
the optimal control problem is considered to be deterministic.

While the impartiality to noise can be considered a feature
if the noise is indeed fixed, in many cases varying noise
covariance is an important feature of the problem, as with
control-multiplicative noise which is common in biologi-
cal systems [1]. This latter case was addressed within the
iterative-LQG framework [1], in which the optimal controller
is derived based on the first order approximation of the
dynamics and the second order approximation of the cost
to go. However, for the iterative nonlinear optimal control
algorithms such as DDP in which second order expansion
of the dynamics is considered, the more general case of
state and/or control multiplicative noise appears to have never
been tackled.

In this paper, we derive the DDP algorithm for state and
control multiplicative process noise. We find that despite the
potential of cubic and quartic terms, these cancel out, allow-
ing us to maintain the quadratic form of the approximation.
Moreover we show how the new generalized formulation
of Stochastic Differential Dynamic Programming (SDDP)
recovers the standard DDP deterministic solution as well as
the special cases in which only state multiplicative or control
multiplicative noise is considered.

The remaining of this work is organized as follows: in the
next section we provide the definition of the SDDP. In section
III, the second order expansion of the cost to go is presented
and in section IV the optimal controls are derived and the
overall SDDP algorithm is presented. In addition in section
IV we show how SDDP recovers the deterministic solution
as well as the cases of only control multiplicative, only state
multiplicative and only additive noise. Finally in sections V
and VI simulation results and conclusions are discussed.

II. STOCHASTIC DIFFERENTIAL DYNAMIC
PROGRAMMING

We consider the class of nonlinear stochastic optimal
control problems with cost

T
v (x,t) = E h(x(T))—l—/t L(r,x(7),m(1,x(7)))dr| (1)
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subject to the stochastic dynamics of the form:
dx = f(x,u)dt + F(x,u)dw )

where x € R"*! is the state, u € RP*! is the control
and dw € R™*! is brownian noise. The term h(x(T))
in the cost function (1), is the terminal cost while the
C(1,x(7),7(7,%(7))) is the instantaneous cost rate which
is a function of the state x and control policy 7 (7,x(7)).
The cost-to - go v™(x,t) is defined as the expected cost
accumulated over the time horizon (g, ...,T') starting from
the initial state x; to the final state x(7).

To enhance the readability of our derivations we write the
dynamics as a function ¢ € R"*1 of the state, control and
instantiation of the noise:

O(x,u,dw) = f(x,u)dt + F(x,u)dw 3)

It will sometimes be convenient to write the matrix
F(x,u) € %™ in terms of its rows or columns:

Fl(x,u)

F(x,u) = = |F}(x,u),..., FP(x, u)}

c

N (x,u)

Every element of the vector ®(x,u, dw) € R"*! can now
be expressed as:

I (x,u,dw) = f7(x,u)6t + F?(x,u)dw
Given a nominal trajectory of states and controls (X, 1) we
expand the dynamics around this trajectory to second order:
O(x + dx,u+ du,dw) =
O(x,0,dw) + VP - 6x + VP - du+ O(dx, du, dw)

where O(0%, du, dw) € R™*! contains all the second order
terms in the deviations in states, controls and noise'. Writing
this term element-wise:

OW (6%, du, dw)
O(dx,0u,dw) = ,
O™ (6%, du, dw)

we can express the elements O) (4%, du, dw) € R as:
0 (6x, 6u, dw) =

1(6x \' [ Vax® Viud [ 6x
2\ du Vux®  Vgud? ou /)’
We would now like to express the derivatives of ® in terms

of the given quantities. Beginning with the first-order terms,
we find that:

Vx® = Vi f(x,u)dt + Vx (ZFz d@”)

Va® = Vuf(x, )0t + Vy <ZF1 dwg”))

Not to be confused with “big-O”.

Next we find the second order derivatives and we have that:
VoS D (36,03t + Vo (FY) (x, ) )
u)dt + Vyu (Fr(j)(x, u)dwt)
Ve f 9 (x,0)0t + Vi (Fr(j) (x, u)dwt>

vqu)(j) —
vuuq)(j) = vuuf(j)(xa
vuxq)(j) _
. A\ T
qu(I)(J) _ (vuxq)(a))

After expanding the dynamics up to the second order
we can transition from continuous to discrete time. More
precisely the discrete-time dynamics are formulated as:

5Xt+6t =

<an+fo(xu5t+V (ZF >§“\F>>
( of (X, u)0t + Vy <ZF 5()\F>>5uf

+ F(x,u)Vite, + 04(0%, 6u, &, 6t)

with §t = ¢4 — t; corresponding to a small discretization
interval. Note that the term Oy is the equivalent of O but in
discrete time and therefore it is now a function of J¢. In fact,
since Oy contains all the second order expansion terms of
the dynamics it contains second order derivatives WRT state
and control expressed as follows:

vqu)(j) = vxxf(j) (X, u)ét + vxx (Fvg]) (Xa u)&t) \/67
Vauf Y (x,1)0t + Vi (F7(j)(xa U)Et) Vot
vuxq)(j) = Vuxf(j)(x, u)(St + Vux (FT(J) (X7 u)ét) \/a

vuuq,(j) _

Vi@ = (Vuxq)(j))T

The random variable £ € R™*! is zero mean and Gaussian
distributed with covariance ¥ = 021,,x,, The discretized
dynamics can be written in a more compact form by grouping
the state, control and noise dependent terms, and leaving the
second order term separate:

OXtyot =
At(th + Bt§ut + Pt&t + Od(éx, 511, é, §t) (4)

where the matrices A; € R"*", B, € R"*P and I'; € R"*™
are defined as
At = Inxn+ vxf(xa u)ét
B, = Vuaf(x,u)dt
r, = [ T 1@ T(m) ]
with I ¢ R°X defined IV = V. Féu, +

Vx F 6xt + F( ") For the derivation of the optimal control
it is useful to expresses I'; as the summation of terms that
depend on variations in state and controls and terms that are
independent of such variations. More precisely we will have
that:



'y = Ay(0x,0u) + F(x,u) ®)

where each column vector of A; is defined as

AD (5x,6u) = Vo F{5u, + Vi P 6x,.

III. VALUE FUNCTION SECOND ORDER APPROXIMATION

As in classical DDP, the derivation of stochastic DDP re-
quires the second order expansion of the cost-to-go function
around a nominal trajectory X:

V(x+x) =
1
V(x)+ VIox + 55xTvxx(sx (6)

Substitution of the discretized dynamics (4) in the second
order Value function expansion (6) results in:

V(Xitst + 0Xeyst) = V(Xeyot)

+ Vi (Au8%, + Bydu, + 1€ + Oq)

+ (A%, + Bidu, + i€+ 0g)"

X Vix (A10xy + Bidug, + € + Oyg) @)
Next we will compute E (V(X¢ys: + 0X¢1s¢)) which re-
quires the calculation of the expectation of the all the terms
that appear in the equation above. This is what the rest of

the analysis is dedicated to. More precisely in the next two
sections we will calculate the expectation of the terms:

FE (V);T(SXt+5t) (8)
and
E (5Xf+5thx5Xt+5t) (9)

where the state deviation dx;,5; at time instant ¢ + 0t is
given by the linearized dynamics:

5Xt+5t = At(;Xt + Bt5ut + Fté + Od (10)

The analysis that follows in section III-A consist of the
computation of the expectation of the four terms which result
from the substitution of the linearized dynamics (10) into (8).
In section III-B we compute the expectation of the 16 terms
that result from the substitution of (10) into (9).

A. Expectation of the first order term of the value function
expansionV VT 5% s:.

The expectation of the first order term results in:

E (VXT (At(SXt + Btdut + tht + Od)) =
V);T (At(SXt + Btéut + FE (Od))

(1)

In order to find the expectation of Oy € R™*! we need
to find the expectation of each one of the elements of this
column vector. Thus we will have that:

E (O(j)((Sx,(Su,Et,(St)) -
s L[ o T/ Vie®D) V@) 5x
2\ du V@) V@) su
quf(]) dx =O~j
Vo fO) su

L8t 6x \T [ Venf©
_5 Ju vuxf(J)

Therefore we will have that:

E (VXT6Xt+§t) = VXT (At(SXt + Bt(Sut + dd) (13)
Where the term dd is defined as:
OW (6%, du, 6t)
04(6%, 6u, 6t) = B (14)

O™ (§x, du, dt)

The term VxVT(jd is quadratic in variations in the states
and controls dx, du an thus there are the symmetric matrices
F e R Z e RM™M*™ and L € R™*™ such that:

~ 1 1
VXTOd = iéxT}'(SX + iéuTZ<5u +oul Lox (15)
with

F=|> Vaxf Vs, (16)

j=1
Z=> ValUV, (17)

j=1
L= Z vuxf(j)vzj (18)

j=1

From the analysis above we can see that the expectation
VxVT(SxH(;t is a quadratic function with respect to vari-
ations in states and controls Jx,du. As we will prove in
the next section the expectation of 67, 5, Vyx VT 0%y 151 is
also a quadratic function of variations in states and controls
0%, ou.

B. Expectation of the second order term of the value function
expansion 5XtT+5thVT5xt+5t.

In this section we compute all the terms that appear due
to the expectation of the second approximation of the value
function F (5xf+5tvwa5xt+5t). The term x4 is given
by the stochastic dynamics in (10). Substitution of (10)
results in 16 terms. To make our analysis clear we classify
these 16 terms terms above into five classes. More precisely
we will have that:



E (§xtT+5thT,(5xt+5t) =& 1 +E+E3+EL,+E5 (19)

where the terms £1,&5,€3,€4 and &5 are defined as fol-
lows:

61 (6Xt A VxxAt(SXt)
(5Xt A Vxthéut)

(5ut B Vxth(Sllt)
(5ut B VxxAt(Sxt)

(20)
£y = E({tTFTVxxAtéx) (StTFtTVxth(Su)
+ B (0xT Al Viul'1€,) + E (0u” B Vi T'i€,)
+ B (€T Vit ) @1
Es = E(OJVid'€,) +E (€771 VxOy)
(22)
E4 = E (6x{ A VixO04) + E (6uf Bf VxxO4) +
E (Ol Vix Biow;) + E (O] Vi A5x4
(23)
Es = E (0] Vix0y4) (24)

In the first category we have all these terms that depend
neither on &, and nor on Og4(dx,du,&,, dt). These are the
terms that define £;. The second category £ includes
terms that depend on &, but not on O4(dx,du,&,,dt).
In the third class €3, there are terms that depends both
on Og4(dx,0u,&,,6t) and &, . In the fourth class €4, we
have terms that depend on O4(0x,du,§,,0t). Finally in
the fifth class €5, we have all these terms that depend
on O4(dx%,0u, &,, 0t) quadratically. The expectation operator
will cancel all the terms that include noise up the first order.
Moreover, the mean operator for terms that depend on the
noise quadratically will result in covariance.

We compute the expectations of all the terms in the &,
class. More precisely we will have that:

E (0x] AT Vix Ard%;) = 0% AT Vi Ay 0%,
E (6u{ B} Vix Biou,) = du] B} Viex Bi0uy
E (6x] Al Vix Biduy) = 0%} A] Vix Brouy
E (6u] B Vax A10%;) = 6uf B Vax A0%,

(25)

We continue our analysis by calculating all the terms in
the class £5. More presicely we will have:

E ( tTFtTVxxAtéx) ~0

£tT1"TVxth5u) -
T (26)

B
E (¢ TFTVxxAtéx)T
B (

StTFTVxxBféu)

The terms above are equal to zero since the brownian
noise is zero mean. The expectation of the term that does
not depend on O4(dx,du,&,,dt) and it is quadratic with
respect to the noise is given as follows:

E (gfrfvxxrtgt) = trace (T7 Vi Iy 5, 27)

Since matrix I' depends on variations in states and controls
0x,6u we can further massage the expressions above so that
it can be expressed as quadratic functions in dx,du .

trace (I} VaxI1E,) = 0,0t (28)
F(l)T
trace Vax (T rem )
rm7T
(29)
=02 6t Z Ty, re (30)

i=1

The last equation is written in the form:

trace (F V't 2 ) = 0xT Fox + 26xT Léu + du” Zéu
+ 26uTU + 20xT'S +~ (31)
Where the terms F e Rmxm L c 2P Z e RPXP Y €
RP>L S € R™*1 and v € R are defined as follows:

F=0"tY VuF T Viu Vi Y

(32)
i=1
L=0"tY VT Vi Vu Y (33)
i=1
Z =020ty VuF T Vi Vu FY (34)
=1
U =0ty VuFI Vi FY (35)
=1
5 m ) )
S =0t ViF Vi PV (36)
=1
v =05ty FO Vi PV (37)

i=1
For those terms that depend both on O4(dx,du, &,, dt)
and on the noise class €3 we will have:
E (O] VixI1€,) = E (trace (VixI'1£,07))

= trace (VixI:E (£,0]))  (38)

By writing the term O4(dx, du, &, 0t) in a matrix form
and putting the noise vector insight the this matrix we have:

E (O] VixI'i&,) =
trace (VxthE[ ftO(l)

(39)
£,0™ 1)



Calculation of the expectation above requires to find the
terms F (m&tO(j )) more precisely we will have:

E (\/&gto@) = (40)
%E (Vate,oxTolox) + %E (Vatg,ouT oou) +
E (\/Eé'téuT@EfléX)
We first calculate the term:
E (\/EgtaxTvquﬂ)éx)
—E (\/ﬁgtéxT (vxx FDOst + vxxF,E“gt\/&) (5x)
—E (\/ﬁgtéxT (vxx f<i>5t) 5x>
+E (\/EgtaxT (vxxFT@gt\/E) 5x>

(41)

The term E (\/EétéxT (Vxxf(i)ét) 5x> = 0 since it de-
pends linearly on the noise and E (€§,) = 0. The second term
E (Votg,0xT gvxxFr(“gt\/E) 5x) depends quadratically
in the noise and thus the expectation operator will result in
the variance on the noise. We follow the analysis:

E (météxTVxx@(i)6x) = (42)
E (\/ﬁgtaxTvxx (Fr(i)ft \/ﬁ) 5x)
Since the & = (€W, and BY =
(FED, ..., F™)) we will have that:

E (\/ﬁgtsxTvquﬂi)dx) - (43)

E | 6t€,0x" Vi [ > FEU) | 6x

j=1

E | 5tg,0x7 (Zm: Voo (F(”)g(j))) (5x)
j=1

E | ote,0xT (i v, (F@'))) 5x)
j=1

By writing &, in vector form we have that:
E (\/EgtaxTvquM(sx) -
e

(44)

E ot

[ e (i)
x (;gfvxx(zw)> x

g&;r.t)

The term 6x% (Z;"’Zl £U)Vux (FU9)) ) 6x is scalar and
it can multiply each one of the elements of the noise vector.

SLE (§<1>5XT (Z;’; £V ( F(m‘))) 5X>
N @
SLE (g(ﬂz)(;XT (Z}":l EDV e ( F(z‘j))) 5x)
Since E ((W¢W) = 0% and E (£9¢)) = 0 we can show
that:
E (mgtaxTvquﬂi)ax) -
5xT Vo 1 5%

(46)

o5t
5xTV o FI™ 5%

In a similar way we can show that:

E (\/&stzsxTvuucp(i)dx) - 47)
5uTVuuFT(“)5u

o6t
JuTVuuFr(im)éu

and

t&,ou” Vxu ox) =
E(ﬁgta TV ,a® 5 )
SuTV e FLY 5

(43)

26t
SuT Vo F™ 6%
Since we have calculated all the terms of expression (41)
we can proceed with the computation of (38). According to

the analysis above the term E (O] Vi I':€,) can be written
as follows:

E (OdTVxthEt) =
trace (Vixl't (M + N +G))

Where the matrices M € R™*" N € R™*" and G €
KM are defined as follows:

(49)

M = (50)
5XTVXXFT(11)5X (5XTVxxFT(M)5x

a5t
5xTVxxFr(m1)§x 5XTVxxFr(mn)5x

Similarly

N = (51)
6XTVX,JFT(1’1)6u 5XTquF£1’n)5u

26t

5XTVXUF7Sm’1)6u 5XTquF7£m’n)5u



and

g = (52)

6uTVuuF,n(1’1)5u (5uTVuuF7§1"n)5u
26t

5uTVuuFT(m’1)6u 5uTVuuFr(m’n)5u

Based on (5) the term I'; depends on A which is a function
of the variations in states and control up to the 1th order. In
addition the matrices M, N and G are also functions of
the deviations in state and controls up to the 2th order. The
product of A with each one of the matrices M, N and G
will result into 3th order terms that can be neglected. By
neglecting these terms we can show that:

E (Ol VixIi€,) =
= trace (Vix(A + F) (M + N +G))
= trace (Vix F' (M + N + G))

Each element (i,j) of the product C = VixI' can be
expressed as C() = S, Vi) p(rd) where C € RMXP,
Furthermore the element (p, v) of the product H = CM is
formulated H*") = S°7_, P MEY) with H e Rrxn
. Thus, the term trace (Vix F M) can be now expressed as:

(53)

n

trace (Vix FM) = Z HEO (54)
=1
n m
I ) PGy VICe
=1 k=1
= (Z V)((}’?T)F(Ty@)) MFD
(=1 k=1 \r=1
Since M0 = 5ta§w16xTVxxF(k’£)6x the vectors

5ta§wl6xT and 6x do not depend on k,¢,r and they can
be taken outside the sum. Thus we can show that:

trace (Vix F'M)

- zn: i ((z": Vébr)FM) Uzét‘sXTVxxF(’“’“ax)

(55)

(=1 k=1 r=1

— oxT 526t i i ( (Zn: Vx(l;,r)F(r,e)> VxxF(k,z)> 5x

(=1 k=1 r=1
= §xTMéx

where M is a matrix of dimensionality M € R"*" and it
is defined as:

M = o265t Z <<Z V,S,’Z’T)F(T’E)> VxxF(k,z)>

(=1k=1 \ \r=1
(56)

By following the same algebraic steps it can been shown
that:

trace (Vix FN) = 6x'Néu (57)

with N matrix of dimensionality N € R"*P defined as:

N = 026t zn: i ((zn: VX(’QT)F(“@)) vquW@) (58)

(=1 k=1 r=1

and

trace (Vix F'G) = du’ Géu (59)

with G matrix of dimensionality N € RP*? defined as:

G = 025::2”: Z ((zn: V,Eﬁ’T)F(T’e)) VuuF(“)> (60)

(=1 k=1 r=1

Thus the term £ (OngthSt) is formulated as:

1 ~ 1 ~ -
FE (Ongthgt) = §5XTM5X + §§uTG5u + 0xTNéu
(61)
Similarly we can show that:

E (gfrfvxxod) = %5XTM5X + %5uTé§u + 0xT"Néu

(62)

Next we will find the expectation for all terms that depend

on O4(0x,du, dw,ot) and not on the noise. Consequently,
we will have that:

E (0x} A Vix04) = 6x§ Al VixOgq = 0
E (6uf Bf' Vix04) = duf B VixOg = 0
E (OdTVxxAt5Xt) = ddTVxxAt(Sxt =0
E (0L Vi Biowy) = Oy Vi Byou; = 0

(63)

where the quantity O, has been defined in (14). All the
4 terms above are equal to zero since they have variations
in state and control of the order higher than 2 and therefore
they can be neglected.

Finally we compute the terms of the 5th class and therefore
we have the expression

E5 = E (0] VixO4)
=F (trace (VxdeOdT))

(64)

= trace (Vix E (odog))

om om 17
= trace | Vi F

om om

The product OYOU) is a function of variation in state and
control of order 4 since each term O is a function of



variation in states and control of order 2. Consequently, the
term £5 = E (07 V4x0y) is equal to zero.

With the computation of the expectation of term that is
quadratic WRT O4 we have calculated all the terms of the
second order expansion of the cost to go function. In the next
section we derive the optimal controls and we present the
SDDP algorithm. Furthermore we show how SDDP recover
the deterministic solution as well as the cases of only control
multiplicative, only state multiplicative and only additive
noise.

IV. OPTIMAL CONTROLS

In this section we provide the form of the optimal controls
and we show how previous results are special cases of our
generalized stochastic DDP formulation. Furthermore after
we computed all the terms of expansion of the cost to go
function V (x;) at statex; we show that its form remains
quadratic WRT variations in state dx; under the constraint of
the nonlinear stochastic dynamics in (2). More precisely we
have that:

V(Xigor + 0xiq5t) = V (Repor)
+ V. VT Adx; + V, VT Byouy
1 1
+ §5XT.’F6X + §5uT25u +ou” Lox
1 1
+ 55X?A?VxxAt5Xt + 56u?B?Vxth5ut

+ %5;{ ATV, Byouy + %thBtT VieAeox, (09

+ %5ij:5x + 6xT Lou+ %&ITZ%(SU
+ou’U + 6x7'S + %7
+ %(SXTMéx + %(MTG(SU + 6xT"Néu
The unmaximized state, action value function is defined

as follows:

Q(Xk, uk) = E(Xk, uk) + V(Xk_;,_l) (66)

Given a trajectory in states and controls X,u we can
approximate the state action value function as follows:

Q(X + 6x, 0+ 6u) = Qo + du’ Qu + 0x” Qx

1 T T Qxx qu 5X

gloxt o )| G g [
By equating the coefficients with similar powers between
the state action value function (X, uy) and the immediate

reward and cost to go £(xj,uy) and V(xj41) respectively
we can show that:

Qu =l + AVi+ S
Qu="Lu+ AV +U
Qux = bxx + ATVi Ay + F+ F+ M
Qxu = lxu + ATViuBi + L+ L+ N
Quu = luu + B VauBi + Z+ Z+ G

(67)

(68)

TABLE I
PSEUDOCODE OF THE SDDP ALGORITHM

o Given:

— An immediate cost function £(x, u)

— A terminal cost term ¢y, .

— The stochastic dynamics dx = f(x,u)dt + F(x, u)dw

o Repeat until convergence:

— Given a trajectory in states and controls X, u find the quadratic
approximations of the stochastic dynamics A¢, By, I't, O4 and
the quadratic approximation of the immediate cost function
Lo, Lx, Uxx, Luu, fux around these trajectories.

— Compute all the terms Qx, Qu,@xu and Quu according to
equation (68).

— Back-propagate the quadratic approximation of the value func-
tion based on the equations:

* VT = VY - QuQuaQu

w Ve = QY — 0uQui Qux

= VY = QU - QeuQui Qux

— Compute du* = —Q.}Lll (Qu + Quxx)

— Update controls u* = u* 4+~ - du*

— Get the new optimal trajectory x* by propagating the nonlinear
dynamics dx = f(x,u*)dt + F(x, u*)dw.

— Set X = x™ and . = u* and repeat.

where we have assume a local quadratic approximation of
the immediate reward £(xj, uy) according to the equation:

(X4 6,10+ 6u) = Lo + duT ty + 6xTly (69)
1 T T L LAxu 0x
5L 0 5“]{&,{ euuHéu]
: _ o _ ot _ 0% _ 9%
Wlth Ex —2ﬁ’ eu - Ju’ Exx - x2° euu - Ju?
and (yx = 8‘3;}(. The local variations in control du* that

maximize the state action value function are expressed by
the equation that follows:

(70)

ou* = argmax Q(X + dx,u + du)
= _Q:ull (Qu + Quxdx)

The optimal control variations have the form dju* =1+
Léx where 1 = —Q,LQ, is the open loop gain and L =
—QuuQux is the closed loop - feedback gain. The SDDP
algorithm is provided in a pseudocode form on Table I.

For the special cases where the stochastic dynamics
have only additive noise F(u,x) = F then the terms
M,N,G,F,L,Z,U,8 will be zero since they are func-
tions of VyxF and Vi, F and Vu,F and it holds that
VxxF = 0, VyuFF = 0 and VyoF = 0 . In such
a type of systems the control does not depend on the
statistical characteristics of the noise. In cases of determin-
istic systems again 1\~/I71§I,C~},.7-',L~Z,2,Z:l,3 will be zero
because these terms depend on the variance of the noise
Odw, 0, Vi = 1,...,m. Finally if the noise is only
control depended then M,N,Z,j’ .S will be zero since
VixF(1) = 0, Vau F(1) = 0 and Vi F.”(x) = 0 while if
it is state dependent then N, G, Z , Z',,Z;l'will be zero since
ViuF(x) = 0, Vau F(x) = 0 and Vo F{ (x) = 0.
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Fig. 1. The left plot illustrates the state trajectory for the the system
dx = acos(x)dt + u + z?dw. The right plot corresponds to the optimal
control.

V. SIMULATION RESULTS
In this section we are testing the SDDP on two different
one dimensional systems. Most precisely, we consider the
one-dimensional stochastic nonlinear system of the form:

dx = cos(z)dt + udt + x*dw (71)

The quadratic approximation is based on the matrices
Ay = 1 — sin(z)dt, By = dt and Oy = —cos(x)dt.
The system has only state depended noise and therefore
M = 202 dtVax®? | F = 402 dt Vs x? | S = 223V o 2dt
while the terms N =G =L =Z =U = 0. We apply the
SDDP algorithm for the task of bringing the state from the
initial ¢ = 0 to terminal z(T") = p* = 4. The cost function
is expressed as v (x,t) = E {h(x(T)) + ft:g rquT} with
h(x(T)) = wy(x — p*)* where w, = 1 and r = 1076,
In this example, there is only a terminal cost for the state
while during the time horizon the state dependent cost is
zero and thus there is only control cost. In figure 1, the
left plot illustrates the state trajectory as it approaches the
target state p* = 4 while the right plot illustrates the optimal
control. Since there is only a terminal cost, the control over
the time horizon is almost zero while at the very end of the
time horizon the control is activated and the state reaches
the target state.

The second system is given by the equation that follows:

de = az?dt + udt + z*dw (72)

The quadratic approximation is based on the matrices
Ay = 1 — 2ax(t)dt, B = dt and Oy = —adt. The
parameter o controls the degree of the instability of the
system. For our simulations we used o = 0.005. The task
is to bring the state x(¢) from the initial state z, = 0 to
target state x(T") = p* = 2. The cost function has the
same form as in the first example but with tuning parameters
wp, = 1 and 7 = 1073. Furthermore, the system has only
state depended noise and therefore M = 202dtVixa? |
F = 40%dtVixa? , 8 = 22°Vio?dt while the terms
N=G=L=Z=U=0.

In figure 2, the left plot illustrates state space trajectories
for different values of the variance of the noise! while the

'In both examples, the noise is used only during the iterative optimization
process of SDDP. When testing the optimal control, instead of running the
controlled system many times for different realizations of noise and then
calculate the mean, we just zero the noise and run the system only once.

State Trajectories Cost

20 40 6 80 100 120
Iterations

140 160 180 200

T 15 2
Time Horizon

Fig. 2. Left plot illustrates the state space trajectories of the system dz =
ax?dt 4 udt + x2dw for different values of noise. The right plot shows
the stereotypical convergence behavior of SDDP.

right plot illustrates the convergence behavior of SDDP. An
important observation is that curved trajectories correspond
to cases with high variance noise. Furthermore, as the vari-
ance of the noise decreases the optimal trajectories become
more and more straight.

VI. DISCUSSION

In this paper we explicitly derived the equations describing
the second order expansion of the cost-to-go, given state
and control dependent noise. Our main result is that the
expressions remain quadratic WRT dx and du, so the basic
structure of the algorithm, a quadratic cost-to-go approxima-
tion with a linear policy, remains unchanged. In addition we
have shown how the cases of deterministic and stochastic
DDP with additive noise are sub-cases of our generalized

formulation of Stochastic DDP.

Current and future research includes further testing and
evaluation of our generalized Stochastic DDP algorithm
on multidimensional stochastic systems which are highly
nonlinear and have noise that is control and state dependent.
Biomechanical models belong in this class due to highly
nonlinear and noisy nature of muscle dynamics. Moreover we
are aiming to incorporate a second order Extended Kalman
Filter that can handle observation as well as process noise.
The resulting optimal controller-estimator scheme will be a
version of iterative Quadratic Gaussian regulator that can
handle stochastic dynamics expanded up to the second order
with state and control dependent noise.
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