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We study a new class of optimization problems called stochastic separated continuous conic programming (SSCCP). SSCCP
is an extension to the optimization model called separated continuous conic programming (SCCP) which has applications in
robust optimization and sign-constrained linear-quadratic control. Based on the relationship among SSCCP, its dual, and their
discretization counterparts, we develop a strong duality theory for the SSCCP. We also suggest a polynomial-time approximation

algorithm that solves the SSCCP to any predefined accuracy.

1. Introduction

Stochastic programming is one of the branches of optimiza-
tion which enjoys a fast development in recent years. It tries
to find optimal decisions in problems involving uncertain
data, so it is also called “optimization under uncertainty” [1].
Since the problems in reality often involve uncertain data,
stochastic programming has a lot of applications.

Many deterministic optimization models have their
stochastic counterpart; for example, the stochastic counter-
part of linear programming is stochastic linear programming.
In this paper, we consider the stochastic counterpart of a
kind of optimization model called separated continuous conic
programming (SCCP) which has the following form:

T
(SCCP) max J [(y +(T-1t) c)’u ) +d'x (t)] dt
0

t
s.t. oc+ta—J Gu(s)ds—Fx(t) € #,,
0

b-Hu(t) € %,

u(lt)eH,, x{)eH, tel0,T].

@

Here the control and state variables (both are decision
variables), u(t) and x(t), are vectors of bounded measurable

functions of time t € [0,T]. #;, i = 1,2,3,4, are closed
convex cones in the Euclidean space with appropriate
dimensions, y,¢,d,®,a,b are vectors, G, F, H are matrices,
and the superscript ' denotes the transpose operation.

SCCP was first studied by Wang et al. [2]. They devel-
oped a strong duality theory for SCCP under some mild
and verifiable conditions and suggested an approximation
algorithm to solve SCCP with predefined precision. SCCP
has a variety of applications in robust optimization and
sign-constrained linear-quadratic control. However, many
applications of SCCP are stochastic in nature in the sense that
the values of some parameters in the resulted SCCP models
may change over time with some probability distribution.
To incorporate this kind of randomness into the SCCP
model, we introduce the following stochastic counterpart of
SCCP which we call stochastic separated continuous conic
programming (SSCCP) problem:

max | (s (T-0)u()+dx)]de
L [(y ) ]

T, ’ ’
5 <L [(y@+(T =D e @) u®+d®'x (t)]dt)

t
s.t. oc+ta—l Gu (s)ds—Fx(t) € #,,
0

tel0,T,],



b-Hu(t) e #,, te[0,T,],

u(t) e #y, x(t)eH, tel0,T,],

T
a+Ta+(t-T))a(&) - .[o Gu (s)ds

_ Jt Gu (s) ds — Fx (t) € %(E)l’
T,

te(T),T,],
b(§) - Hu(t) € Z(8),,
u(t) € (&)

te[T,T,],

x(t) e Xy te[l,T,],

2)

where & is a random variable.

SSCCP is formulated with the similar idea as that of the
stochastic linear programming [1, 3]. There are two stages in
this problem; the values of some parameters in the second
stage depend on the value of a random variable &.

Our goal in this paper is developing the strong duality
for SSCCP and suggesting a solution method to solve it
approximately with predefined precision. Here is a summary
of our main results. Through discretization, we connect
SSCCP and its dual to two ordinary conic programs, and we
show that strong duality holds for SSCCP and its dual under
some mild (and verifiable) conditions on these two ordinary
conic programs. Furthermore, the optimal values of those
two conic programs provide an explicit bound on the duality
gap between SSCCP and its dual, based on which we sug-
gest a polynomial-time approximation algorithm that solves
SSCCP to any predefined accuracy. According to our knowl-
edge, we are the first to raise the SSCCP model and there have
been no other results on SSCCP besides those in this paper.

The paper is organized as follows. In Section 2, we present
an overview on the related literature. We also give a concrete
example to show the application of SSCCP. In Section 3, we
construct a dual for SSCCP. We also discretize SSCCP and
its dual into two ordinary conic programs, and bring out
their relations. In Section 4, we discuss the strong feasibility
for SSCCP, its dual, and their discretizations. We then
establish the strong duality result for SSCCP and its dual
in Section 5. This leads to a polynomial-time approximation
algorithm with an explicit error bound, detailed in Section 6.
In Section 7, we summarize what we get for SSCCP and point
out some future research directions.

For simpler presentation, in the remainder of this paper,
we will concentrate on the following problem, which is the
corresponding SSCCP when £ is a discrete variable and only
takes two different values with probability 6 and 1 -6, that is,
there are only two scenarios in the second stage of SSCCP:

max jTl [(y+ T =t)c)u@) +d'xt)]dt
0

T -,
+ JT [+ (T -1)&) v(®) +dyy )] dt
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T —,
+ L [, + (T -1&) wt) +dyz (1)) dt

¢
s.t. (x+ta—J Gu(s)ds—Fx(t)e #,, te[0,T,],
0

b-Hu(t) e %, tel0,Ty],
u(t) e 5, x(t)eH, tel0,T,],
T
oc1+ta1—J Gu (s)ds
0

t
—J Gv(s)ds—Fy(t) e #,,, te(T,T],
Tl

by—Hv(t) € #,, te(T,T],

v(t) € Ky, y(t) e Ky te(T),T],

T
o, +ta, — J- Gu(s)ds
0

- Jt Gw (s)ds - Fz (t) € 1,

T,
te (T, T],
b,—Hw(t) € #y, te(T,,T],
w(t)e Ky, z({t)€Hy te(T,T],

3)

where the first-stage control and state variables are u(t) and
x(t), t € [0,T,], and the second-stage control and state
variables are v(t), w(t), y(t), and z(¢t), t € (T}, T]. Also &; =
a+Tia-T a0, = a+Ta-Ta,,y, = 0y,,¢, = Oc,,d, = 0d,,
P, =(1-0)y,6 =(1-0),d, =(1-0)d,.

Note that although (3) is a deterministic optimization
problem, it is not an SCCP. To see why this is the case, one
can try to formulate (3) into the form of SCCP and it then
becomes clear that (3) cannot fit into the SCCP form.

In the rest of this paper, we will use some results on conic
programming without explanations. Interested readers can
consult the books on conic programming (e.g., [4]) for the
related results.

2. Literature Review

Bellman [5, 6] first introduced the so-called continuous linear
programming (CLP), which has the following form:

T
(CLP) max Jc(t)'x(t)dt
0

s.t. Bx(t) - Jt Kx(s)ds<b(t) “@
0

x(t) =0, tel0,T].

Here x(t) is a decision variable. The model has wide-ranging
applications (e.g., the bottleneck problem [5]). But CLP is
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very difficult to solve in its general form. Later, Anderson [7]
introduced separated continuous linear programming (SCLP)
(see (5)), a special case of CLP, to model the job-shop
scheduling problems:

T
(SCLP) max J [(y+T-1c)u@® +dxt)]dt

0

t
s.t LGu(s)ds+ x(t) <a+ta (5)
Hu(t) <b,
u(t)=0, x({)=0, tel0,T].

The word “separated” refers to the fact that there are two kinds
of constraints in SCLP: the constraints involving integration
and the instantaneous constraints [7].

Anderson et al. [8] studied the properties of the extreme
solutions of the SCLP, based on which Anderson and Philpott
[9] developed a simplex type of algorithm for a network-
based SCLP. Refer to Anderson and Philpott [10] and
Anderson and Nash [11] for their other results on SCLP.
Pullan [12-18] continues studying SCLP in a series of papers.
He systematically developed a duality theory and solution
algorithms for the SCLP.

There are other researches focused on other forms of
SCLP, including Luo and Bertsimas [19], Shapiro [20], Fleis-
cher and Sethuraman [21], Weiss [22], and Nasrabadi et al.
[23].

One of the extensions of SCLP is SCCP introduced
by Wang et al. [2] in which the constraints involve the
convex cone in their right hand side. When all the convex
cones are nonnegative orthants, SCCP reduces to SCLP.
In [2], based on the relationship among SCCP, its dual,
and their discretization counterparts, they develop a strong
duality theory for the SCCP. They also suggest a polynomial-
time approximation algorithm that solves the SCCP to any
predefined accuracy.

Wang [24, 25] extends SCCP to generalized separated
continuous conic programming (GSCCP) by allowing the
parameters in (1) to be piece-wise constants and extends the
results of [2] for SCCP to GSCCP. In this paper, we extend
SCCP to SSCCP by allowing the changes of values of some
parameters in SCCP in the second stage. We also extend the
results of [2] for SCCP to SSCCP.

2.1. A Motived Example for SSCCP. We consider a problem
which appears in [2]; for completeness, we reproduce the
problem description and the formulation below.

A network processes a continuous flow of jobs at two
machines. The jobs visit machines 1 and 2 in the order 1 —
2 — 1, thatis, a total of three processing steps; see Figure 1.
Corresponding to each processing step, there is a buffer
holding the fluid. Att = 0, the initial levels of fluid at the three
steps are 50, 20, and 120 units. The input rates of fluid from
outside to the three buffers are 0.01, 0.01, and 0.01. To process
each unit of job (“fluid”), the time requirements at the three
steps are 0.4, 0.8, and 0.2 time units.

Machine 1 Machine 2

FIGURE 1: The fluid network in the example in Section 2.1.

The problem is to find the processing rates at the three
steps, u;(t), i = 1,2,3, which determine the fluid levels
in the three buffers, x;(t), i = 1,2,3, during a given time
interval [0, T] such that the fluid levels in the three buffers
are maintained as close as possible to a prespecified constant
leveld = (30 10 80)'.

The problem can be formulated as follows:

T
min L [0 - ) (x () - )] dit

s.t. thu(s)d5+x(t)=(x+ta, (6)
0
b-Hu(t) >0,
u(t)=0, x(@)=0, tel0,T],

where

100
G:<—1 1 o>, H:<0(')4 o 0(')2>,
0 -11 ’

50 0.01 1
a=| 20 |, a=10.01], b=<1>.
120 0.01

We can further express the above problem in the form of
SCCP. Please refer to [2] for the details.

In reality, the values of a and b could be changed during
[0, T] for example, when the machine 1 experiences partial
breakdown within [T},T]; where 0 < T, < T, the
corresponding value of capacity vector for machine 1, by, will
change during [T}, T]. This makes the formulation of the
problem an SSCCP. We omit the details here.

7)

3. The Dual and Discretizations

3.1. The Dual. The dual of SSCCP that we will focus on is the
following problem:

(SsCCP*)

T-T,
min o +(T-t)a,) h(t) +bl1t)]dt
J, "l Dh (O + b1 0]

T-T, , .
+ L [(o + (T =1)a,) p(H) + bl ()] dt

T
+ J [(a+(T-0)a) f(t)+b'g(t)]dt
T-T,



t
st j G'h(s)ds+ H'1(t) - (J, + 18) € K7,
0

tel0,T-T,],

Fht)-d, e %}

o te[0T-T],

h(tye #y,, 1) e*H,, tel0o,T-T],

t
J G'p(s)ds+H'q(t) - (, + &) € K>y,
0
tel0,T-T,],

Fpit)-d, e, te[0o,T-T],

pt)eH,,, qlt)eH,, te[0,T-T],

-1,
L G (h(s) + p(s)) ds

t
+J G'f(s)ds+H'g(t) - (y +tc) e 3,
T-T,

te(T-T,T],

Ffity-dex,, te(T-T,T],

f)yex,, gt)yex,, te(T-T,T],

(8)

where the decision variables h(t), I(t), p(t), q(t), f(t), and
g(t) are bounded measurable functions. %, % ; are the dual
cones of #; and ,%’ij, i=1,2,3,4, j = 1,2, respectively.

The derivation of the above dual problem is similar to the
derivation of the dual problem for LP (see, e.g., [26]) and
we omit the details here. Because SSCCP involves time, to
achieve some degree of symmetry in the dual (to facilitate
the later analysis), we choose to write the dual in the reversed
time; that is, t in the dual is T' — ¢ in the primal.

The following weak duality is readily shown from the
derivation of (SSCCP™).

Proposition 1. The weak duality holds between SSCCP and
SSCCP*; that is, if u(t), x(t), t € [0,T,], v(t), y(t), w(t), z(t),
t € (T}, T] is a feasible solution for SSCCP and h(t), I(t), p(t),
qt),t € [0, T-T),), f(t), g(t), t € [T —T,] is a feasible solution
for SSCCP”, then

T

J [(y+ (T -te)u@)+dx@®)]dt
0
T , y
+L [+ (T=0&)ve)+dyy 1)) dr

T -
+ L [, + (T -1)&) w(t) + dyz (t)] dt
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T-T, )
< | s @-na)ne bio]dr
0
T-T, ) ’
+ L [(ay + (T =1)a,) p () + biq ()] dt

T
+ J
T-T,

1

[((a+(T=-t)a) f(t)+b g(®)]dt.
)

Next we will introduce the discretizations for SSCCP and
SSCCP*, respectively, and discuss the relationships among
SSCCP, SSCCP*, and their discretizations. But first, we need
the following notation and conventions which mostly follow
what is used in [2].

Notation and Conventions

(i) When we say (u(t), x(t), v(t), y(t), w(t), z(t)) is a fea-
sible solution to SSCCP, we mean (u(t), x(t),t €
[0, T,], v(t), y(t), w(t), z(t),t € (T,,T]) is a feasible
solution to SSCCP.

(ii) By default, all vectors are column vectors. One excep-
tion is when we denote the solutions to SSCCP
and its dual (or their variations) as (u, x, v, y, w, z)
and (h, 1, p, g, f, g), we mean W', x' v, y', w',z')’ and
(h,, ll)pl, ql)fl, g/)’.

(iii) m = {tp,...,t t 2} denotes a partition of

obtmp o bmpam
[0, T}, T] into m, + m, segments:

0=ty <ty <---<t, =T, <t, <<t =T,

(10)

m my+m,

where m, and m, are positive integer numbers.

(iv) Given a partition w = {t,,...,t,,} and a vector 7 :=
(7(ty), 7(ty), ..., 7(t,,)), where 7(-) is a right continu-
ous function, the following (continuous) function

-t ). t=tiy ).
r= (5 )+ (=12 )7, "

for t € [t,_1,t;],

i=1,...,m,

is called a piecewise linear extension of 7, whereas the
following (right-continuous) function

r (t) — {?(til) >

r (tm—l) >
is called a piecewise constant extension of 7.

(v) When (u(t), x(t), v(t), y(t), w(t), z(t)) is a feasible
solution to SSCCP, with u(t), v(t), w(t) being piece-
wise constant and x(t), y(t), z(t) piecewise linear,
we assume u(t), v(t), w(t) is right continuous, and
x(t), y(t), z(t) is continuous, with y(T,+) = x(T)),
z(Ty+) = x(T;), and the pieces of both u and x
correspond to a common partition for [0, T} ], and the
pieces of both v, w and y, z correspond to a common
partition for (T}, T].

fori=1,...,m,

tetit), (12)

t=T,
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When (h(), I(t), p(t),q(t), f(t),g(t)) is a feasible
solution to SSCCP*, with h(t), p(t), f(t) being piece-
wise constant and I(), q(t), g(t) piecewise linear, we
assume h(t), p(t), and f(t) are right continuous and
I(t), q(t) and g(t) are continuous, with g(T — T\ +) =
(T - T,) + q(T — T)), and the pieces of h, I, p, and g
correspond to a common partition for [0, T—T,], and
the pieces of both f and g correspond to a common
partition for (T — T}, T1].

(vi) Fori = 1,2,3,4, denote %, := K, x---x K, and

m
similarly denote %, == F; x -+ x H].
:

m

3.2. The Discretizations. We start with introducing the fol-
lowing discretization of SSCCP based on the partition 7 of
(0,T),T], where 0 = £, <t; <---<t, =T, <t <
t =T:

my +m2

m+l <

(SCP, (m))

I 1~ -
+d, 2+ 2,

] tm1+i - tm1+i—l
2

st. a+ta-|Giy +---+Gi; + FX;] € %1,

i=1,2,...,my;
(t;—t))b—Hu; € #,, i=1,...,m;
u,eH;, X eH, i=1...,m;
o+t 40y~ [Gﬁ1 +o 4t Gﬁml]
- [GV, ++--+GV,] - Fy; € #13,
i=1,2,...,my;
(tm1+i - tm1+i—1) b — HY; € Z
i=1,...,my;
Vi € Ky, V€ Ky, i=1,...,my;

o + b, 40 — [Gﬁ1 +o Gﬁml]
- [Gw, +--- + Gw;]

-FzZ, e Ky i=1,2,...,my;
(tm1+i - tm1+i—1) bz - H{Di € ‘%22’

i=1,..

Z; € Ky

. My

w; € Hs,, i=1,...,m,.

(13)

Note that here we require that y, = z, = X,,, and

a-Fxye H,, Ry eH, (14)

Clearly, (SCP, (7)) is a conic program.

Lemma 2. From a feasible solution for SCP, (1), one can get a
feasible solution for SSCCP with the same objective values, if
KNS H 1y TS H gy Ky S Ky Ky S Koy

Proof. Suppose (#,X,7V,y,w,z) is a feasible solution for
SCP, (7). Let

; t , teltnt), i=1...,m,
i~ ti-1
u(t) = i,
—, t=t,,
tml - tml—l
X (0) - x())
t,—t _ t—t,_, _ .
x(t) = — X, izl s i=1,...,my,
ti—tiy ti—tiy
V.
V(t) = —l’ te (tm1+i—1’tm1+i] >
my+i ~ Pmy+i-1
i=1,...,my,
y(T1+) = k\ml’
tm+i_ ~ t_tm+i—1 —~
y(t) = ; ! Vi + ; tl A
my+i ~ tmy+i-1 my+i — tmy+i-1
i=1,...,my,
Ww:
w(t) = —— )t (b i bai]
tm1+i - tm1+i—1
i=1,...,my,
z (T1+) = fml’
b vi t—t, i1
z(t) = —2~ 2(t,,) + —— L
i—1 i
tm1+i - tm1+i—1 tm1+i - tm1+i_1
i=1,...,my;

(15)

then we have u(t) € #;, x(t) € #,,t € [0,T1], v(t) € K5,
te (T, T], w(t) € Hs,,andt € (T}, T].
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Because X, € F,and y, = z, = X,,,, € K, and Fort =t, ,
Zy€ Ky When H, € Ky, K, S Ky, wehave y(t) € H 4,

and z(t) € K4y, and t € (T}, T]. b-Hu()=b-H U,
Fort =0, - t, —t,
my my=
t
(x+ta—JGusds—Fxt B 1 _ (21)
0 ( ) ( ) (16) N tml - tml_l ((tml - tmlfl)b_Huml)
=a-Fx, e H,. c
5

Fort € (ty, ),

. Fort € (t,, , tyy 1]

(x+ta—J Gu (s)ds — Fx (t)
0

T, t
o +ta, - J Gu (s) ds—J Gv(s)ds—Fy(t)
0 T,

7 by —t 3PS
oc+ta—G—1t—F<1 x0+—x1>
t t

1 1 t 17) = o, +ta, — (G + -+ Gil,,, , +Gil, )
t _ _ t,—t R ~
:Z(oc+t1a—Gu1—Fx1)+ ltl (o — Fxy) e (t—tm)
t -t !
my+1 my
€ H,.
) _F m1+1_t 5 4 t_tml ~
Fort e [ti—l’ ti)’ 1= 2’ e ml’ tm1+l - tml yo tm1+1 - tml yl
t
(x+ta—JGu(s)ds—Fx(t) t—t,, R R
0 = ﬁ ((x1+tml+1a1 - (Gu1+- . -+Guml,1
m m
t t
=a+ta- <L Gu (s) ds+~-+L 1 Gu (s) ds) — Fx (t) +Gam1) -G, - F)71)

i

7 i tyy 1 — 1
u ; 1 _ _
:oc+ta—(G L (t, —to)++ - -+G— (t—t,._l)> i (a+ Tya— (Gt +--- +Gily,
ty =t ti—ti Epye1 = b,
t,—t t—t_, =~ _ s
— F( ! 551-_1-}- i1 xi) +Gum1) Fxml)
ti—tig ti—tia
€ Xy, when X, CH,,.
t—t,, _ _ N _
= (e +t;a—(Gay + -+ + Gii;_; +Gii;) — FX;) (22)
i~ Lo
£t Fort € (ty, ioi>tm il i=2,...,my,
* : ; (a+t;_ya— (G +---+Gii;_; ) — FX;_;) . .
—t )
Y ocl+ta1—J Gu(s)ds—J Gv(s)ds—Fy(t)
€ %1. 0 T
(18) = +ta; — (Gﬁ1 +o+ Gl g+ Gﬁml)
Fort=t, ,
v
t - (Gt t (tml+1 - tml) +
(x+ta—J. Gu (s)ds — Fx (t) my+1 ~ bm,
0
i m 7 % G— (t—tysin) |- Fy(®
=oc+tmla—(Gu1 +o 4+ Gl +Guml)—Fxml PP my el y
my+i my+i—1
€ H,. _ ~ ~
(19) = +ta, — (Gu1 +o+ Gy, g Guml)
AT v,
Fort e [t,_j,t;),i=1,...,my, - (G?1 +-+ GV + G—_It (t - tm1+i—1))
U my+i my+i—1
b-Hu(t)=b-H—
ti—tia _F mi TE N E=tpvicn
1 - (20) tm1+i - tm1+i—1 i bonywi — tm1+i—1 i
= ((t;—t,-1)b- Hiy) 1
ti—tig t—t

my+i—1

€ %2. tm1+i - tm1+i—1
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X (oc1 + by il — (Ga1 +o+ Gy, g+ Gﬁml)
—(Goy +- +Gv_y +GV,) - Fp,)

tm1+i -t

+
3

my+i tm1+i—1
X (oc1 + i1y — (Ga1 +o+ Gy, g+ Gﬁml)
—(Gvy +--+Gvy) - Fp,y)

€ H.
(23)

Fort € (£, yio1> b4l i=1,...,my

by-Hv(t)=b -H— 4

my+i tm1+i—1

1 "
e (b~ it ) b~ H)
tm1+i - tm1+i—1
€ X,
(24)

Similarly, if %, € H,, then
T t
(x2+ta2—J Gu(s)ds—J Gw (s)ds — Fz (t) € H1,,
0 T,

te(T,T],

b,— Hw(t) € #,,, te(T,T].

(25)

So (u(t), x(t), v(t), y(t), w(t), z(t)) is a feasible solution for
SSCCP when %, ¢ K, , € Hip K, S Ky, and
VAR

It is easy to see that the objective value of
(u(t), x(t), v(t), y(t), w(t),z(t)) is the same as that of
(@i, X, 9, y, W, Z). We omit the details here. O

We now introduce the following discretization of SSCCP*

based on the partition 7' of [0,T - T,,T], n' =
{tostisoe sty sty om > wWhere ty = 0, ¢, = T - T,
toyem, = T-

2 1

(scp, (n"))

ti+t; s
min Z(((xl+<T—%>al) h;

+b1’ [Z +Z‘—l] L _ZtH)

B (e -2 5

-t
+b2’ (@ + ;1] Tl)

i Eppi T b i "
+Z(<(X+<T——ZJr 5 2t 1>a) fi
i=1

Lopvi = i
+b' (i + Gi-1] e el )
2
s.t. G'(le+ﬁ2+~-+fz,-)+H'Ti

— () +1,6) € K35

i=1,...,my;

F'h—(t;—t_)d, e Ky, i=1,...,my

T * T * .
hje X, LeXHy, i=1..,my;

G,(§1+132+"'+ﬁi)+HIQi
— (P, +1,6) € K3y
i=1,...,my;

F'p—(ti—t_))dy e Hiy i=1,...,my

ﬁie(%rz, @E.%;Z, izl,...

,m2;

G'<iﬁj+zﬁj>+G'(fl+f2+---+ﬁ)
j=1

=
+H'g, - (y+tm2+,-c) €,

i=1,...,m;

F,fi - (tm2+i - tm2+i—1) de ‘%Z’

i=1,...,mg;

fieH, GieH, i=1...,m.

(26)
Note here we require that g, = Tmz +4,,, and

H'ly -, € %3, Iy e 3,
. (27)
H'Gy -, € K3 Qo € T
Clearly SCP,(rr') is also a conic program.

We now show the following.

Lemma 3. For any two convex cones K1, K »,

K\ CHy, = K, <H]. (28)
Proof. =: Because &, C K,, forany x, € #, x; € H,,s0
forany y, € &3, x,y,>0.50 y, € H;.S0 K € K.

&: Because #; € K|, forany y, € #;, y, € Z, So for
anyxlE%l,x;yZZO.Soxl6%2.80%12%2. O

Lemma 4. From a feasible solution for SCP,(nt'), one can get
a feasible solution for SSCCP* with the same objective values,



fHy S Fopy Ky S Hoppy K3 € H31, K3 S FEip ith =9
G +6 =c

Proof. Suppose (b1, 5,4, f>»g) is a feasible solution for
SCPz(n'). Let

..,mz,

> teltint)
pt)= 5

i=1,...,m,,

q(0) = go» 29)

ti -t _ [ ti—l ~
o+ N
t— ti-] 9i-1 ti _ ti_l qi

1

qt) =

telt_pt;], i=1,...,my,

fi

my+i ~ tmy+i-l

F@®=

t > te (tm2+i—1’ tm2+i] >

i=1,...,my,

g(T=T\+) = g,

tm2+i —t ~ t- tm2+i—1 ~
1 i t

m,+i—1 tm2+i - tm2+i—1

g(t) =

t P

my+i

t € (bpsiivotmyei] s 1= Loy
then h(t) € F1,, 1(t) € H5,, p(t) € K1, qt) € F5yt €
[0,T-T], f(t) e #y,andt € (T -T;,T]. When &, € F,,,
and #, C H,,, from Lemma 3, we have #;, < #, and
K5, € K, ,then; because g, = Tmz +§m2,7m2 € #3andg,, €
K5, we have gy € H5,s0 g(t) € Z; and t € (T - T,,T].
The remaining proof is similar to that in proving
Lemma 2 and we omit the details here. O

4. Strong Feasibility

We say that (u,x,v, y,w,z) is a strongly feasible solution
to SSCCP, if for the closed and convex cones %, %,
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i=1,2,3,4,j= 1,2, with nonempty interiors, the following
holds:

t
(x+ta—j Gu(s)ds—Fx(t) € int #,, te€(0,T,],
0
o —Fx(0) e #Z,,
b-Hu(t) €int #,, te€[0,T,],

u(t) € int H5,
te(0,Ty],

x (t) € int K4,
x(0) € #,,

T
a, +ta; — J Gu (s)ds
0

t
—j Gv(s)ds—Fy () €int #,,, te(T,T],
T

b, —Hv(t) €int #,,, te(T,T],
v(t) €int K5, y(t)€int Ky, te(I,T],
T
o, +ta, — J Gu (s)ds
0
t
—J Gw(s)ds - Fz () € int Hyp, £ € (T, T],
Tl
b, - Hw (t) € int #,,, te(T,,T],
w(t) €int K5, z(t) €int Ky, te(T,T].
(30)

We say that SSCCP is strongly feasible if there exists a
strongly feasible solution. The similar notions apply to the
dual problem SSCCP*.

Next we will show that the strong feasibility of SSCCP
and SSCCP” can be determined by the strong feasibility of
the following two conic programs:

(CP) max T la-(Tyd-(T-T,)(d, +d,))x
+(T-T)&v+(T-T,)dy
+(T-T)&w+(T-T,)dyz
st. a+Tia-Gu—-FxeXH,,
T,b-Hii € #,,
nex, xeH,
o +Ta, -Gu-Gv-Fy € Z,,,
(T-T,)b, — HV € #,
veHs, VeEHy
o, +Ta, - G- GW - FZ € & 1,,
(T-T,)b, - HW € H,,,
WeHs ZzZe€HKiy
€2))
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(CP,) min (T-T\)ah+((T-T,)b -T,b)T
+(T-T)ap+(T-T)b,-Tyb)'g
+Tya f+Tb'g

st. Gh+H'T-(j,+(T-T))&) e Hi,
Fh-(T-T))d, e %},
hex;, le¥s,

GPp+HG- (3, +(T-T)&) € 5

F'p—(T-T))d, e %5,

pPeHy qeFs

G (h+p)+G f+H'g—(y+Tc)e X3,

F'f-TdeX;,

feHl, gexs.

(32)

Note that the constraints of CP, and CP, above are the
same as the constraints of SCP,(7) and SCPz(n'), respec-
tively, when m, = m, = 1. The objectives of CP, and CP,,
however, are different from those of SCP, (rr) and SCP,(r’).
The choice of these objectives is to facilitate the explicit
derivation of a bound on the duality gap; see the proof of
Theorem 11.

Lemma 5. If the conic programs CP; are strongly feasible and
HK, S H K S Ky Ky S Hyy,and Ky S Hyy, then
SSCCP is strongly feasible, and so is SCP, ().

Proof. (1) We first show that when CP, is strongly feasible,
SSCCP is strongly feasible.

Suppose (i1, X, v, y, 0, ) is a strongly feasible solution to
CP,. We have

o+ Tia—-Gii— FX € int %4,
T,b - Hu € int %,

ueint #;, Xecint H,,

a,+Ta, —Gii—Gv - Fy € int #4,,

(T -T,)b, - HY € int %), (33)
Veint #y, Y eint Hy,

a, +Ta, — Gii — Gw - Fz € int #,,
(T -T,)b, - HD € int F,,
weint H5,, Zze€int Hyy,
and X, is such a constant that

a-Fxye H, xy€H, (34)

9
Let
u
t = - t O)T >
u(t) T, € [0, T}]
x(0)=%, x(T))=%
T, -t t
x(t)= ——%,+ —% te(0,T,),
Tl
v
V(t) = T——'Tl’ te (TI,T] s
Tt t-T
T)=79, t) = X Ly, te(T,T),
y(M=y, y@ o tror) (T, T)
w
LU(t) = TTI, t e (TI,T] 5
- t-T
M=z z()=t—tzyizhz
T-T, T-T,
te(T,,T).
(35)

We have u(t) € int #;, t € [0,T,], x(t) € int #H,, t €
(0,T,], x(0) € H 4, v(t) € int F 4, w(t) € int H5,,and t €
(T}, TI.

Because %, € K, and #, € K ,,, then y(t) € int H,,
te(T,,T],z(t) €int F,,and t e (T, T].

Fort =0,

a—Fx(0) =a—-Fx, € #,. (36)
Fort € (0,T,],

a+ta—JtGu(s)ds—Fx(t)
0

u T, -t
:cx+ta—G£t—F< ! 9?0+i3?>
T1 T1 T1 (37)

T, -t

:L o+ Tya—-Gu-FX) + o — FX,
T 1 0
1

1
€ int #,.
Fort € [0,T],
a1
b-Hu(t)=b-Ho = — (T,b- Hil) € int #,. (38)
Tl Tl
Fort e (T}, T1],

T, t
a +ta, — J Gu (s)ds - J Gv(s)ds—Fy(t)
0 T

=a1+ta1—GT1T1—GT_VT (t-T))
1 1

_F< r-t_ =T, y)

t-T
= T_Tll (& + Ta, - Gii — GV — Fy)

T —

+T_1f1 (a+Tya - Gai - FX)

€int # ;.

Note that when # |, € &, « + Tya — Gii — FX € int % ;.
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Fort € (T}, T],

b —Hv(l‘)=bl—HT_T1
(40)

=7 T HY) € int #,,.

Similarly, we can get (by noting that %, € #,)

T t
o, +ta, — J Gu (s)ds - J Gw(s)ds — Fz (t) € int # 5,
0 T,

te(T,,T],

b, — Hw (t) € int #,,, te(T},T].

(41)

We can see that (u(t), x(t), v(t), y(t), w(t), z(t)) is a (two-
piece) strongly feasible solution for SSCCP. So SSCCP is
strongly feasible.

(2) Now we will show that from this strongly feasible
solution for SSCCP, we can get a strongly feasible solution

for SCP, (7).
Let
d=ut)(t;-t_,), X=x(t), i=1,....,m;

i;i:V(t)(tmIH_tmlH—l)’ yi:y(tmlﬂ‘)’ i=1,...,my;

D=w () (tyy i —tmsin)s =2 (bmsi)>  i=Lo.imy.
(42)

Then #i; € int #5, X; € int Fy,i=1,...,m,V; € int &5,
yyeint K, w; € int H3,,z; €int Hyy,i=1,...,m,.
Fori=1,...,my,
a+ta— G, + -+ Gii; + FX;]
=a+ta-[Gu(t)(t, —ty) +
+Gu (t) (t; —t;y) + Fx (t;)]

=« +ta

- [Jtl Gu(s)ds+---+ Jti Gu (s)ds + Fx (t;)
0

iy
t;
=a+ta- J Gu (s)ds — Fx (t;)
0

€int &,

(t;—ti.y)b—Hu;
=(t;—t,;)b—Hu(t)(t; - t.;)
= (t; —ti_y) (b— Hu(t))

€ int %,.
(43)
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Fori=1,...,m,,

oy + by, 0y — [Gu1 +eeet Guml]

-GV, +---+GV;| - Fy;
1 i yl

T,
=0y +t, 0 1_.[0 Gu (s)ds

- Jtmlﬁ Gv(s)ds—Fy (tm1+i)

T, (44)
€int &,
(tm1+i - m1+1 l)b _HV
= (tm1+i - m1+1 1) (b HV(t))
€ int % ;.

Similarly, we can get.

Fori=1,...,m,,
O+t iy — [Ga1 oot Gﬁml] - [Gw, +--- + Gw;]
- Fz; eint &,
(tm1+i_ my+ie 1)b Hw; € int #,.
(45)

So (i, X,7,y,w,z) is a strongly feasible solution for
SCP, (7r), and SCP, () is strongly feasible. O

Lemma 6. If the conic programs CP, are strongly feasible,
Hy S Koy Ky © Fypy K3 © Ky, K3 © Hyps Y1 + 1o =V
¢ +6 = ¢, then SSCCP* is strongly feasible and so is SCP,(rr').

Proof. The proof is similar to that of Lemma 5; the details are
omitted here. O

We shall focus on one partition for [0, T, T], denoted
by 7(€;, €,) and one partition for [0,T — T}, T], denoted by
' (€,,€,). (€, €,) divides the interval [0, T,] into m, equal
segments, each of length ¢, and divides the interval [T}, T]
into m, equal segments, each of length ,. 7' (¢,, €,) divides
the interval [0, T — T ] into m, equal segments, each of length
€,, and divides the interval [T —T}, T] into m, equal segments,
each of length €.

If we reverse the inner order of #,X,7,y,w and Z in
SCP, ((e,, €,), that is, for example, change & = (i, ..., U, )
to (@, , ..., #;), we get the following problem:

(SCP, (7 (e1,¢,)))
max  hyd+dpX+hv+dy

I —~ I~ € g
+hw+d z+—d%,
3 3 2
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st. gn -G, u-F, XX ,, €b
€b
fn-H,ueX,, Ju=m . >
= ~ A = €b
ng_szmlu_szv_szye ‘%llmz’ !
fo—H,V € Eppm, &b &b,
&by &b,
95— Gy 1= G, W—F, 2 € Hpy, Jo=m N Jiz =my
5 o~ &b &b
fs—H, W€ FHy,,, 21 272
UEHsy, XE€Fyp, a+Ta
VEHsimy VEFiim 9n =m : )
o +2€a
We Ky, Z€Kipm a+e€a
(46)

9)

™ Gi3 =™ 1 '
o, + (T +2¢,) a,

o+ (T, +&)a,

o +Ta,
g = M, 3 :
where 2 2 o + (T, +26,)
[\ o +(T) +&)q

(/G G --- G
N G ... G o, +Ta,
:m1< . . s N

by =m,

.§Q)
| 1l
E 3
N
/\ /_\Q
(o))
a0 [N
o0 @) [N
/—\ -
=
- = +
+ + —
<= T
| | .o ’_‘ﬁ
N|,_‘."N|_%§ +
~—"— oo
o a ~
)
v

F hyy =m; 1
= F
F, =m . ,
F N

. ( o € .
F Yz"‘_zcz
~ F 2
Fm2=m2< . 5 :
' hi;, =m, 3 '
| F 13 2 )72+(T—T1—3€2>“

H
- H dy =m
Hmz = m2 ., >
H
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€ 5 =7 o T *
24, st. G, h+H,l-h,eXs,
2
- =~ *
dy = m, 1 6,d, i Eh—=dy € Ky,
same : ra * ~ *
o f € ‘%l,ml’ g € ‘%Z,ml’
62d1 = =~ 13 *
. szp + Hmzq - hu3 € ‘%32,m2’
)
5“2
2 &l o~ *
. szp - du3 € ‘%42,7712’
di. = m, < €2d2 ~ ~
3 2 * *
same . he %11,m2> le %zmz’
7 =1 7T, = =7
6,d, G, (h + p) +G,, f

(47) Iyl = *
+H, g- h,, € F 3>
Note that in gj;, the difference between two adjacent items is - .
€,4; in gp,, the difference between two adjacent items is €,a,; Epf=du € Hyps
in g3, the difference between two adjacent items is €,a,. In
hy,, the difference between two adjacent items is €,¢; in hy,,
the difference between two adjacent items is €,¢;; in hy;, the (49)
difference between two adjacent items is €,¢,. All the items in
fn are the same, and this is also true for f;, and fj.

The dual of SCP,(m,¢€,,¢,) without (e;/2)d X, in the
objective of SCP, (11(e,, €,)) is the following problem:

ﬁ € ‘%* > q € ‘%SZ,mz’

12,m,

where

e
* ! !
(SCP; (7 (e1,¢,))): G:n —m, | <G G ’
min g, f+ f1g + gph \G¢ G - G
7 ) g '
* fllzl + 91,3P + fllaq G/ /
=~ G G
st. G, f+H,§+G, . (h+p) Gy, =M ’
. ‘ G G ... G
~hy e, ,
b G G G
Fr,nlf_dll € *%Z,ml’ G G G
= ml . >
~ i R . e ) :
feFH s GEH,, (48) - R
= 7 == B *
GmZh + HmZZ - hy, € %31%, -
F,h—dp e, eb
I * 7 * same
heF iy 1€Hm f=m b ’
G p+H,q-hyecHs,,, Gy,
2 2 N 5
ﬁ””zﬁ B dB € ‘%ZZ)mz’ ( ( 62191
pe %Tz,mz) qe ‘%f;z’mz. - 4 same <
Sz =m, [\ &,b, ,
Similarly, we have & b a,
- 2 2
!
(SCP2 (71 (61,62))) e
min ngﬁ + f1127+ 6—22191'70 + 9:43 p fomm, same - :
u3 2 €2b2 5
+ fusd + %szl% + g f + fund 6_22b2 + %b
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(x+(T1—€—1>a
2
3
_ oc+<T1—ﬂ>a
gul_ml' 2 >
a+La
2

€
(x1+<T—E)a1
a1+<T—3ﬁ>a1
Gz = My 7 2 ,
€
ocl+<T1+32>a1
€
0c2+<T—3E>a2
(x2+<T—ﬁ>a2
Guz = My Y ) 2 >
oc2+<T1+€—>a2
y+(T-T,+¢)c
y+(T - T1+261)C
hul :ml h >
y+Tc
Y té6q
Y1 + 26,6
b, =m, - 1 . 261 ’
Y1 (T‘T)
P+ 66
P2 + 26,6
hu3 :m2 9 . >
)2) (T_Tl)oz
€d ezd:l
€1d €2d1
dy, =m > dyp=m, : >
€d ezcil
ezdz
6,d
dys=m, 2. ’
62512

(50)

Note that in g,;, the difference between two adjacent items is
€,a; in g,,,, the difference between two adjacent items is €,a;;
in g,3, the difference between two adjacent items is €,a,. In
h,,,, the difference between two adjacent items is €,c; in h,,,
the difference between two adjacent items is €,¢;; in A, the

13

difference between two adjacent items is €,¢,. All the items in
d,, are the same, and this is also true for d,, and d.

Now we write down the relationships between the input
parameters in SCP, (71(¢,, €,)) and SCP, (7'[,(61, €,)), and these
following relationships will be used in proving Theorem 11 in
Section 5:

2
Gu1 — 9Gn =My same >
&,
2
54
Guz2 = G = My, same 1 g
Gy
P
=y
P
Gus = 913 = My, same 3 : >
5 ®
) /0
same | :
fua = fu=my, ) 0 >
€
1y
S 2
) /0
same - .
fuo = fo=my, 1 0 >
€., €
—2b + b
L 2 2
) /0
same <
Sz = fiz =my, ) 0 >
€, €
-2b,+ b
S 2 2
G
2
h, —hy =my, same ,
a.
2
- 6_25
>4
h,, — hy, =m,, same A : ,
€_2v
L 2 1
€ .
> )
hy —h =m,, same - ,
€.
L \ ) @
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Sq-24 %24
2 2 0 2
dy —dy =m ) >
same 1| !
L \ 0
- 62 -
—=d
2! .
dyy —dpp =my 5 . >
same A :
9 \ 0
r 62 -
22 .
dyz—diz =my .
same .
0
(51)
5. Strong Duality

In this section, we will prove that under some mild and
verifiable conditions, strong duality holds between SSCCP
and its dual.

Let 7; denote a partition of [0,T - T,,T], m; =

{tostrse s bty 110w oo by oom 12 b Withtg = 0,8, ) = T=T),
tiysmyra = Trand ) —to = £, —t,, = (&/2), b, 5 —
toge1l = tmysmys2 = tmyemyn = (€1/2), while t; — £, = €,
i=2,..,mytj—t; =€,j=my+3,...,my+m +1

Lemma 7. Ifthe conic programs SCP,(r,) are strongly feasible
and K| € K11, K| S Ky Ky C Hy Ky S Ky, then
SCP/ (1(e;, €,)) is strongly feasible.

Proof. The constraints of (SCP,(r,)) are:

G ~ (H -
(o @ )i (™ )
hy, .
- ()71 +(T-T)) El) © %31’"’2“’
& d
Fr’n )A 7 .
2 h-le s |eH R
( FI <32d1> 41,m,+1
he ‘%:l,m2+1’ le '%;1,m2+1’
G _ (H
(G’ e G’)P ! ( " H’)‘7
hy .
- ()72 +(T-Ty) 5z> € Fsam

(13’ ) () o
my —| e - € S
i p 32 d, 42,my+1

*
22,m,+1°

pe ‘%/TZ,m2+1’ gex
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GI
G\I = ~! .
o 6o o)
GI . GI G!

2 5 2
2.2
2 ‘0 22
F, s dy - )
o7 ;
0
“g
2
€ ‘%Z,mﬁl’
f € ‘%T,m1+1’ g € ‘%;,m1+1'

(52)

When %, € H,, %, S Kpand K, € Ky, Ky S F s
we have #|, € H|, K|, € K|, Ky < Ky, Ky, < K.
Comparing the above with the constraints of SCP} (7(e}, €,)),
we observe that if

(i) (oo Bo ) (P )
(53)
@2 mys1) > (Fro- o Fon1) > (G- > Gonya))
is a strongly feasible solution of SCP,(r,), then
(Grrro ) (oo T ) (B B ) (@i )
(fl +Em2+1 +13m2+1’f2"‘ . >J?m1) > (gl"‘ . >§ml))
(54)
is a strongly feasible solution to SCP} (1(e}, €,)). O

From Lemma 5, we know if the conic programs CP, are
strongly feasible and #, < #,,, *, < K5 K4 <
Ky and K, < H,,, then SCP,(n(e,¢€,)) is strongly
feasible.

From Lemma 6, we know if the conic programs CP, are
strongly feasible and #, < K, #, € Ky K3 S K>
Hy C Ky Py + 7, = yand & + & = ¢, SCP,(r') is strongly
feasible. Now, from Lemma 7, if additionally %, < %,
Ky S Hyyand K, C Ky, Ky © Ky, then SCP (11(ey, €,))
is strongly feasible.

So under the condition that the conic programs (CP,)
and (CP,) are strongly feasible, &, < #,;, #, € F1p
Ky S Koy Ky © Hoyyy K3 © Ky Ky & Ky Ky S Hys
Ky S FEpp P+ =96 +6 = ¢ (SCP(n(e),€,))) is
solvable.
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The dual of SCPZ(n'(el, €,)) without the constant terms
(&,/ Z)bl' Iy + (e,/ 2)b2'(j0 in the objective is the following:
(scp; (7' (e, 62)))
max h di+d X+h,v
+ d;z)‘/ + h;sw + dl'432
st. gy -G, i-F,XxeH,,,
ful - Hmlﬁ € t%2,7711’
Guz ~ sz,mla - é\mzv - sz)A’ € '%ll,mz’

(55)
fu2 - HrnZv € ‘%Zl,m2>

Guz — sz,mlu - szw - szz € ‘%IZ,mZ’

fu3 - Hmzw € ‘%22,m2’

UEH 3> XE€Kym»
VEHsimy VEFim
w € (%/32),”2, Z € %42,m2.

We use m, to denote the partition {ty,t,%;,...

tm1+1""’tm1+m2+2}’ with tO = 0’ tml-f-l = Tl’ tm1+m2+2 = T’
and t) =ty = t, . —t, = €/t~ by =
togems2 = tmpemper = €/2, while t; —#,, = ¢,
i=2,...,1411;tj—1.‘j,1 =€, j=my+3,...,m +m,+ 1

Lemma 8. Ifthe conic programs SCP, (11,) are strongly feasible
and K, € Ky, Ky S Koy K3 € Ky and K5 € K5y, then
SCP; (7' (e, €,)) is strongly feasible.

Proof. If we reverse the inner order of #,X,7, y,W,z, the
constraints of SCP, (7,) are:

a+Ta) (G G---G\_. (F R
(5 ) ("6 )a- (" g, )5 e omes

€1b

- H R

()" s
ful ™

G GG
<ocl+Ta1>_ G ﬁ_(G G;--G)v
Y2 sz,ml Gm2
G
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)
-=b
2 10
H _
. —< i >V€‘%21m+1’
fuz_ 6' ",
2p
2
G G---G
((x2+Ta2> G ~ (G G-.-G>A
- . = - = w
gu3 : my,my sz
G
F ~
_< B >Z€=%12m+1’
my
€
—=b
2 20
H
. _< i >w6%22m+1’
fu3 - E' m;
)
2
UEHs s> XE€Fymitr VEFsima
V€ Hyimp> WEHypmysrr Z€ Higmysr-
(56)

When %2 Q %21, %2 Q %22, %3 Q %31, %3 Q %32,
comparing the above with the constraints of SCP; (' (€1,€)),
we observe that if

(@ s By 1) (B0 Fom 1) > (P o V1) »
(57)
()71’~~-’J7m2+1) , (w1’~~~>Am2+1) , (21"">2m2+1
is a strongly feasible solution of SCP, (71,), then
(@ r iy, )5 (Rroe s B, ) s (91 + T 159205 P )
()72)-~-’)7m2+1) ) (@1 + ﬁm1+1>w2>-'-’@mz) >
(2302 Zmy1))
(58)
is a strongly feasible solution to SCP; (7' (¢}, €,)). O

From Lemma 5, we know that if the conic program (CP;)
is strongly feasible, and #| ¢ #,, |, € K5 H4 <
Hy1» K4 S Ky, then SCP,(mr,) is strongly feasible. From
Lemma 8, if additionally, &, € #,,, #, € Ky, K3 < K315
H 3 € H 3y, we have SCP} (7' (¢;, €,)) is strongly feasible.

From Lemma 6, we know that if the conic program (CP,)
is strongly feasible and #, € K5, K, € Koy, K3 S H315
Hy S Ky §y + 7, = yand & + & = ¢, then SCP, (7' (¢,, ¢,))
is strongly feasible.

So under the condition that the conic programs CP, and
CP, are strongly feasible and %, < #,,, #, € H 5, F, <
Hoys Ky S Kogy K3 C Ky Ky S Ky Ky S Ky Fy €
Ky Ty + 12 = 15 & + & = ¢, SCP, (' (€, €,)) is solvable.

Now we have the following.
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Lemma 9. If the conic programs CP, and CP, are strongly
feasible and K| < K1, K| S Hip K, S Ky, K, €
Hop K3 © Hyy Ky © Ky Ky © Ky, Ky S Fyp Y1492 =
Y, & +& = ¢ both SCP,(n(e,,¢,)) and SCP,(1' (¢, €,)) are
solvable, that is, they have optimal solutions and their optimal
objective values are finite.

Proposition 10. Suppose  that  SCP,(n(e;,€,)) and
SCPZ(n'(el, €,)) are solvable. Then, one has

v(SCP, (7 (€;,€,))) < v(SSCCP) < v(SSCCP")

(59)
< 1/(SCP2 (71' (61,62))) .

Proof. Because ~ SCP,(m(e;,€,)) and SCPZ(n'(el,ez))
are solvable, they have finite optimal objective values
v(SCP, (11(€,, €,))) and v(SCP, (1’ (¢;, €,))).

From Lemma?2, we know the optimal solution of
SCP, (71(€;,€,)) can be extended to a feasible solution of
SSCCP, hence, the first inequality (since SSCCP is a max-
imization problem). A similar argument justifies the third
inequality. The second inequality follows from the weak
duality in Proposition 1. O

Theorem 11. Suppose CP, and CP, are strongly feasible, with
finite optimal values. | < F;, K, € K13 K, S Fop
Fy S Foypy Ky © Ky, Ky © Hygy Ky © Ky, Ky © Hyys
Y1+ 1, = yand & + ¢, = c. If one lets the number of intervals
inm, ', my and m, be the same and both of them equal to m,
then there exists a constant T' > 0, which is independent of m,
such that

(60)

3|

v (SCP2 (71' (e, ez))) —v(SCP, (n (e, ¢,))) <

Consequently, one must have v(SSCCP) = v(SSCCP™); that is,
strong duality holds.

Proof. First note that strong duality follows immediately from
the inequality in (60) by lettingm — 00, taking into account
the inequalities in Proposition 10.

To establish the error bound in (60), consider the follow-
ing primal-dual pair of conic programs:

(SCP) max H i+d X+h v+d 7
+ h;3z’0 + d;ﬁ

st. gn -G, u-F, XX,

Mathematical Problems in Engineering

D€ H sy, X€Hyp, VE€Hsipm,

y € %41,m2, (RS %32,m2, Z € 7{42,”12,

(61)
(SCP*) min g+ fpl + gup + fud
+ glllfA"' flllg
st Gyt FLT-hy € T,

=~ =

F h-d,¢ L%ZLMZ,

ny
é:nzﬁ + ﬁr,nﬁ —hy € *%;2,":2’
ﬁr,nzﬁ —dy € ‘%ZZ,mz’
Gy (h+ P)+ G, f+H,, G
-h, € X,

3,m,>

o7 *
lef_dul € L%‘4,7;11’

ra * —~ * T *
JeHius GEH,y,,, heHi,,
T * ~ * —~ *
le Hymy PEHigmy, 4E€Hpu,.

(62)

Note that the problem in (62) has the same constraints as
SCpP, (71'((—:1 ,€,)) but the objective function of SCP; (11(e;, €,)),
whereas the problem in (8) has the constraints of
SCP, (7(€;, €,)) but the objective function of SCP; (' (€1,€)).
Hence, both primal and dual are strongly feasible, since
SCP, ((€,, €,)) and SCP, (7' (¢,, €,)) are. Consequently they
both have optimal solutions and their respective optimal
objective values coincide.

We denote the optimal solutions for SCP as
(@*,x",v*,y",w",z") and the optimal solution for SCP* as
(h*,T*,p*,G", f*,"). Note that these are feasible solutions
to SCP,(7(€;, €,)) and SCPZ(ﬂ'(el,ez)), respectively. Hence,
we have

v(SCP, (7 (&),€,))) = hl'lﬁ* + dl'ly?* + hl'ﬁ*
+ dl'2)7* + hl'az’D* + d,'sz* + %d'fo,
v (SCP2 (”, (61’ 62))) < g;zﬁ* + fizi* + Ez_zbﬁo + 91:313*

P € —~ Tk 3k
+ 1;3‘1 + Ezbzl% + 91,41f + f;19 .
(63)

Hence,
% (SCP2 (71' (€1 ez))) - v(SCP, (7 (&1, ¢,)))
T x T € T ~x ~k
< g;zh + fizl + Ezblllo + 91,4317 + féaq

€ —~ rad ~k
+ Ezbzl% + 9;1f + f:ug
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hl ~k dl K hl P dl 3 hl sk
—\fpy tapx +npvotdpy +hpw
~ € ~
+dpzt + Eld'xo)

!
- €, -

=|9n- 2

- !

o ||+ 2+ ban)

L L 2 J

€ « 5. €
—Ez(d1 +d,) + ?ld

+|d, 0 X"
0
- €. a1
—C,
62 1
_ 2¢ .
+|h,-| 2 v
;.
L 21/ ]
- 62 o -1
—=d
20 !
+ a\uZ_ . 5;*
L 0 i
- €. -1
62(2
2 o
~ —=¢, i
+|hs-| 2 )
Gz‘v
L 2 @ i
_ . !
>
+|d, 0 z'+ ez—ld'xo
| 0

(64)
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Ifm,
have

=m, = m, then¢; = Ty/m, e, = (T —T,)/m. Hence, we

v(SCP, (7' (e1,6,))) = v (SCP, (n (1 €,)))

<L [—(T—mai(i

- (T- Tl)a; (

o
(8

m
+(T—T1)51’<Z ) (T-T,)d 1J’m
j=1

fl; >+(T1b -(T-Ty) bl)lf;;

PAs

A; >+(T1b -(T-Ty) bz)IEI:n

Il
—

J

P4§

I
—

h4§

1+d2)+T d)

]*> T,b gr*n (T-T) (bﬁo + bzl%)

.
Il
—

'P4§

1

+(T-T1)g’< >+(T T))d)z!, Tld'a?()].

(65)

J

From the primal feasibility of (", X*,, %", ¥, @w",2"), we
have

o+ Ta- G<

1M§

)—Ff;e%l,

le_H<§al*> € %2)

i=1

oc1+Ta1—G(Zﬁf>—G<

i=1 i=1

(T-T))b _H(Z?:) € F
i=1

oc2+Ta2—G( ﬁf)—G(
i=1 i=1

(T_T1)b2_H( mf) € Ho

i1

vi*)_F)A’;, € F >
m) _FE e Ty

m m
~% ~k ~%
Zui €Hy X,€HK, Zvi € H11»

i=1 i=1

m
o~k —~%k ~%
Y € E a1 Zwi € K 2, € Ky

i=1
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So we know that (32, @5, X, Y V), o Yo, W,

i=1 1’xm zll’ym’
feasible solution to CP,. Thus,

.2, is a

Tlc'malf"—( (T-1,)(d, +

i=1

)+ T d)
+(T-T,) E{ZV +(T - Tl)lem
i=1 (67)

LT -T)EY D + (T

i=1

-Ty)dz,
<v(CP,).

Similarly, from the dual feasibility of (h*,1*, p*,3", f*,§")s
we have

(68)

Yi e T Y €T

i=1 i=1

m
Q€ Ky DI €HL, GyeHs.

i=1

Hence, (Y k.1
solution to CP,, and

(-1 (ih) (- (r-T)B)T,

szl D@ 2y ﬁ*’ ) is a feasible

(T-T))a, <i

j=1

a <Zf]> +Tb'g
j=1

v(CP,).

) (Tyo— (T -T,)b) G,

(69)
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Putting the above together, we have

v (SCP2 (”, (€1>€2))) - v(SCP, (7 (e1,¢,)))
1
S%[—V(CP2)+V(CP1)+(T—T1) (70)
x (bily +bydy) — Tyd' % | .
Hence, we can let

r= 1 [-v(CP,)+v(CP)+(T-T)
2 (71)

x (bl + bgy) - Tyd' %, ]

and I < oo, since v(CP;) < oo and v(CP,) < 0o as assumed.
O

6. The Approximation Algorithm

Proposition 10 and Theorem 11 suggest that we can solve
SSCCP and their dual approximately through solving
their discretized versions, the ordinary conic program
SCP,(71(e;,€,)) and SCPz(n'(el,ez)). The latter is readily
solvable by standard algorithms, for example, SeDuMi [27],
and the (discrete) solution can then be extended into the
piecewise-constant control and piecewise-linear state vari-
ables as a feasible solution to SSCCP. Furthermore, the
explicit error bound in (60) means that we can achieve any
required accuracy by partitions 71(e;, €,) and 71’ (¢, €,) with a
sufficiently large number m to construct the discretized conic
programs SCP, (7z(e,, €,)) and SCP, (7' (¢, , €,)). Specifically, if
0 is the required accuracy, then we can choose

m=[5]. 72)
where (refer to the end of the proof of Theorem 11)

I:= % [-v(CP)+v(CP)+(T-T))

(73)
x (bily +bydy) - Tyd'%, | .
Then, from (59) and (60), we have
v (SSCCP*) — v(SSCCP) < v (SCP, (7' (¢}, ¢,)))
(74)

v (SCP, (n(e1,)) £ - <6,

That is, the duality gap is guaranteed to be no greater than J.
To select m following (72), we need to first derive I'. This
involves solving the two conic programs CP, and CP,. In
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addition, we also need to determine %, I, and g,. This can be
accomplished by solving the following three conic programs:

I ~
max d X,

st. a-Fx, € X,
Xy € Ky

min b'To

st. H'l)—j, € %3, (75)
Iy € %3,

min b,

st. H'Gy—j, € *3y
Qo € F

Note that the constraints of the above three problems
originate from (14) and (27). Clearly, maximizing d'%, and
minimizing both b'T, and b'g, improve our estimation of the
error bound.

In summary, our algorithm amounts to solving six conic
programming problems: CP,, CP,, (75), and SCP, (1(¢,, €;)).
Conic programs are known to be polynomially solvable.
Hence, ours is a polynomial-time algorithm.

Of course, with m increases, the computational burden in
terms of solving the discretized problems increases. However,
the discretized problems are all ordinary conic programming
problem and they are polynomially solvable. There exist soft-
wares (e.g., SeCuMi [27], CVXOPT [28], etc.) which can solve
conic programming problems efficiently. So the increased
computational burden does not really pose a problem in this
algorithm.

7. Conclusion and Future Work

In this paper, we have developed a duality theory for SSCCP,
which is an important extension on SCCP. Specifically, we
have shown that the strong duality between SSCCP and its
dual is implied by two related ordinary conic programs CP;
and CP, being strongly feasible with finite optimal values.
We have also developed a polynomial-time approximation
algorithm that solves SSCCP to any desired accuracy with an
easily computable error bound, based on the strong duality
result.

All these results can be readily generalized for SSCCP
with three or more stages and with finite number of scenarios
in each stage, without essential difficulty.

From Theorem1l, we know that as m — 00, the
duality gap tends to 0, and the optimal objective value of
the discretized conic program v(SCP, (71(e;, €,))) approaches
the optimal objective value of the original SSCCP. In the
future, we plan to investigate whether the optimal solution
to SCP, (11(€,, €,)) will also approach the optimal solution to
SSCCP.
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