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Abstract

In this paper, we consider the H1 optimization prob-
lem for systems with a hierarchical structure. We pro-
pose an iterative algorithm to treat the problem. In
each iteration of our algorithm, we need to solve a
problem of H1 optimization feature, but with a much
smaller dimension. We also show that the solution of
the optimization problem in each iteration can be ob-
tained by solving a set of linear matrix inequalities.
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1 Motivation

The chain of command in military operations gives a
natural hierarchy and decomposition strategies. The
notion of hierarchical optimization is not a new one
and has been studied for over thirty years. The large
scale nature of the military operations' decision mak-
ing problem in the presence of uncertain data and an
intelligent adversary makes the problem more diÆcult.
This class of problems have not been previously dealt
with. The recent advances in robust control theory and
the associatedH1 optimization problems have given us
new tools and techniques unlike those considered in the
past. Some of the relevant issues that we consider here
include the presence of a large number of variables and
constraints, dynamic nature of the optimization prob-
lem, presence of an intelligent adversary. We begin by
formulating the mathematical model.

2 Mathematical Model

In this section, we will formulate a mathematical model
of an \hierarchical H1 optimization problem". We as-
sume that there is a natural decomposition of the sys-
tem which has been already chosen, as shown in Fig-
ure 1. Each node in the �gure represents a \sector" that
is a representative of a certain level of granularity of the
model. Typically, this could represent a speci�c geo-
graphical region where a person is in command. As we
move from bottom to top in the �gure, we assume that
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Figure 1: Hierarchical structure in the military operations

model

we are moving higher in the chain of command. The
topmost node represents the top level of the command
hierarchy. At each sector, there are several types of
resources present. Examples include number of tanks,
aircrafts, bombers, radars, men, food supplies etc. Our
objective is to distribute these resources among the var-
ious sectors in order to suppress the enemy activities.

This problem is combinatorial in nature and the com-
plexity increases dramatically even with a few choices of
resources and sectors. The dynamics of the problem in-
troduces even larger number of variables that makes the
problem intractable. We would therefore like to approx-
imate the problem and also use the hierarchical struc-
ture to design a suboptimal control strategy. There
are two di�erent ways of approximating the problem:
one can formulate a detailed and fairly accurate nonlin-
ear model of the system and use a generic optimization
method to obtain a suboptimal solution for this highly
nonconvex problem, or on the other hand, one can ap-
proximate the mathematical model instead and obtain
the optimal solution to the optimization problem using
the interior point methods. We will use the second ap-
proach and pose the problem as an H1 optimization
problem. This would allow us to include the enemy
as an intelligent adversary as opposed to a disturbance
that we would like to suppress.

The mathematical model used is a linearized model of
the 
ow of resources. We use a symmetrical model for
both friendly and enemy resources in any given sector



and they are represented in any given sector as

xs(n+ 1) = xs(n) + rs(n)� us(n)� �s ys(n) (1)

ys(n+ 1) = ys(n) + ds(n)� ws(n)� �s xs(n) (2)

where xs represents friendly resources in sector s, ys
the enemy resources in the same sector, rs are friendly
resources coming from upper level, us are friendly re-
sources leaving sector s, ds are enemy resources from
his upper level and ws the enemy resources that leave
the sector. The term �s ys(n) represent a linearized
con
ict loss model for friendly resources and similarly
there is a corresponding term in enemy state evolution
equations. The parameter �s represents a percentage
of loss the enemy could in
ict in this sector. The con-

ict loss term is nonlinear in general, but by choosing
variables that are variations about a nominal value, we
could linearize this term and represent them as above.
Our objective then is to regulate about these nominal
values. One way to see the importance of this approach
is by assuming that an initial strategy has been de-
signed that brings the state of the system to a desired
value. We then use the method that will be described
here to maintain this desired state even in the presence
of an active intelligent adversary.

2.1 Centralized H1 Optimization Approach

The combined state-space equations (written in con-
tinuous time) of all the sectors can be written in the
following standard form

_x = Ax+B1w +B2u (3)

where x represents both the friendly states and the en-
emy states. The control variables that we need to de-
sign are given by u and the enemy disturbances are
represented as w. Here, not all states are measurable
(clearly not all enemy states are known) and the mea-
surements do have some errors. Let us represent all the
measured variables by y. In addition, we have some
performance variables z. These variables are chosen
such that they represent the cost in moving friendly re-
sources, superiority in each sector, etc. This model is
shown in Figure 2.
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Figure 2: Centralized model

The objective of the centralized H1 optimization prob-
lem is to design the control u as a function of y such
that the worst case 2-norm of the performance variables
z over all disturbances w with jjwjj2 � 1 is minimized.

This centralizedH1 optimization problem has been ex-
tensively studied in the last two decades and the solu-
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Figure 3: Model with hierarchical structure

tion can be obtained by either solving the Riccati equa-
tions associated with the system [1], or solving a sys-
tem of Linear Matrix Inequalities (LMIs) [2]. Recently,
very eÆcient interior point methods that have been de-
veloped to solve these LMI's in particular. However the
large dimensionality of our problems make the size of
the LMI's suÆciently large that the interior point meth-
ods become intractable. So our approach is to decom-
pose the problem by using the hierarchical structure
and rewrite them in such a way that we still preserve
the H1 structure at each level. Further, the aim is to
have a small dimensions at each level enabling us to
use the eÆcient interior point methods on these lower
dimensional LMI's. We describe this in greater detail
in the following section.

2.2 Hierarchical H1 Optimization Approach

We formulate a hierarchical model by dividing the prob-
lem into several levels as shown in Figure 3. In this for-
mulation, the performance objectives are chosen from
the top level to the bottom level whereas the con-
trol design problem is solved from bottom to the top
level. The nodes in the �gure are represented as sec-
tors (shown as S0; S1 etc).

As we have mentioned earlier, one of the main drawback
in the centralized approach is that the combined state-
space has a very large dimension. Therefore, our pri-
mary objective in formulating a hierarchical approach is
to reduce the size of the state-space at each sector. The
second important feature is to have the same structure
of equations at each level in the hierarchy. The third
feature we need in order to claim that it is a hierar-
chical H1 problem is that the objective that is passed
from one level to the higher level is in such a way that
we still have a suitable generalized H1 problem at the
higher level. In other words, we would like to formulate
the hierarchical problem with the above three features
by satisfying the same global performance objective as
that of the centralized problem. We further need to
ensure internal stability of the combined system.



One of the main diÆculties that we encounter in trying
to formulate a hierarchical problem is that the diÆculty
of the control design problem as we go higher in the hi-
erarchy, should not be increased due to an unreasonable
choice of objective at the lower levels. This is re
ected
in the choice of objectives as well as the choice of the
reduced order model that is passed to the upper level.
In the rest of this section, we will proposed an iterative
algorithm which has the three feasures mentioned above
to solve the hierarchical H1 optimization problem.

Let us consider sector S1 shown in Figure 3. A brief
description of the signals involved are (see Figure 3):

w: current sector enemy resource allocations.

d: upper level enemy resource allocations.

r: upper level friendly resource allocations that are
passed onto the current sector.

k: index of all sectors of the lower level connected to
the current sector.

wk: enemy disturbances of all sectors in the lower level
(represented by index k) connected to the current
sector. This is similar to the variable w described
above, but that corresponding to the sector k of
the lower level.

dk: similar to the variable d corresponding to the sec-
tor in lower level k.

uc: current sector friendly resource allocations that
need to be designed.

rk : current sector friendly resource allocations that
are passed onto the lower level sector k. This
signal corresponds to the signal r described above
of the sector k in the lower level.

y: all the measurement signals.

z: current sector performance variables.

The approach taken to solve the hierarchical optimiza-
tion problem can be outlined conceptually as (taking as
a speci�c example from the Figure 3)

1. the reduced-order states and the objectives of sec-
tors S2 and S3 are passed to S1.

2. current objective and objectives from S2 and S3
are combined to form a generalized H1 problem.

3. solve the H1 problem for the controls and simul-
taneously the reduced-order states and objective
of S1 to pass to S0.

4. the same process is repeated at all the other sec-
tors.

We now describe the above steps in greater detail. Fig-
ure 4 shows the plant dynamics expressed in the stan-
dard form for a current sector level. Some of the sectors
may not have all the signals shown in the �gure (for ex-
ample, the topmost level will not have w; d and r, while
the lowest level will not have wk; dk and rk). We have
split the disturbance and control signals so that the hi-
erarchy becomes apparent. We begin by �rst writing
the state-space equations of the current sector level as
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Figure 4: Plant dynamics of a current sector expressed in

standard form

given in equations (1) and (2) in a more general form
(and in continuous time) as

_x = Ax+B1w +B2d+B3r +B4uc +B2kdk +B3krk

z = C1x+D11w +D12d+D13r +D14uc +D13krk

y = C2x+D21w +D22d+D23r; (4)

where y is the measurements in the current sector, and
z is the current sector performance variables. We have
used the notation that repeated index k as in, for exam-
ple, B2kdk is actually a summation

P
k2K B2kdk where

K is the set of all lower level sectors connected to the
current sector. The states of a suitable \reduced-order"
system passed from the lower level k are represented by
x�k

and the corresponding state-space equations are
given by

_x�k
= A�k

x�k
+Bwk

wk +Bdkdk +Brkrk (5)

and the objectives from the lower level sectors are given
by Z +1

�1

~d0k�
k(!) ~dkd!; ~d0k =

�
w0k d0k r0k

�0
: (6)

We now represent the current sector generalized H1

optimization problem as minimizing the maximum
eigenvalue over all frequencies of �(!) of the form

�(!) =

0
B@ 0 �1(j!) �2(j!)

�1(j!)
0 
11(!) 
12(j!)

�2(j!)
0 
12(j!)

0 
22(!)

1
CA (7)

in other words, we want to solve

max
!

�max(�(!)) ! min; subj to

jjzjj2 +

nlX
k=1

Z +1

�1

~d0k�
k(!) ~dkd! � �(jjwjj2 +

nlX
k=1

kdkk
2)

+

Z +1

�1

~d0�(!) ~d d! 8 w; d; r; wk and dk; (8)

for a given value of �. Here, ~d0 =
�
w0 d0 r0

�0
. Note

that in (8), nl denotes the number of sectors that is
under control of the current one. For example, nl = 2
for the sector S1 of the system in Figure 3. The design



variables are uc; rk; �1(j!); �2(j!); 
11(!); 
12(j!) and

22(!). Note that this optimization problem is a convex
optimization problem jointly in all the design variables
if we rewrite equation (8) in terms of the Youla param-
eter.

Let us represent the states of the system �(!) as x�
with state-space representation given by

_x� = A�x� +Bww +Bdd+Brr: (9)

These are the reduced-order states of the current sector
which, together with the objective

Z +1

�1

~d0�(!) ~d d!

will be passed to the upper level. We use the same pro-
cedure for all the sectors for the same value of � starting
from the lowest level. The global objective in the hier-
archical optimization problem is to obtain the smallest
value of � by using a binary search. We illustrate the
algorithm by the following simple example.
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Figure 5: Example for hierarchical H1 design algorithm

Example 1. Consider the hierarchical system shown
in Figure 5. The friendly resources are divided into
three sectors and the sector located in the upper po-
sition has control of the resources in the lower sectors.
We assume that our enemy has the same command hier-
archy. Each wk represents the in
uence on the friendly
resources at the sector from the enemy at the same level.
The enemy's resources movement should also have some
in
uence on our resources. These in
uences are cap-
tured by dk, another disturbance to the corresponding
sector, as shown in the �gure. Let zk denote the per-
formance measurement of each sector, and our goal is
to design uck and rk such that

2X
k=0

kzkk
2 � �(

2X
k=0

kwkk
2 +

2X
k=1

kdkk
2) (10)

for some �. Let ~d01 =
�
w01 d01 r01

�
, and ~d02 =�

w02 d02 r02

�
. By the proposed algorithm, we �rst se-

lect a �1, say 1. Then we try to solve the optimization
problem

max
!

�max(�2(!)) ! min; subject to;

kz2k
2 � �1kw2k

2 +

Z +1

�1

~d02�2(!) ~d2 d!; 8 ~d2 (11)

to obtain the control strategy uc2 and a reduced-order
model �2(!) for sector S2. Supposed (11) is solvable.
We then pass �2(!) to the upper sector, move up to
the next level and solve

max
!

�max(�1(!)) ! min; subject to;

kz1k
2 +

Z +1

�1

~d02�2(!) ~d2 d! � �1(kw1k
2 + kd2k

2)

+

Z +1

�1

~d01�1(!) ~d1 d!; 8 w2; d2; ~d1; (12)

to obtain uc1, r2 and �1(!) for the sector S1. Finally,
we move up to toppest level and solve

Find uc0 and r1; such that; (13)

kz0k
2 +

Z +1

�1

~d01�1(!) ~d1 d! � �1(kw0k
2 + kd1k

2);

for all w0, w1, d0 and d1. It is obvious that if we do
solve (11) (12) and (13), then we indeed obtain a con-
trol strategy (uck, rk) such that (10) holds for the �1
we select. We then take �2 = 0:5�1 and repeat the pro-
cedure. If any one of (11) (12) (13) is unsolvable, we
increase the value of � and restart the procedure from
the buttom level, i.e., (11). We stop the precedure when
the � we obtain matches a certain pre-set precision.

3 Solution for Hierarchical H1 Control

Synthesis

In the previous section, we proposed an iterative algo-
rithm for H1 control synthesis of hierarchical systems.
In each iteration of the algorithm, we have to solve an
optimization problem: For a given �,

min
utot=Ky; �(!)

max
!

�max(�(!)); subj to

jjzjj2 +

nlX
k=1

Z +1

�1

~d0k�
k(!) ~dk d! � �jjwjj2 + (14)

�

nlX
k=1

kdkk
2 +

Z +1

�1

~d0�(!) ~d d! 8 ~d; wk and dk;

where ~d0k =
�
wk

0 dk
0 rk

0

�
, ~d0 =

�
w0 d0 r0

�
,

utot
0 =

�
uc
0; r1

0; � � � ; rnl
0

�
, and K denotes the dynamic



controller that we would like to design. In the follow-
ings, we will show that solving optimization problem
(14) is equivalent to solving a set of Linear Matrix In-
equalities (LMIs). The advantage of having LMI formu-
lation is that the optimization can be done by eÆcient
numerical algorithms [5, 4].

We �rst observe that each �k(!) in (14) has the same
structure as �(!) and satis�es

�k
I (!) := �k(!) +

0
B@�I 0

0

1
CA > 0; 8 !: (15)

The reason for (15) is that each �k(!) was obtained by
the same type optimization problem as (14) in the lower
level sectors, in which �k(!) plays the role of �(!). In
problem (14), since the inequality has to be satis�ed for
all ~d, wk dk, we conclude that, by setting wk = dk = 0,

kzk2 +

nlX
k=1

Z +1

�1

rk
0

(k)
22 (!)rk d! � �kwk2

+

Z +1

�1

~d0�(!) ~d d!; 8 ~d: (16)

Inequality (15) follows the fact that the left-hand size
of (16) is positive-de�nite.

Since �k
I (!) is positive de�nite, it can be factorized as

	k(j!)�	k(j!). Let w�k

0 =
�
wk

0 dk
0

�
and the state-

space representation of 	k(j!) be

	k :

(
_x�k

= Akx�k
+Bk1w�k

+Bk2rk

zk = Ckx�k
+Dk1w�k

+Dk2rk
:

Incorporate the open-loop system in (4) with all 	k,
k = 1; 2; � � � ; nl, we obtain a combined system

Gtot :

8><
>:
_xtot = Atotxtot +Btot1wtot +Btot2utot

ztot = Ctot1xtot +Dtot11wtot +Dtot12utot

y = Ctot2xtot +Dtot21wtot

;

where x0tot =
�
x0; x0�1

; � � � ; x0�nl

�
is the vector

of all state variables, z0tot =
�
z0; z01; � � � ; z

0

nl

�
is

the total performance measurement, and w0tot =�
w0; d0; r0; w0�1

; � � � ; w0�nl

�
is the collection of all distur-

bances. Integral inequality in (14) can be equvalently
written as

kztotk
2 � �kwtotk

2 � �krk2 +

Z +1

�1

~d0�(!) ~d d!:

As oppose to �k(!), �(!) in (14) plays the role of a
reduced-order model of the current sector and is one of

the decision variables that will be determined by the
optimization process. In order to make a �nite dimen-
sional optimization problem, we select a set of bases

f
1

s+ ak
: ak > 0; k = 1; 2; � � � ; np g

and let �(!) = ~�(j!) + ~�(j!)�, where

~�(s) = ~�0 +

npX
k=1

~�k

1

s+ ak
; (17)

~�k =

0
B@

0 ~�
(1;2)
k

~�
(1;3)
k

~�
(2;1)
k

~�
(2;2)
k

~�
(2;3)
k

~�
(3;1)
k

~�
(3;2)
k

~�
(3;3)
k

1
CA ; k = 0; 1; � � � ; np;

and every one of ~�
(i;j)
k is a matrix variable that will be

determined by the optimizer. By (17), we can express

�jjrjj2 +

Z +1

�1

~d0�(!) ~d d! (18)

in the time-domain as

�1(x�1
; wtot) :=

Z
1

0

 
x�1

wtot

!0 
0 F1

F01 R1

! 
x�1

wtot

!
dt;

_x�1
= A�1

x�1
+B�1

wtot; (19)

where A�1
, B�1

are constant matrices, and F1, R1 =

R0

1 are matrix variables which consist of ~�
(i;j)
k . Since

their structures are irrelevant to the LMI formulation,
we will neglect the detailed construction of A�1

, B�1
,

F1, and R1.

As we mentioned before, �(!) serves as a reduced-order
model of the current sector and will be passed to the
next level of the hierarchy as a part of the control de-
sign objective. Therefore, it is important that the bases
1=(s+ ak) we choose are able to re
ect the frequency-
domain features of the current sector. It is also impor-
tant that the order of �(!) is signi�cantly smaller than
the order of the current sector, otherwise we miss the
main point of introducing the hierarchical structure.

Let 
 = max! �max(�(!)) and ~w0 =
�
w0; d0; r0

�
. By the

de�nition of 
, we have the integral quadratic constraintZ +1

�1

~w0(�(!)� 
I) ~w d! � 0; 8 ~w: (20)

Similarly, we can express the integral form in (20) as

�2(x�2
; ~w) :=

Z
1

0

 
x�2

~w

!0 
0 F2

F02 R2

! 
x�2

~w

!
dt;

_x�2
= A�2

x�1
+B�2

~w; (21)

for some constant matrices A�2
B�2

and variable ma-
trices F2 R2. Notice that F2 and R2 are also functions
of �

(i;j)
k and not independent from F1 and R1.



By (19) and (21), we can express problem (14) as

min
K; 
; ~�k


 subj to; (22)(
jjztotjj

2 � �jjwtotjj
2 � �1(x�1

; wtot)

�2(x�2
; ~w) � 0

; 8 wtot;

where ztot, wtot, ~w, x�1
, and x�2

satisfy the following
dynamical systems

Gtot :

8><
>:
_xtot = Atotxtot +Btot1wtot +Btot2utot

ztot = Ctot1xtot +Dtot11wtot +Dtot12utot

y = Ctot2xtot +Dtot21wtot

G�1
: _x�1

= A�1
x�1

+B�1
wtot

G�2
: _x�2

= A�2
x�1

+B�2
~w:

It is shown in [3] that problem (22) can be casted as
an optimization problem over a set of LMIs.

Theorem 1 : Assume that Dtot12 is of full column

rank and has the structure D0

tot12 =
�
D̂0

12
�D0

12

�
with

an invertable D̂12. Let ~B2 = Btot2D̂
�1
12 and ~D0

12 =

(D̂12)
�1D0

tot12. Let
�
W 0

r1
W 0

r2

�0
be the null space of�

Ctot2 Dtot21

�
, and W 0

l1
=
�
� �D12D̂

�1
12 I

�
, W 0

l2
=�

� ~B2 0
�
be such that

�
~B0

2
~D0

12

� 0 I

Wl1 Wl2

!
= 0:

Then there exist a controllerK, ~�k for k = 1; 2; � � � ; np,
and 
 which solve the optimization problem (22) if and
only if there exist P = P0 > 0, E1 = E01 > 0, E2 =
E02 > 0, E3, 
, ~�k for k = 1; 2; � � � ; np, and

S = S0 =

 
S1 S3

S03 S2

!
> 0;

which solve the following problem

inf 
; subj to

(
L1 < 0; L2 < 0

L3 > 0; L4 < 0
(23)

where

L1 =

0
BBB@

�W 0

l1
Wl1 �1 W 0

l1
Ctot1E3 W 0

l1
Dtot11

�1
0 �2 �3 �4

E3
0C 0tot1Wl1 �3

0 �5 E2B�2
� F1

D0

tot11Wl1 �4
0 B0

�2
E2 �F01 �R1

1
CCCA

L2 =

0
B@S2A�1

+A0�1
S2 �6 0

�6
0 �7 �8

0 �8
0 �I

1
CA

L3 =

0
B@S1 S3 I

S03 S2 �E2 �E03
I �E3 E1

1
CA

L4 =

 
A�2

P+PA0�2
PB�2

+F2

B0

�2
P+ F02 R2

!

�1 =Wl1
0(Ctot1E1 �Wl2)

�2 = AtotE1 +E1A
0

tot +E1C
0

tot1Wl2 +W 0

l2
Ctot1E1

�W 0

l2
Wl2

�3 = (Atot +W 0

l2
Ctot1)E3 �E3A�1

�4 = Btot1 +Wl2
0Dtot11 �E3B�2

�5 = E2A�1
+A0�1

E2

�6 = (S03Atot +A0�1
S03)Wr1 + (S03Btot1 + S2B�2

)Wr2

�F1Wr2

�7 =W 0

r1
(S1Atot +A0totS1)Wr1 +W 0

r1
S1Btot1Wr2

+W 0

r1
S3B�2

Wr2 +W 0

r2
(B0

tot1S1 +B0

�2
S03)Wr1

�W 0

r2
R1Wr2

�8 =W 0

r1
C 0tot1 +W 0

r2
D0

tot11

Suppose that (23) is solvable. A stabilizing controller
K which solves (22) can then be recovered by again
solving a set of LMIs. See [3] for the details.

4 Concluding Remarks

We propose an iterative algorithm for H1 hierarchical
optimization problem. The algorithm has three impor-
tant feastures: First of all, the size of the optimization
problem in each iteration is signi�cantly smaller than
the one of the centralized optimization approach. Sec-
ondly, the optimization problem in each iteration has
the same structure. Finally, in each iteration, the op-
timization problem is a generalized H1 problem which
we know how to solve eÆciently by numerical algo-
rithm. How well can the algorithm reduce computation
complexity while still obtain a satisfactory suboptimal
solution is subject to the future research.
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