NORTH ATLANTIC TREATY RESEARCH AND TECHNOLOGY

ORGANISATION ORGANISATION
AC/323(SCI-195)TP/220 www.rto.nato.int
RTO EDUCATIONAL NOTES EN-SCI-195

Advanced Autonomous Formation Control and
Trajectory Management Techniques for Multiple
Micro UAV Applications

(Contrdle d'une formation autonome évoluée, et gestion des
trajectoires. Techniques d'applications pour micro UAV multiples)

The material in this publication was assembled to support a Lecture Series
under the sponsorship of the Systems Concepts and Integration Panel (SCI)
presented in Glasgow, United Kingdom, on 19-20 May 2008; in Pamplona, Spain,
on 22-23 May 2008 and in Cleveland, Ohio, USA, on 5-6 June 2008.

I
AR
N |7

I

Published June 2008




ORGANIZATION

y

The Research and Technology
Organisation (RTO) of NATO

RTO is the single focus in NATO for Defence Research and Technology activities. Its mission is to conduct and promote
co-operative research and information exchange. The objective is to support the development and effective use of
national defence research and technology and to meet the military needs of the Alliance, to maintain a technological
lead, and to provide advice to NATO and national decision makers. The RTO performs its mission with the support of an
extensive network of national experts. It also ensures effective co-ordination with other NATO bodies involved in R&T
activities.

RTO reports both to the Military Committee of NATO and to the Conference of National Armament Directors.
It comprises a Research and Technology Board (RTB) as the highest level of national representation and the Research
and Technology Agency (RTA), a dedicated staff with its headquarters in Neuilly, near Paris, France. In order to
facilitate contacts with the military users and other NATO activities, a small part of the RTA staff is located in NATO
Headquarters in Brussels. The Brussels staff also co-ordinates RTO’s co-operation with nations in Middle and Eastern
Europe, to which RTO attaches particular importance especially as working together in the field of research is one of the
more promising areas of co-operation.

The total spectrum of R&T activities is covered by the following 7 bodies:

o AVT Applied Vehicle Technology Panel

¢ HFM  Human Factors and Medicine Panel

e IST Information Systems Technology Panel

¢ NMSG NATO Modelling and Simulation Group

e SAS System Analysis and Studies Panel

e SCI Systems Concepts and Integration Panel

e SET Sensors and Electronics Technology Panel
These bodies are made up of national representatives as well as generally recognised ‘world class’ scientists. They also
provide a communication link to military users and other NATO bodies. RTO’s scientific and technological work is
carried out by Technical Teams, created for specific activities and with a specific duration. Such Technical Teams can

organise workshops, symposia, field trials, lecture series and training courses. An important function of these Technical
Teams is to ensure the continuity of the expert networks.

RTO builds upon earlier co-operation in defence research and technology as set-up under the Advisory Group for
Aerospace Research and Development (AGARD) and the Defence Research Group (DRG). AGARD and the DRG share
common roots in that they were both established at the initiative of Dr Theodore von Kérman, a leading aerospace
scientist, who early on recognised the importance of scientific support for the Allied Armed Forces. RTO is capitalising
on these common roots in order to provide the Alliance and the NATO nations with a strong scientific and technological
basis that will guarantee a solid base for the future.

The content of this publication has been reproduced
directly from material supplied by RTO or the authors.

Published June 2008

Copyright © RTO/NATO 2008
All Rights Reserved

ISBN 978-92-837-0064-7

Single copies of this publication or of a part of it may be made for individual use only. The approval of the RTA
Information Management Systems Branch is required for more than one copy to be made or an extract included in
another publication.

RTO-EN-SCI-195



REPORT DOCUMENTATION PAGE OMa N Dron o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
01-06-2008

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Advanced Autonomous Formation Control and Trajectory Management Techniques

for Multiple Micro UAV Applications 5b. GRANT NUMBER

(Contréle d'une formation autonome évoluée, et gestion des trajectoires. Techniques

d'applications pour micro UAV multiples) 5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

NATO

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)
RTO-EN-SCI-195

12. DISTRIBUTION / AVAILABILITY STATEMENT
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

Supporting documents are attached to the report as separate files (PDF, HTM).

14. ABSTRACT

Since the late 1990’s, has developed, amongst many of the NATO countries, a strong interest in developing Micro Unmanned
Air Vehicles (UAV’s) in enhancing the situation awareness on the battlefield in order to improve the accuracy of weapons
targeting, and to aid war fighters in the pursuit of tacticasl missions on the ground. It is the desire to develop a viable
cost-effective overall system design for accomplishing this goal. For example, future Unmanned Air Vehicle (UAV) concepts in
concert with autonomous guidance and control operational scenarios significantly increase the regional functionality, while
opening the design trade (performance specifications) space compared to existing military systems. The complexity of future
NANO UAV’s control systems require that control system design engineers must, at the onset of the design process, be aware
of the essential aspects involved in achieving a successful and a practical control system design and be aware of the
associated computer computational requirements.. That is: factors such as functional requirements, performance specifications,
dynamic model(s), control authority allocation, control system design, simulations, engineering visualization, interactive
simulation, hardware-in-the-loop simulation/implementation, and system test. This lecture series is an excellent forum to
present state-of-the-art system, desian method. and the computational concepts on some or all of these factors.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES
a. REPORT b. ABSTRACT c. THIS PAGE USAR 3 19b. TELEPHONE NUMBER (include area
code)
uu uu 0]

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




ORGANIZATION

Beyond the Classical Performance Limitations
Controlling Uncertain MIMO Systems: UAV Applications
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ABSTRACT

This paper summarizes a new methodology to design sequential non-diagonal QFT controllers for multi-
input-multi-output MIMO systems with uncertainty, which is a central issue in UAV control systems. It
also demonstrates the feasibility of that methodology to control the position and attitude of a 6x6 MIMO
spacecraft with large flexible appendages. The last part of the paper introduces a new practical
methodology to design robust controllers that work under a switching mechanism, going beyond the
classical linear limitations and giving a solution for the well-known robustness-performance trade-off.

1.0 INTRODUCTION

Control of multivariable systems (multiple-input-multiple-output, MIMO) with model uncertainty is still
one of the hardest problems that control engineers have to face in Unmanned Air Vehicle (UAV) real-
world applications. Input-output directionality, coupling among control loops, transmission zeros, pairing,
etc. are some of the main complexities that define a MIMO system. Moreover, model uncertainties
substantially increase such difficulties, making more restrictive the inherent performance limitations of the
control system. In the last few decades a very significant amount of work in linear MIMO systems has
been done. The first technique that made a quantitative synthesis of MIMO systems, taking into account
quantitative bounds on the plant uncertainty and quantitative tolerances on the acceptable closed-loop
system response, was the Quantitative Feedback Theory (QFT) [1]. In the last few years some new
methods for non-diagonal (full matrix) multivariable QFT robust control system design have been
introduced. The first part of the paper introduces a new methodology [2-6] that improves the current non-
diagonal MIMO QFT control techniques. The second part validates the new techniques by applying them
to control the position and attitude of a 6x6 spacecraft with large flimsy appendages [7].

Combining robust designs and stable switching, the control strategy could optimize the time response of
the system by fast adaptation of the controller parameters during the transient response according to
certain rules based on the amplitude of the error. The last part of the paper introduces a methodology to
design a family of robust controllers able to go beyond the classical linear performance limitations. The
methodology is based on both a new graphical stability criterion for switching linear systems and the
robust quantitative feedback theory (QFT) [8].

2.0 NON-DIAGONAL MIMO QFT CONTROL DESIGN METHODOLOGY 7

Control of multivariable systems (multiple-input-multiple-output, MIMO) with model uncertainty are still
one of the hardest problems that the control engineer has to face in real-world applications. Three of the
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main characteristics that define a MIMO system are the input and output directionality -different vectors to
actuate U and to measure Y-; the coupling among control loops -some outputs y; can be influenced by
several inputs u;, and some inputs u; can influence several outputs y;; and the transmission zeros of the
plant matrix.

In the last few decades a very significant amount of work in MIMO systems, too numerous to list here, has
been done. Using MIMO QFT, Horowitz proposed to translate the original nxn MIMO problem into n
separate quantitative multiple-input-single-output MISO problems, each with plant uncertainty, external
disturbances and closed-loop tolerances derived from the original problem [1]. Two different approaches,
the so-called sequential and non-sequential methods, consider in successive iterative steps an equivalent
plant that either takes also into account the controllers designed in the previous steps, or only deals with
the plant respectively.

However, although such original MIMO QFT methods take the coupling among loops into account, they
only propose the use of a diagonal controller G to govern the MIMO plant. This structure can be improved
using non-diagonal controllers. In fact, a fully populated matrix controller allows the designer much more
design flexibility to control MIMO plants than the classical diagonal controller structure. The use of the
non-diagonal components can also ease the diagonal controller design problem. In the last few years some
new methods for non-diagonal multivariable QFT robust control system design have been introduced. For
the sake of clarity, this section summarizes a previous work [2-7] that extends the classical QFT diagonal
controller design for MIMO plants with uncertainty to the fully populated matrix controller design. The
work studies three cases: the reference tracking, the external disturbance rejection at plant input and the
external disturbance rejection at plant output. It presents the definition of three specific coupling matrices
(c1ij, €2, c3ij), one for each case, and introduces a sequential design methodology for non-diagonal QFT
controllers.

2.1  The Coupling Matrix

The objective of this section is to define a measurement index (the coupling matrix) that allows one to
quantify the loop interaction in MIMO control systems. Consider a nxn linear multivariable system -see
Fig. 1-, composed of a plant P, a fully populated matrix controller G, a pre-filter F, a plant input
disturbance transfer function Py, and a plant output disturbance transfer function Py,, where P € IP , IP
is the set of possible plants due to uncertainty, and,

pll(s) plZ(S) pln(s) gll(s) glz(s) gln(s) fll(s) flz(s) fln(s)
P(s)= pZI(S) Pzz(s) pZn(S) : G(S)= gZI(S) gzz(s) an(S) : F(s)z le(s) fzz(s) on(S)
pul6) ) o 2l £als) £0) - £,0) 1) £ald) e £l

)

The reference vector r’ and the external disturbance vectors at plant input &;” and plant output d,” are the
inputs of the system. The output vector y is the variable to be controlled.

It is denoted P as the plant inverse so that,

1 pls) 00 0 . puls)
P =P (s)=[p/ ()= a()+B()=| 0 0 |+| . 0 . @)
0 0 puls)] |puls) 0
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gll(s) 0 0 0 gln(s)
G(s)=G,(s)+G,(s)=| o .. 0o |+ .. 0o . A3)
0 0 g,06) [gals) - 0

where A is the diagonal part and B is the balance of P'; and Gy is the diagonal part and G, is the balance of
G. The next paragraphs introduce a measurement index to quantify the loop interaction in the three
classical cases: reference tracking, external disturbances at plant input, and external disturbances at plant
output. That index is called the coupling matrix and, depending on the case, shows three different
expressions: Cy, C,, C; respectively.

P(s)

—>»f F(s) —»?—» G(s)

Tyr(s) ‘.

Fig. 1 Structure of a 2 Degree of Freedom MIMO System

2.1.1 Tracking

The transfer function matrix of the controlled system for the reference tracking problem, without any
external disturbance, can be written as shown in Eq. (4),

y=(I+PG)'PGr=T,, r=T,,  Fr @)
Using Eq. (2) and (3), Eq. (4) can be rewritten as,

Ty, r=(I+ 47 Gy)" A Gy r+(I1+47 Gy) " A1 (G, r—(B+Gy) T,y v) (5

In the expression of the closed-loop transfer function matrix of Eq. (5), it is possible to find two different
terms:

1. A diagonal term Ty, g,

-1
Ty/r_d = (I+A-1 Gd) A-l Gd (6)

that presents a diagonal structure. Note that it does not depend on the non-diagonal part of the plant
inverse B, nor on the non-diagonal part of the controller Gy. It is equivalent to n reference tracking SISO

systems formed by plants equal to the elements of A" when the n corresponding parts of a diagonal Gy
control them, as shown in Fig. 2a.
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ii. A non-diagonal term 7y v,

Ty =1 +47 G,) ' 4G, ~(B+Gy) T, |= (1 +4° Gy A1 ¢ (7

that presents a non-diagonal structure. It is equivalent to the same n previous systems with internal
disturbances cyjj 1y at plant input (Fig. 2b).

In Eq. (7), the matrix C| is the only part that depends on the non-diagonal parts of both the plant inverse B
and the controller G |, . Hence, it comprises the coupling, and from now on C; will be the coupling matrix

of the equivalent system for reference tracking problems,
C, =G, —(B+Gy) T, @®)

Each element cy;; of this matrix obeys,
n
cLij = &ij (I_Sij)_Z(pik+gik)tkj (1-8i) )
k=1
where 8; is the delta of Kronecker that is defined as,

O = B : (10)
oy =0k #1

r; U; 1 Vi

w
=
v

Vi

v

Fig. 2 i-th equivalent SISO and MISO systems

2.1.2 Disturbance rejection at plant input

The transfer matrix from the external disturbance at plant input d ,' to the output y can be written as shown
in Eq. (11),

RTO-EN-SCI-195 1-4
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y=(I+PG)'Pd, =Ty 4 d; =Ty i Pyi d
and then,
Td=(1+4" G ) A d-(1+4"G,)' 4" (B+G,)T, )4,

In that expression -Eq. (12)- it is possible to find two different terms:

i. A diagonal term 7y g,
- -1 -
Ty/diJi:(I"'A1 Gd) A’

Again, Eq. (13) is equivalent to n regulator MISO systems, as shown in Fig. 3a.

ii. Non diagonal term Tyq; 1,

Ty/difb - (I+A_1 Gd )_] A_l (B+ Gb) Ty/di = (I+A_] Gd )_] A_1 Cz

(11)

(12)

(13)

(14)

that presents a non-diagonal structure which is equivalent to the same » previous systems with external

disturbances cg;; di at plant input, as shown in Fig. 3b.

In Eq. (14), the matrix C, comprises the coupling, and from now on C, will be the coupling matrix of the

equivalent system for external disturbance rejection at plant input problems,

C, =(B+Gy) Ty (15)
di;
0 U; 1 Yi
Sii ' » >
= pll
(a)
0 Vi
—»}} gi >
(b)
Fig. 3 i-th equivalent MISO systems
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Each element c,;; of this matrix obeys,
Cyij = Z(pi*k + &) by (1-0y) (16)
k=1
where §,; is the delta of Kronecker defined in Equation (10).

2.1.3  Disturbance rejection at plant output

The transfer matrix from the external disturbance at plant output d ; to the output y can be written as
shown in Eq. (17),

y:(I+PG)_1 dozTy/do dozTy/do Py, dl; 17
and then,
-1 -1 -1 -1
Tyuo A =(I+ 47" Gy) d,+(I+A4" Gy)” A (B—(B+Gy) Ty, )d, 18)

In that expression -Eq. (18)- it is possible to find two different terms:

1. A diagonal term 7yq, 4,

T4 0= (1+4' G, )_1 (19)

Once more, Eq. (19) is equivalent to the n regulator MISO systems showed in Fig. 4a,
ii. Non diagonal term Tyq,

T, =(I+4" G ) 4" [B-(B+G,)T,,|=(1+4"G,)" 14" C, (20)

that presents a non-diagonal structure. It is equivalent to the same n previous systems with external
disturbances cs;j doj at plant input, as shown Fig. 4b.

In Eq. (20), the matrix C; comprises the coupling, and from now on it will be the coupling matrix of the
equivalent system for external disturbance rejection at plant output problems,

C,=B-(B+G,)T,, Q1)
Each element of the coupling matrix, cs;; obeys,

¢35 = Py (1—&]-)—;(19:; +g) by (1=68,) 22)

where 3,; is the delta of Kronecker as defined in Equation (10).

RTO-EN-SCI-195 1-6
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dOi

Ji

v

Fig. 4 i-th equivalent MISO systems

2.2  The Coupling Elements

In order to design a MIMO controller with a low coupling level, it is necessary to study the influence of
every non-diagonal element g;; on the coupling elements cyjj, ¢2;; and ¢35, defined in Eq. (9), (16) and (22).
These elements can be simplified to quantify the coupling effects. Then it will be possible to analyze the
loop decoupling and to state some conditions and limitations using fully populated matrix controllers. To
analyze the coupling elements, one Hypothesis is stated.

Hypothesis H1: suppose that in Eq. (9), (16) and (22),

‘(p; +gj )tjj‘ >> ‘(pi*k + g3 )], for k# j, andin the bandwidth of (23)

Note that the above expression is scale invariant and is typically fulfilled once the MIMO system has been
ordered according to appropriate methods like the Relative Gain Analysis, etc. Then the diagonal elements
tij will be much larger that the non-diagonal ones 4,

g >ty

, for k # j, and in the bandwidth of t i (24)

Now, two simplifications are applied to facilitate the quantification of the coupling effects cjj, i, c3ij.

Simplification S1: Using the Hypothesis H1, Eqgs. (9), (16) and (22), which describe the coupling elements
in the tracking problem, disturbance rejection at plant input and disturbance rejection at plant output
respectively, are rewritten as shown Table I.

Simplification S2: The elements #; are computed for each case from the equivalent system derived from
Egs. (6), (13) and (19). The results are shown in Table I.

RTO-EN-SCI-195 1-7
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Table I. Simplifications to quantify the coupling effects

Reference tracking External disturbances External disturbances
at plant input at plant output
Simplification Cry = &y~ 1 (p;+gij) ;i#] Cajj =tjj (p;‘*'gij) 5 iij Gy =P; =t (P;+gij) ; 1#]
S1 (25) (26) 27
-1 x—1 1
Slmplg;catzon t= Lﬂ*_l (28) t = L*_l (29) ty=— (30)
I+gj pj; 1+g; pj I+gj pj

Due to Simplifications S1 and S2, the coupling effects cij, c2ij, c3ij can be computed as,

Tracking

_8ji (pi*j+gij)

Clij = &j x ; 1#] @31
(ij t8ji )
Disturbance rejection at plant input

(PSJrgij)

* 1# ] (32)
(ij+ gjj)

Coij =

Disturbance rejection at plant output

L rhirey) L
G =Pi— 7% Y\ o 1#] (33)
o (ij+gjj)

2.3  The Optimum Non-diagonal Controller

Consider non-diagonal controllers to reduce the coupling effect and diagonal controllers that help to
achieve the loop performance specifications. The optimum non-diagonal controllers for the three cases
(tracking and disturbance rejection at plant input and output) can be obtained making the loop interaction
of Egs. (31), (32) and (33) equal to zero.

Note that both elements, p; and p}} , of these equations are uncertain elements of P". Every uncertain

plant p; can be any plant represented by the family,
*® *N * . .
{pij}:pij (1+Aij) , OS‘Aij‘SApij , fori,j=1,...,n (34)
N * . . . ..
where pg is the nominal plant, and Apij the maximum of the non-parametric uncertainty radii ‘Aij‘ .

N N
The nominal plants pS and p;-kj that will be chosen for the optimum non-diagonal controller will

RTO-EN-SCI-195 1-8
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OTAN

follow the next rules:

a)

b)

If the uncertain parameters of the plants show a uniform Probability Distribution (Fig. 5a) —which is

typical in the QFT methodology-, then the elements p; and p;j for the optimum non-diagonal
N N
controller will be the nominal plants pi? and p}kj , which minimise the maximum of the non-
parametric uncertainty radii Ap;; and Ap}kj that comprise the plant templates (Fig. 5b).
If the uncertain parameters of the plants show a non-uniform Probability Distribution (Fig. 5c), then
N
the elements p;- and p;j for the optimum non-diagonal controller will be the nominal plants pi*j

and p;-kj , whose set of parameters maximize the area of the Probability Distribution in the regions

[a;—¢&,a;+¢&]and [a; —&,a;+¢&](V parameter ayj, by, ..., aj, by ...) respectively.

Now, making Egs. (31), (32) and (33) equal to zero and using Eq. (34), the optimum non-diagonal
controller for each case is obtained.

. A Parameter a;;
Uniform Y
PD
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 L | -
»
(a) aijJnin aijimax
A
Imag

(b)

Non-uniform P "
PD A arameter au

(©)

Fig. 5 Probability Distribution of the parameter a;;, and Non-parametric uncertainty radii Ap; that comprise

the plant templates

RTO-EN-SCI-195 1-9
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2.3.1  Tracking

*N
t Py .
gi?p :de g].]ﬁ ,f0r1¢J (3%)
Pjj

2.3.2 Disturbance rejection at plant input

t «N .
glcj)p :de(_pl_] ),forlij (36)

2.3.3  Disturbance rejection at plant output

£ N
t Pij ..
Pjj

where the function F,{4) means in every case a casual and stable proper function made from the
dominant poles and zeros of the expression A.

2.4  The Coupling Effects

The minimum achievable coupling effects -Egs. (38), (40), (42)- can be computed substituting the
optimum controller of Egs. (35), (36) and (37) in the coupling expressions of Egs. (31), (32) and (33)
respectively, and taking into account the uncertainty radii of Eq. (34). Analogously, the maximum
coupling effect without any non-diagonal controller -pure diagonal controller cases- can be computed
substituting g;;=0 in the Eqs. (31), (32) and (33) respectively -Eqs. (39), (41), (43)-. That is to say,

24.1 Tracking
‘clij‘gij:gj}‘“ = ‘Wij (Ajj - Aij)gjj‘ 38)

‘Clij‘gijzo = “/’ij (1 + Aij) gjj‘ (39)

2.4.2 Disturbance rejection at plant input

ot ‘l/jij Aij (40)

gij=8j

‘Czq‘gu o “//ij (1 + Aij} 41)

‘Czu‘

2.4.3  Disturbance rejection at plant output
‘C3ij‘gu e = “//ij (Aij - Ajj) gjj‘ 42)

‘Cﬁi‘gij:o - “/’ij 1+ AU) g jj‘ (43)

RTO-EN-SCI-195 1-10
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where,

(44

and the uncertainty is: OS‘AU‘SAp; , OS‘AJ.j‘SAp; , fori,j=1,..,n

The coupling effects, calculated in the pure diagonal controller cases, result in three expressions (39), (41)
and (43) that still present a non-zero value when the nominal-actual plant mismatching due to the
uncertainty disappears: A; =0 and A; =0. However, the coupling effects obtained with the optimum non-

diagonal controllers -Egs. (38), (40) and (42)- tends to zero when that mismatching disappears.

2.5 Design Methodology

The proposed controller design methodology is a sequential procedure closing loops with four steps [2-7]:

Step A: Controller structure, input-output pairing and loop ordering. First, the methodology identifies
the controller structure (minimum required elements of the controller matrix) and the input-output pairings
by using the frequency-dependent Relative Gain Array —RGA- [10-11]. Then, the matrix P(s) is
reorganized so that [p;; (s)]"' has the smallest phase margin frequency, [p» (s)]”' the next smallest phase
margin frequency, and so on to guarantee the existence of a solution [1].

After that, the sequential design technique composed of # stages, as many as loops, performs the following
two steps B and C for every column of the matrix compensator G(s) from k£ = 1 to n (Fig. 6).

0O .. 0 .. 0 g€ 8pw - 0 .. 0 g1 82 - Zx -
0 0 0 0 0 u
g5 @ €1 €2 - 2 | 8
G= = =>..=
0O .. 0 .. 0 g &2/ - 0 .. 0 ga 2 - Zu |l Bk
0 .. 0 .. 0] |g, 8&n - 0 .. O 1801 8up - Sp oo @
Step B, and Cy, to Cy,, Step B, and C;, to Cy, Step B, and Cp, to Cpy

Fig. 6 Steps for controllers design

Step B: Design of the diagonal compensator gu(s). The diagonal element gy (s) is calculated through
standard QFT loop-shaping [1] for the inverse of the equivalent plant [pi ¢ (s)] ' in order to achieve
robust stability and robust performance specifications [13-14]. The equivalent plant satisfies the recursive
relationship (45) [13], which is an extension for the non-diagonal case of the recursive expression
proposed by Horowitz [12] as the Improved design technique, also called Second method by Houpis et al.

[1].
[pfe(s)] _ [p*»c(s)] B ([p:g“l)(s)]kfl + [gi(k-l)(s)]k_l)([p(le-ln(s)]k,l + [g(k—l)j(s)]k,l)‘

*e

P(k-l)(k-l)(s)]k,l + [g(k-l)(k‘l)(s)]k—l

Lizk [Ps)] =P ()

RTO-EN-SCI-195 1-11
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If the control system requires tracking specifications as aj;(®)<

tg/r(jco)‘ < b;;(®) then, because

tif/r =t;+1.;-Eq.(5)-, the tracking bounds b; and a; will have to be corrected with the coupling

specification 7y, so that:

bi*= bii- i , Qi = ai T T (46)
i = Wi Ciii S Ty 47)
af () < |t (o) < b (w) (48)

These are the same corrections proposed originally by Horowitz (see also [1]). However, with the
proposed non-diagonal method these corrections will be less demanding. The coupling expression Z.j;; = wj;
c1ii 1s now minor than in the previous diagonal methods —compare Eqs. (38) and (39)-. The off-diagonal
elements gji (i#j) of the matrix controller will attenuate or cancel that cross coupling. Then the diagonal
elements gy of the non-diagonal method will need less bandwidth than the diagonal elements of the
previous diagonal methods.

Step C: Design of the (n-1) non-diagonal elements gy(s) (i #k, i = 1,2,...n). The gy(s) (i # k) elements of
the k-th compensator column are designed to minimize the non-diagonal elements of the cross-coupling
matrices according to different purposes: reference tracking (31), (35); disturbance rejection at plant input
(32), (36); and disturbance rejection at plant output (33), (37). The resulting compensators gi(s) have to be
casual and stable, and include the dominant dynamics.

The off-diagonal controller elements can be allocated not only to reduce the coupling effects of the MIMO
system, but also to reach complementary objectives, such as to remove RHP (right-half plane)
transmission zeros introduced during the controller design [5], improve system integrity [13] and stability
margins, reduce controller efforts, etc.

Step D: Design of the prefilter. The design of the prefilter F(s) does not present any additional difficulty
because the final transfer function that relates R(s) to ¥(s) shows less loop interaction thanks to the fully
populated compensator design. Therefore, the prefilter F(s) can generally be a diagonal matrix.

2.6  Stability Conditions

Closed-loop stability of a MIMO system with a non-diagonal controller designed by using a sequential
procedure is guaranteed by the following sufficient conditions [14]:

(c.1) each Li(s) = gi(s) [pii “(s)]i", i=1, ..., n, satisfies the Nyquist encirclement condition,
(c.2)  no RHP pole-zero cancellations occur between gi(s) and [p;i (s)]; ", i=1,...,n,

(c.3) no Smith-McMillan pole-zero cancellations occur between P(s) and G(s), and

(c.4) no Smith-McMillan pole-zero cancellations occur in |P*(s) + G(s) | .

2.7 Remarks

It is important to note that the calculation of the equivalent plant [pi. (s)]c ', (45), usually introduces some
exact pole-zero cancellations. That operation could be precisely performed by using symbolic
mathematical tools [1]. However, fictitious poles and zeros may be introduced when using numerical
calculus due to the typical rounding errors of the computer. Additionally, it is needed to determine the
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inverse of the plant matrix, which can also be numerically non-reliable.

In this paper, these problems are overcome through a new frequency response computation method. That
is, for each frequency of interest @ and for every set of parameters within the region of uncertainty, each
element p;(jw) of the plant transfer function matrix is translated into a complex matrix Py, ;i that
represents the frequency response of every plant element within the uncertainty. Thus, this complex matrix
has as many rows as different cases generated due to the uncertainty and as many columns as frequencies
(49). All the abovementioned calculations are then performed on the basis of this set of complex matrices
by using element-by-element matrix operations. As a result, potential impediments related to practical
computation are avoided.

frequencies = o, ®, - @ - o,
Casel |a,, ap = a, (49)
Case2 | a,,
Pfreq ij = .
ST Case k I I__’Plantk
Casem |a a

a, T ey,

Template at o,
Ay = Re(akr) + ] Imag(akr)

At the same time, arbitrarily picking the wrong order of the loops to be designed can result in the non-
existence of a solution. This may occur if the solution process is based on satisfying an upper limit of the
phase margin frequency @y, for each loop. Hence, Loop i having the smallest phase margin frequency will
have to be chosen as the first loop to be designed. The loop that has the next smallest phase margin
frequency will be next, and so on [1].

Although very remote, theoretically there exists the possibility of introducing RHP transmission zeros due
to the compensator design. This undesirable situation can not be detected until the multivariable system
design is completed. To avoid it the proposed methodology (Steps 4, B and C) is inserted in a procedure
introduced by Garcia-Sanz and Eguinoa [5]. Once the matrix compensator G(s) is designed, the
transmission zeros of P(s) G(s) are determined using the Smith-McMillan form and over the set of
possible plants IP due to uncertainty. If there exist new RHP transmission zeros apart from those initially
present in P(s), they can be removed by using the non-diagonal elements placed in the last column of the
matrix G(s).

3.0 MIMO QFT CONTROL FOR A SPACECRAFT WITH LARGE FLEXIBLE
APPENDAGES !

This section summarizes the design of a robust non-diagonal MIMO QFT controller to govern the position
and attitude of a Darwin-type spacecraft with large flexible appendages. The satellite is one of the flyers of
a multiple spacecraft constellation for a future ESA mission. It presents a 6x6 high order MIMO model
with large uncertainty and loop interactions introduced by the flexible modes of the low-stiffness
appendages. The scientific objectives of the satellite require very demanding control specifications for
position and attitude accuracy, high disturbance rejection, loop-coupling attenuation and low order
controller. This section demonstrates the feasibility of sequential non-diagonal MIMO QFT strategies
controlling the Darwin spacecraft and compares the results with a previous H-infinity design.
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3.1 Description

The Darwin mission consists of three to six telescopes arranged in a symmetric configuration flying in
formation around a master satellite or central hub (Fig. 7). Darwin will employ nulling interferometry to
detect and analyze through appropriate spectroscopy techniques the atmosphere of remote planets close to
a bright star. The infrared light collected by the free flying telescopes will be recombined inside the hub-
satellite in such a way that the light from the central star suffers destructive interference and is cancelled
out, allowing this way the much fainter planet easier to stand out. The interferometry requires very
accurate and stable positioning of the spacecraft in the constellation, which puts high demands on the
attitude and position control system. Darwin will be placed further away, at a distance of 1.5 million
kilometers from Earth, in the opposite direction from the Sun (Earth-Sun Lagrangian Point L2 —Fig.8).

Fig. 7 Darwin spacecraft (Artist's view. ESA courtesy)

DARWIN

L,
. @
Sun
" Earth
Lagrange N ":‘.’i«"
points T 7 Ly

Sun-Earth Distance = 1 AU = 150,000,000 km
Fig. 8 Earth-Sun Lagrangian Points and Darwin spacecraft location
Each telescope flyer is cylindrically shaped (2 m diameter, 2 m height) and weighs 500 kg. In order to

protect the instrument from the sunlight, it is equipped with a sunshield modeled with 6 large flexible
beams (4 m long and 7 kg) attached to the rigid structure (Fig. 9; beam end-point coordinates in brackets).
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The main mechanical characteristics of the Darwin-type Flyer are summarized in Table II.

For every beam (Fig. 9), two different frequencies for the first modes along Y and Z beam axes are
considered. Their frequency can vary from 0.05 Hz to 0.5 Hz, with a nominal value of 0.1 Hz, and their
damping can vary from 0.1% to 1%, with a nominal value of 0.5%. As regards spacecraft mass and inertia,
the corresponding uncertainty around their nominal value is of 5%.

Based on the previous description and using a mechanical modeling formulation for multiple flexible
appendages of a rigid body spacecraft, the open-loop transfer function matrix representation of the
Darwin-type Flyer is given in (50) and Fig. 10:

[ x(s) ] _p”(S) P12(8) p13(s)  puals) pis(s) Pm(s)_ _Er(s)_
() P21(8) Pa(s) Pp3(s) pag(s) Ppas(s) pag(s) Fy(S)
z(s) =P(s) U(s)= P31(8) Pa(s) pa(s) pau(s) pis(s) pag(s) || F2(9) (50)
o(s) Pa1(s) Pa(s) Paz(s) Pas(s) Pas(s) Pag(s) T(p(s)
0(s) Psi(8) Psr(s) ps3(s) psa(s) pss(s) pse(s) || To(s)
_‘I/(S)J L261(8) Pe2(s) Pe3(s) Pau(s) Pes(s) Pes(s)] | Ty (5)]

where x, y, z are the position coordinates; ¢, 6, y are the corresponding attitude angles; F\, F), F. are the
force inputs; Ty, To, T, are the torque inputs; and where every pii(s), 1, j = 1,...,6, is a 50™ order Laplace
transfer function with uncertainty.

P 2m o
/‘f\ Rigid body
'y x
|-25:-5/3/2;1| m ; | e .
eont l-25:-5/3/2:-1|m
\ Xcont
zm X <«—j CoM
\ / beams
N Ycont_é_
P
x P
[5;0;,-1] m : [5:0,-1m
[25:543/2; -1 m l25:5v3/2;-1|m
4m 1m I

Fig. 9 Darwin type 6 DOF satellite model

The Bode diagram of the plant (Fig. 10) shows the dynamics of the 36 matrix elements. Each of them and
the MIMO system (matrix) are minimum phase. The flexible modes introduced by the appendages
(second-order dipoles) affect all the elements around the frequencies @ = [0.19, 10] rad/sec. The diagonal
elements pii(s), 1 = 1,...,6, and the elements pis(s), psi(s), p24(s) and p4(s) are mainly double integrators
plus the flexible modes.

Table II. Mechanical characteristics of the Darwin-type Flyer model
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Parameter Value
Satellite body mass 500 kg
Cylinder dimensions 2 m diameter, 2 m height
Inertia tensor of satellite in control frame at satellite 2500 0
Centre of Mass [I Darwin_body ]CoM ‘ ot =| 0 250 0 |kg-m?
(without reflector) 0 0 250
509 0 0

Inertia tensor of satellite in control frame at satellite
Centre of Mass

[IDarWinfbody ]CoM | Cont — 0 509 0 kg . mz

(with reflector) 0 0 684
Position of Centre of Mass in control frame at satellite
[0,0,0] m
Centre of Mass
Sunshield mass 7 kg * 6 beams =42 kg
Beam length 4m
Frequency B ode-Plant
From: In(1) From: In(2) From: In(3) From: In(4) From: In(5) From: In(6)
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Fig. 10 Darwin-type flyer dynamics
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The block diagram of the control system is shown in Fig. 11. The sensor module represents both the OPD
(Optical Pathlength Differences) Fringe Tracker sensor and the FPM (Fine Pointing Metrology) sensor,
which measure the satellite position and attitude, respectively. The actuators, FEEP (Field Emission
Electric Propulsion) thrusters, are a type of electrostatic propulsion that provides very small and precise
actuation (Table III).
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Disturbance
force and torque

External Disturbances

Commanded
position and
attitude

Position
and attitide

€ @6 N < %

>
- Controller Actuator
Darwin Flyer SDOF
Dynamics
Position and
1 Aftitude [
Measurement

Sensor

Fig. 11 General 6x6 satellite control loop
The external disturbances acting on the satellite (gravity gradient and solar pressure), although very small,

are also modeled as forces and torques along the 3 axes. The gravity gradient is modeled as a constant bias
and the solar pressure is represented as a white noise perturbation (Table III).

Table I11. Characteristics of sensors, actuators and external disturbances

Name Characteristics Values
WNepym = Attitude white noise.

. . For very precise relative attitude
Fine Pointing measurements PSD of 10.66 mas/ v/ Hz along the 3 axes

Metrology (FPM) Ormeas = Ouue + WNEpy Attitude range:[-40; 40] arcsec
Sampling frequency: 1Hz
WNopp = Position white noise.

Optical Pathlength . . .
- For precise 3-axis measure of position PSD of 2 nm/ vV HZ alone the 3 axes
Differences (OPD) X =X T WN &
meas - £irue OPD Attitude range:[-1; 1] um
Sampling frequency: 1Hz
For very small and precise actuation Force model: WNgggp = Force white noise.

Fringe Tracker

PSD of 0.1 uN /v Hz along the 3 axes, which can eventually

Freep = Feommandea + WNEgEp
Treep = Teommanded + WNTiFEEP vary up to 0.5 p.lN /A / Hz .

Force range:[-150; 150] uN
FEEPS actuators Torque model: WNr pggp = Torque white noise. PSD of 0.1

uNm/+/Hz along the 3 axes, which can eventually vary up

t0 0.5 uNm /+/Hz .

Torque range:[-150; 150] uNm

Sampling frequency: 1Hz

Force model: Wxg su, = Force white noise.

PSD of 0.05 uN /+/Hz along the 3 axes

Fsun = Br_sun + W sun Br sun=10 uN

Tsun = B1 sun + Wit sun Torque model: Wxr su = Torque white noise. PSD of 0.1 pNm

Solar Pressure

/A Hz along the 3 axes

BT Sun — 10 me

Forav Force model: Fg,y = 0.03 uN along the 3 axes
Taray Torque model: Tgr, = 0.03 uNm along the 3 axes

Gravity Gradient

0 = attitude. X = position. F = Force. T = Torque

The original dynamics benchmark simulator, provided by ESA and implemented under Matlab/Simulink,
integrates all those elements constituting the whole satellite control system: sensors, actuators, dynamics,
disturbances, etc. (Fig. 11). For each performance evaluation campaign, 300 random dynamics within the
uncertainty (Monte-Carlo analysis) are generated to evaluate the performance of the controllers.
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Table IV. Darwin-type Flyer requirements

Objective

Numerical Requirement

Astronomical Requirements

Position accuracy

Maximum absolute value:
1 um for all axes

Standard deviation:
0.33 um for all axes

Pointing accuracy

Maximum absolute value:
25.5 mas for all axes (3 o)

Standard deviation:
8.5 mas for all axes (1 &)

Engineering Requirements

Bandwidth

~ 0.01 Hz for all axes

Saturation limits

Maximum force: 150 uN
Maximum torque: 150 pNm

Rejection of high frequency noises

High roll-off after the bandwidth

(from measurement and actuation)

max|T ( J a)) <2
. Stability margins max|S (ja)] <2
Control Requirements o
Loop interaction Minimum
Rejection of flexible modes Maximum
Controller complexity and order Minimum

3.2  Control objectives

The main objective of the spacecraft is to fulfill some astronomical requirements that demand to keep the
flying telescope pointing at both the observed space target and the central hub-satellite. This set of
specifications leads to some additional engineering requirements (bandwidth, saturation limits, noise
rejection, etc.) and also needs some complementary control requirements (stability, low loop interaction,
low controller complexity and order, etc.) —Table IV-.

3.3 Non-diagonal MIMO QFT Controller Design

The sequential non-diagonal MIMO QFT methodology previously described in Section 2 [2-7] is applied
here to control the position and attitude of the Darwin-type Flyer.

3.3.1 Relative Gain Array Interaction Analysis —Step A-

The Relative Gain Array (RGA) of a non-singular square matrix P is a scale-invariant measure of
interactions. Its original definition introduced by Bristol [11] was only proposed for steady state (o = 0
rad/sec). However, the RGA can also be computed frequency-by-frequency (51) and used to assess the
interaction at frequencies other than zero [10]. In most cases, the value of RGA at frequencies close to
crossover is the most important one.

RGA(jo)= i (jo)]= P(i0)o (P (j))" (51)

where ® denotes element-by-element multiplication (Schur product). Further information on how to
interpret the RGA results and select pairings can be found at [10, 11].

The 6x6 (position and attitude) dynamic model of the Darwin-type spacecraft with large flimsy
appendages has been analyzed by using the RGA method as a function of frequency and for the whole set
of parameter uncertainty. Although the matrix obtained by means of (51) is a complex one, only the
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absolute values are presented. By examining the corresponding matrices at each frequency, it is observed
that the steady state results extend through low frequency up to 0.19 rad/sec. As a representative example
within this range, (52) shows the results for the most coupled plant within the uncertainty at » = 6.28-10™
rad/sec. According to it, the pairing should be done through the main diagonal of the matrix, which

contains positive RGA elements, and the elements g;5(s), 224(s), 242(s), gs1(s) should also be considered
relevant.

[1.0064 0 0 0 0.0064 0]
0 1.0064 0 0.0064 0 0
0 0 1 0 0 0
RGA ) = 52
(o=6.2810"* radisec) 0 0.0064 0 1.0064 0 0 (52)
0.0064 0 0 0 1.0064 0
0 0 0 0 0 1]

If the analysis is performed at high frequency, it produces the same concluding results in the entire
spectrum starting at 3.51 rad/sec.

So far, the retained compensator elements would be those of the RGA matrix marked in bold in (52).
Nevertheless, as aforementioned, the RGA elements increase and more interactions are founded in the
interval of frequencies where the flexible modes of the satellite mostly affect (i.e. @ = [0.19-3.51] rad/sec),
as can be seen in (53) and (54) for the most coupled plants at ® = 0.8 rad/sec and 1 rad/sec, respectively.

[1.1674 0.0001 0.0000 0.0012 0.3720 0.0001 |
0.0001 1.0180 0.0000 0.0305 0.0013 0.0004
0.0000 0.0000 4.8592 0.3468 4.1456 0.0000

RGA (,_ = 53
(0=08 radssee) 0.0012 0.0305 0.3468 3.2030 2.3865 0.0006 (53)
0.3720 0.0013 4.1456 2.3865 7.2470 0.0008
| 0.0001 0.0004 0.0000 0.0006 0.0008 1.0009
(0.9899 0.0002 0.0000 0.0001 0.0003 0.0102]
0.0002 0.9082 0.0000 0.0050 0.0009 0.0963
0.0000 0.0000 3.1307 2.3373 0.1110 0.0000
RGA (w=1rad/sec) = (54)
0.0001 0.0050 2.3373 12.5674 9.4613 0.0690

0.0003 0.0009 0.1110 9.4613 10.2042 0.0302
0.0102 0.0963 0.0000 0.0690 0.0302 0.7970

3.3.2 Controller Structure

In accordance with the above RGA results and taking into account the requirement of minimum controller
complexity and order (Table IV), a first compensator structure consisting of six diagonal elements and
four off-diagonal elements is chosen as the most suitable one (55).

gns) 0 0 0 gss) 0 ]
0 gn() 0 gyuls) O 0
Gs) = 8 0 g33(5) 0 0 0 (55)
gn(s) 0 gu(s) 0 0
gs1(s) 0 0 0 gss(s) 0
i 0 0 0 0 0 g66(s)J
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From this, four independent compensator design problems have been adopted, two SISO and two 2x2
MIMO problems: [g33(s)] and [ges(s)]; [g11(s) &is(s) 5 gs1(s) gss(s)] and [g2a(s) gaa(s) 5 Gaa(s) Gaa(s)],
respectively. The SISO problems will be considered from the classical SISO QFT point of view, while the
two 2x2 MIMO subsystems will be studied through the non-diagonal MIMO QFT methodology. The
coupling detected in the range of frequencies of the flexible modes will be considered in the course of the
design procedure through more demanding specifications with respect to disturbance rejection. Provided
the performance results were not satisfactory, then the compensator structure should be filled up with
additional off-diagonal compensators consistent with (53) and (54): g34, &35, 43, 45, €53 and gs4 elements.

333 Robust Closed-Loop Specifications

The applied non-diagonal and diagonal MIMO QFT techniques design each loop individually, including
the multivariable characteristic by means of their corresponding equivalent plant. So, the robust closed-
loop specifications are defined in terms of SISO expressions for both SISO and MIMO subsystems.

Since these methodologies are frequency domain techniques, there is obviously a need for translating time
domain requirements (Table IV) into the frequency domain. The original specifications in Table IV
impose maximum and standard deviation values on the position and attitude time error signals, as well as
actuator forces and torques. Their translation into the frequency domain is based on control-ratio models
[9], and takes into account the expected external disturbances on the Darwin-type flyer, the spacecraft
flexible modes and the coupling among loops. As a result, four Type of specifications are defined to
calculate the QFT bounds: Type 1: Robust stability; Type 2: Robust sensitivity, Type 3: Robust
disturbance rejection at plant input; and Type 4: Robust control effort attenuation.

The notation used for the signals in the following description of specifications refers to the scheme of the

generic MIMO subsystem presented in Fig. 12. The compensators have been designed within the set of
frequencies of interest ® = [6.28-107, 62.8] rad/sec.

w(s) V(s) D(s)
R(s) i + + ¥t
— o F) G(s) i(l}_. P(s) > ¥(s5)

Controller Ues)

Plant with
uncertainty

Prefilter

+¥Y  N(5)

+

Fig. 12 Structure of a 2 Degree of Freedom MIMO System
Type 1: Robust Stability specification

This specification, shown in (56), is stated to guarantee a robust stable control. All the required values,
displayed loop by loop in (57) and (58), imply at least 1.54 (3.75 dB) gain margin and at least 49.25°
phase margin. The specification corresponds not only to the closed-loop transfer function y;(s)/ri(s), but
also to transfer functions yi(s)/mi(s) and wu;(s)/vi(s). Hence this condition additionally imposes the
requirements on sensor noise attenuation, disturbance rejection at plant input and flexible modes.

[, 6)], " 2als)

1+ [pii*e (S)]i_l giils)

< 8 (w) (56)

where [pi; “(s)];" is the inverse of the equivalent plant (45), which corresponds to p;i(s) in SISO designs.
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Loops 1, 2 and 3: o(w)=185 ; Vo (57)

oaesr | 58)

Loops 4, 5 and 6: 51(60)—|S2 +O4s+00912| ’

Type 2: Sensitivity reduction

The main objective of this specification, (59) and (60), is sensor noise attenuation and reduction of the
effect of the parameter uncertainty on the closed-loop transfer function. It corresponds to ei(s)/ni(s) and
[dti(s)/ti(s)] / [dpii(s)/pi(s)] transfer functions.

1
1+ [pii*e(s)],fl gii(s)

All loops: Hw=2 ; Vo (60)

< 6,(e) (59)

Type 3: Rejection of disturbances at plant input

Solar pressure perturbation and gravity gradient are considered to affect at plant input in the form of both
force and torque. The purpose of this specification (61), which corresponds to e;(s)/vi(s) and yi(s)/vi(s)
transfer functions, is to attenuate the effect of plant input disturbances on the control error and the output
signal. Thus, a high gain is required in the low frequency band, (62) to (64). Besides, since vi(s) also
represents the flexible modes, special attention is paid to their frequency range mainly to accomplish the
attitude requirements.

[Pn*e (S)];l

< 03(w) (61)
L[ ()], 2 s)

0.21553 (s +0.385)

; Vo (62)
s+0.307) (s +6.18) |s? + 0.4+ 0.0912

Loops 1 and 2: §;(w)=

1|0313 (s-0.01705) (52 +0.0099745 +5.104-10° )

Loop 3: 5(w) ; Vo (63)
| (s-0.01813) (s2 +0.02554s + 0.0004754) |
Loops 4, 5 and 6:
5,(0)= (5+0.2)(s+0.186) (s +0.2044) (s + 0.003892) (32 +0.06014s + 0.02736) Vo (64)
’ (5+0.007333) (s +0.445) (52 +0.07904s+0.00326)(s2 +o.2352s+0.0981) ’

Type 4: Control signal

Because of saturation limits, control signal movements should be kept reasonably small despite
disturbances coming from actuators and sensors. This specification, (65), corresponds to u;(s)/n;(s) transfer
function and is depicted in (66)-(68).

< 6,(0) (65)

gii(s)

1+ [pii*e(s)] 1 &ii (S)
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| s57.1(s+5) |

Loops 1 and 2: 64(a))—|( 33 +65)|
s©+3.235+6.

; Vo (66)

106.9210 (5 +0.55)(s> +0.04s +0.13)|

Loop 3: 54(w):| ; Vo 67)

(s+1.4) (s2 +o.1227s+0.097) |

|4.026 (s> ~0.18545+0.203)(s* + 0.045 + 0.504)|
| (s2+0.3055+0.056) (s> +0.1155+0.095) |

Loops4,5and 6: 6,(w) ; Vo (68)

Reducing coupling effects as much as possible

The coupling effects from other axes can be considered as part of the disturbances acting at the input of
the equivalent SISO plant. The way of designing the non-diagonal elements of the matrix compensator
deals with the aim of minimizing the off-diagonal elements of the coupling matrix (32).

3.34 SISO Design Problems: g33(s), Z66(S)

Compensators g33(s) and ges(s) are independently designed by using classical SISO QFT [1] to satisfy the
robust stability and robust performance specifications stated in Section 3.3.3 for every plant within the set
of uncertain plants. The corresponding QFT bounds and the nominal case of the designed open-loop
transfer functions Li(s) = pi(s) gi(s), 1 = 3, 6, are plotted on the Nichols Chart for some of the most
relevant frequencies in Fig. 13(a) and 13(b) for loops 3 and 6 respectively. Both designs satisfy not only
their respective bounds but also the Nyquist encirclement condition, and no RHP pole-zero cancellations
occur between gs3(s) and ps;(s), nor between ges(s) and pgs(s). The Bode plot of each compensator can be
found in Section 3.6, where gs3(s) [Fig. 18(a)] and ges(s) [Fig. 18(b)] are represented in solid line in
comparison with the H-infinity design (dashed line) introduced in Section 3.5. The QFT compensator
expressions are presented in Section 3.5.
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Fig. 13 Loop-shaping (a) L33(s) = p33(s) gs3(s). (b) Les(S) = pes(S) ges(s)
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3.3.4.1 First MIMO Problem: gy,(s), g51(s), gs5(5), g15(s) Design

The compensator for this 2x2 MIMO problem has been designed by applying the non-diagonal MIMO
QFT methodology developed by Garcia-Sanz et al. [1-7] and outlined in Section 2. In this particular case,
the plant to be controlled is composed of the following elements coming from the original 6x6 Darwin-
type spacec*raft mogel pP" (‘i) = [pu(s) pis(s) ; psi(s) pss(s)], whose inverse matrix is P""(s) = [P"(s)] ' =
(P11 (s) pis (s) ;5 psi (s) pss ()]

Step A: Arrangement of the system

First, the methodology adopts the structure and the pairing of inputs and outputs given by the RGA
technique in (55) and arranges the plant inverse matrix P'*'(s) so that the inverse of the first diagonal
element in this matrix has the smallest phase margin frequency [1]. In some cases, arbitrarily picking the
wrong order of the loops could lead to the non-existence of a solution. In the present problem, the
bandwidth of the loops is quite similar. Then, any order can be selected to design the non-diagonal MIMO
QFT compensators.

Step B1: Design of the diagonal compensator g4(s)

The diagonal compensator g;,(s) is designed through standard QFT loop-shaping [1] for the inverse of the
equivalent plant [p1,"(s)]; = p11 (s) to fulfill the robust stability and robust performance specifications
determined in Section 3.3.3 for every plant within the set of uncertain plants. Fig. 14(a) shows the nominal
case of the designed open-loop transfer function Li(s) = [p11 (s)]"" gi1(s) in bold solid line, which
satisfies the QFT bounds, also represented in the figure. Additionally, the design fulfils the first two
sufficient stability conditions (c.1) and (c.2) (Section 2.6). That is, L;(s) = [pn*e(s)]fl g11(s) satisfies the
Nyquist encirclement condition and no RHP pole-zero cancellations occur between g11(s) and [py;, °(s)]; ™.
The Bode plot for the obtained compensator g;(s) is presented in Fig. 19(a) (solid line) together with the
design of the H-infinity approach.
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Fig. 14 Loop-shaping (a) L11(s) = [p11°(s)]1™" g11(s). (b) Lss(s) = [pss °(s)]2™" gss(s)
Step C;: Design of the non-diagonal compensator gs;(s)

The non-diagonal compensator gs;(s) is designed to minimize the (5,1) element of the coupling matrix in
the case of disturbance rejection at plant input (32), which gives the following expression:
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g% (s)==p3 () (69)

where N denotes the plant that minimizes the maximum of the non-parametric uncertainty radii
comprising the plant templates on the Nichols Chart. Due to the uncertainty, the expression [-ps; (s)]
determines a region in the magnitude and phase plots, where the compensator gs;(s) is shaped following
the mean value at every frequency o € [0, 0.1] rad/sec [see Fig. 15 with gs(s) interpolating the plot]. The
compensator Bode plot is compared in Fig. 19(c) with that of the (5,1) element of the H-infinity
compensator introduced in Section 3.5.

Magnitude plot of G4 (s)
150

100 |

50

Magnitude (dB)
o

50 -

-100

50— i
10° 10° 10° 10" 10° 10' 108
Frequency (rad/sec)

Fig. 15 Magnitude plot of [-p51*(s)] with uncertainty and gs4(s) —bold solid line-
Step B,: Design of the diagonal compensator gss(s)

As in step Bj, the diagonal compensator gss(s) is designed to control the inverse of the equivalent plant,
[pss °(s)]."", which takes the compensator previously designed into account (45).

(o2 +lea )Pz,
[pi5 (6] + [, (5],

(70)

)] =lpse)], -

On the basis of the robust specifications defined in Section 3.3.3 for [pss (s)],"', and also taking into
account the plant uncertainty, the QFT bounds are computed. Then, the compensator is designed by
classical loop-shaping on the Nichols Chart, as is shown in Fig. 14(b). Not only does the design fulfil the
bounds but also the first two stability conditions of (c.1) and (c.2) from Section 2.6. In other words, Lss(s)
= [pss °(s)]2"" gss(s) satisfies the Nyquist encirclement condition and no RHP pole-zero cancellations occur
between gss(s) and [pss °(s)]>"'. The Bode plot of gss(s) is presented in Fig. 19(d).

Step C,: Design of the non-diagonal compensator g45(s)
Due to the requirement of minimum controller complexity and order (Table IV), the non-diagonal
compensator gs(s) has been set to zero. Anyway, the equivalent expression to the one used in (69),

215 (s) = -p1s "(s), could be applied to cancel interaction in both directions in the MIMO subsystem.

At this point, once the whole controller of the MIMO subsystem has been determined, the last two
stability conditions mentioned in Section 2.6, (c.3) and (c.4), are checked. The system is stable. Finally,
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the non-existence of RHP transmission zeros of P(s) G(s) is checked by using the Smith-McMillan form
over the set of possible plants IP due to uncertainty [5]. The non-diagonal MIMO QFT compensator
expressions are presented in Section 3.6.

3.3.4.2 Second MIMO Problem: g,5(s), 42(5), g44(5), g24(5) Design

The second MIMO problem consists of the following elements: P*(s) = [p2a(s) paa(s) ; par(s) pas(s)].
From the 2x2 plant inverse matrix P**'(s) = [P*(s)]" = [p22'(s) pas (5) ; pa> () pas (5)] and taking into
account the robust stability and robust performance specifications (Section 3.3.3), the non-diagonal MIMO
QFT methodology is equivalently performed by following the steps detailed in Section 2.

The loop-shaping for the diagonal compensator elements g,(s) and gu4(s) are shown in Fig. 16(a) and
16(b), respectively. The Bode plots for the four compensators are shown in Fig. 20(a), (b), (c) and (d) for
22(8), 224(5), g42(8), gaa(s), respectively. The 2x2 MIMO subsystem is found to be stable according to the
sufficient stability conditions (Section 2.6). Finally, it is also checked that no additional RHP zeros have
been introduced by the compensator [5]. The non-diagonal MIMO QFT compensator expressions are
presented in Section 3.6.
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Fig. 16 Loop-shaping (a) Lz2(s) = [p22 *(s)]1™" g22(S). (b) Laa(s) = [pas *(s)]2™" Gaa(s)

3.4 Diagonal MIMO QFT Controller Design

For the sake of comparison, the sequential diagonal MIMO QFT methodology developed by Horowitz
[12] is also applied to control the position and attitude of the Darwin-type Flyer. Based on the same robust
closed-loop specifications defined in Section 3.3.3, this technique uses a sequential procedure similar to
the one detailed in Section 2.5 (Step B), where the recursive expression of the equivalent plant is a
simplified case of (45), with g;; (s) =0 (1 #)).

For the Darwin-type Flyer, the loop-shaping step of the diagonal method requires the same diagonal
compensators g; (s) as the non-diagonal one. This happens because, in this case, in the middle and high
frequency range the off-diagonal elements gi(s) (i # j) of the non-diagonal controller have less relative
influence than the corresponding pij*(s) elements in the equivalent plant (45). Differences between both
MIMO QFT controllers arise in the low frequency range, as can be observed in Fig. 17. The Cx(5,1)
element of the coupling matrix for disturbances at plant input (32) is plotted for a representative plant case
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and for the three controllers: non-diagonal and diagonal MIMO QFT and H-infinity designs. For the
frequency range o € [0, 0.1] rad/sec it is shown that Cy(5,1)non-diag QFr < C2(5,1)diag oFr < C2(5,1)tvinfinity
which explains why the non-diagonal MIMO QFT improves the diagonal MIMO QFT and the H-infinity
controller results under low frequency external disturbances (see Section 3.6.2).

Coupling matrix for disturbance rejection at plant input: C,(5,1)

20

-40

B0}

B0+

-100

Magnitude {dB)

a20f
4nf

-160

1il

2180 Lo PP Lol PRI AT
10 10 10" 1’ 10’
Frequency (rad/sec)

Fig. 17 Element (5,1) of the coupling matrix C,: non-diagonal MIMO QFT in solid line, diagonal MIMO QFT in
dotted line, H-infinity in dashed line

3.5 Controllers

The notation adopted for transfer function expressions denotes the steady state gain as a constant without
parenthesis; simple poles and zeros as (®), which corresponds to (s/@ + 1) denominator and numerator,
respectively; poles and zeros at the origin as (0); conjugate poles and zeros as [& ; ®,], with ((s/@,)* +
(2&/®,) s + 1) denominator and numerator, each; n-multiplicity of poles and zeros as an exponent ( )".

The non-diagonal MIMO QFT compensator consists of the following eight elements: g;(s) = gxn(s) =
{31.5 (0.6194) (0.2138) (0.1663) (0.1649)} / {(0.666) (0.4982) (0.07526) [0.676; 1.479]} ; gsi(s) = -
gas) = {424 (0 3 / {(0.3)}: gis(s) = gaals) = 0; gss(s) = {125 (0.13) (0.057) [0.07019; 0.3565] [1;
0.02]} / {(1.48) (0.7875) (0.2) (0.004) (0.00246) [0.18; 0.314]}; gua(s) = {2.242 (0.03412) [0.08644;
0.7114] [0.1131; 0.3414] [0.1145; 0.2604] [0.008792; 0.2593] [0.7; 0.0052] [1; 0.0007]} / {(0.9776) (0.8)
(0.0005)* [0.2451; 0.2708] [0.297; 0.2673] [-0.0005; 0.254] [0.14; 0.252] [0.7; 0.0045]}; gss(s) = {2.242
(0.13) (0.03) [0.1079; 0.7099] [0.07069; 0.341] [0.03; 0.2593] [0.7; 0.0052] [1; 0.0007]} / {(0.9776) (0.8)
(0.12) (0.0005)* [0.2451; 0.2708] [-0.0008; 0.254] [0.3; 0.25] [0.7; 0.0045]}; ges(s) = {2.242 (0.02584)
[0.08644; 0.7114] [0.1131; 0.3414] [0.1145; 0.2604] [0.008792; 0.2593] [0.7; 0.0052] [1; 0.0007]} /
{(0.9776) (0.8) (0.0005)> [0.2451; 0.2708] [0.297; 0.2673] [-0.0007; 0.254] [0.1687; 0.241] [0.7;
0.0045]}.

The diagonal MIMO QFT compensator consists of the same diagonal elements gi(s) as the non-diagonal
compensator abovementioned, and g;i(s) =0, i # .

The main elements of the 1-DOF H-infinity compensator are shown in Figs. 18-20. Their dc gains stay
within the range [-15 dB, 26 dB]. The remaining 26 elements present a very low gain, going from -260 dB
to -330 dB.
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H-infinity in dashed line. (a) gs3(s), (b) gss(s)
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Fig. 19 Bode Diagram Compensators: non-diagonal MIMO QFT in solid line [also diagonal MIMO QFT for g44(s) and gss(s)],
H-infinity in dashed line. (a) g11(s), (b) g1s(s), (c) gs1(s), (d) gss(s)
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Darwin Controllers Comparison : G(2,2)

Darwin Controllers Comparison : G(2 ,4)
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Fig. 20 Bode Diagram Compensators: non-diagonal MIMO QFT in solid line [also diagonal MIMO QFT for
g22(s) and gas(s)], H-infinity in dashed line. (a) g22(s), (b) g24(s), (c) gaz(s), (d) gas(s)
3.6 Comparative evaluation

This section shows a comparative analysis of the sequential non-diagonal MIMO QFT controller, designed
above for the 6x6 Darwin-type Flyer, with both sequential diagonal MIMO QFT and H-infinity
controllers. First, comparative Bode plots of the compensators are shown. Then, time performance results
are presented (astronomical requirements), followed by open-loop bandwidth, and forces and torques
comparison (engineering requirements). Finally, the stability objectives and the order of each compensator
are analyzed (control requirements).

3.6.1

The Bode plots are presented for the compensators of the non-diagonal MIMO QFT (solid line) in
comparison with those of the H-infinity (dashed line). Note that, in this case, the diagonal MIMO QFT
method yields the same diagonal compensators as the non-diagonal MIMO QFT technique. Fig. 18
presents the results for the two SISO subsystems g33(s) and gee(s), (a) and (b) respectively. Fig. 19 plots

Compensators Bode Plots
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the compensators of the 2x2 MIMO subsystem composed of gy1(s), g15(s), gs1(s) and gss(s) elements. The
22(5), 224(5), gao(s) and gus(s) compensator elements that conform the other 2x2 MIMO subsystem are
shown in Fig. 20. Note that g;s5(s) and g»4(s) have been set to zero in the non-diagonal MIMO QFT design.
Additionally, according to the RGA results in (55) the remaining elements of the controller matrix G(s)
designed with this technique equal zero. By contrast, those 26 elements present a non-zero, although very
small, magnitude response when they are designed with the H-infinity technique. Finally, the off-diagonal
elements of the diagonal MIMO QFT are obviously zero.

Table V. Time simulation performance with the three controllers

Non-diagonal Diagonal

Specification Requirement Benchmark MIMO QFT MIMO QFT H-infinity
Controller
Controller Controller
1 Maximum Position <1um Bl 0.0131 0.0131 0.0293
Error X (um) K B2 0.0816 0.0816 0.511
2 Maximum Position <1um B1 0.0120 0.0120 0.0299
Error Y (um) K B2 0.0120 0.0120 0.0299
3 Maximum Position <1um Bl 0.0288 0.0288 0.0292
Error Z (um) K B2 0.0288 0.0288 0.0292
4 Maximum Attitude <255 mas B1 25.27 25.31 2595
Error X (mas) ) B2 25.27 25.31 25.95
5 Maximum Attitude <25.5 mas B1 2291 22.99 23.21
Error Y (mas) ) B2 22.55 23.75 2891
6 Maximum Attitude <25.5 mas Bl 21.15 21.15 22.84
Error Z (mas) ) B2 21.15 21.15 22.84
Std. Deviation of
7 Position Error X <033 um B1 0.00275 0.00276 0.00686
) B2 0.0511 0.0511 0.341
(um)
g ?,td'igexlétr‘r"‘r‘ g’(f 033 Bl 0.00265 0.00266 0.00722
08 (()um) © 22 B2 0.00265 0.00266 0.00722
9 Std. Deviation of <033 um Bl 0.00668 0.00668 0.00691
Position Error Z (um) s B2 0.00668 0.00668 0.00691
Std. Deviation of
. Bl 5.57 5.57 5.68
10 Attitude Error X < 8.5 mas B2 557 557 563
(mas)
Std. Deviation of
. Bl 5.76 5.76 6.01
11 Attitude Error Y < 8.5 mas B2 5.80 585 393
(mas)
Std. Deviation of
. B1 4.83 4.83 5.00
12 Attitude Error Z < 8.5 mas B2 4.83 4.83 500
(mas)
Maximum Actuator
B1 1.94¢-6 1.94e-6 7.42¢-7
13 Force C(@’N“;mand X <1.3e-4N B2 3.94¢-6 3.94¢-6 3.31e-6
Maximum Actuator
Bl 1.86¢-6 1.86e-6 6.68¢-7
14 Force C(‘;fgmand Y o <l3e4N B2 1.86¢-6 1.86¢-6 6.68¢-7
Maximum Actuator
B1 5.94e-7 5.94¢-7 5.61e-7
15 Force C(‘;ff)‘mand Z <1.3e-4N B2 5.94¢-7 5.94¢-7 5.61e-7
Maximum Actuator
B1 8.68¢-7 8.71e-7 1.03e-6
16  Torque Command X <1.5e-4 Nm B2 3.686-7 87167 1.030-6
(Nm)
Maximum Actuator
B1 1.05e-6 1.05¢e-6 1.15¢-6
17 Torque Command Y <1.5¢e-4 Nm B2 1.066-6 1.066-6 1.16¢-6
(Nm)
Maximum Actuator
B1 1.08¢-6 1.08¢-6 1.27e-6
18 Torque Command Z <1.5¢e-4 Nm B2 1.08e-6 1.086-6 1.27¢-6

(Nm)
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3.6.2  Astronomical Requirements

Time simulations are performed for 300 random dynamics within the uncertainty range (MonteCarlo
analysis) in the original ESA benchmark simulator (B1) described in Section 3.1 and in a complementary
benchmark (B2), both developed under Matlab/Simulink. The latter just adds to B1 a low frequency
disturbance force at plant input along the X-axis (magnitude: 2 uN, frequency: ® = 0.05 rad/sec) in order
to consider disturbance rejection and coupling attenuation at low frequencies. In each simulation, the
criteria appearing in Table IV are computed over the entire simulation time (i.e. 5000 sec).

In order to characterize the minimum performance obtained, the worst results reached by every controller
are presented in Table V. In other words, for each controller, the greatest value over the 300 uncertain
cases is shown for the maximum and the standard deviation of position and attitude errors, as well as for
maximum actuator commands, in all axes. Then, it is possible to verify whether the worst performance
still respects the requirement. The bold number in every row of Table V represents the best result (best
control strategy) for every particular specification.

Position errors (1,2,3,7,8,9 —Table V)

By inspecting Table V, it is found that the performance obtained in time simulations is very good
concerning position accuracy, since the requirements are easily fulfilled (an improvement of two orders of
magnitude with respect to the specification is achieved in benchmark B1, and at least one order of
magnitude in benchmark B2) for maximum and standard deviation values. The non-diagonal MIMO QFT
design either equals or slightly improves the diagonal MIMO QFT. Both QFT controllers improve the H-
infinity results for the two benchmarks.

Attitude errors (4,5,6,10,11,12 —Table V)

The specification for the highest attitude error is harder to meet mainly because of the effect of the flexible
modes. Some of the maximum attitude values of the H-infinity even exceed the 25.5 mas required: see
benchmark B1 (4 —Table V) and benchmark B2 (4,5 —Table V). Again, the MIMO QFT methodologies
improve the results of the H-infinity controller in the six attitude error cases (4,5,6,10,11,12 —Table V).

Once more, the non-diagonal MIMO QFT either equals or improves the diagonal QFT controller results.
The greatest differences between both controllers can be observed at the Attitude Error along the Y-axis
(5,11 —Table V), especially for benchmark B2. There, the non-diagonal design decreases the standard
deviation attitude error by 0.85 % (11 —Table V) and the maximum attitude error by 5.05 % (5 —Table V)
with respect to the values reached by the diagonal compensator. These improvements could turn out to be
relevant to the astronomical mission. Their achievement is due to the fact that the off-diagonal
compensators have been designed to minimize the coupling at low frequencies, which are principally
stressed in the second benchmark.

3.6.3  Engineering Requirements

Saturation limits. Actuator commands (13,14,15,16,17,18 —Table V)

As can be seen in Table V, actuation is very small and far below the saturation limits. The results for the
three controllers remain at similar values (13,14,15,16,17,18 —Table V).

Open-loop Bandwidth Comparison

The open-loop cross-over frequency results of the six SISO loop subsystems are shown in Table VI. These
measures correspond to the smallest frequencies in Hz where the transfer functions of the open-loop of
each SISO subsystem pii(s) gii(s) [without the coupling elements pji(s), 1 # j] are equal to 0 dB. The
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minimum performance for each of the three designs has been established as the minimum bandwidth value
over the 300 random satellite dynamics. Obviously, the bandwidth results for the two MIMO QFT designs
coincide since their diagonal compensators are the same. A value of 0.01 Hz is considered a good
compromise choice for bandwidth. Since the frequencies of the first flexible modes are within the range
[0.05, 0.5] Hz, the open-loop cross-over frequencies for attitude and position are tuned to be as high as
possible while simultaneously preventing the flexible modes from disturbing the system output
performance.

Table VI. Frequency performance with the three controllers

Non-diagonal

. Diagonal MIMO H-infini

Requirement MIMO QFT QF"gl“ Controller Controll?;‘

Controller

Position Bandwidth X (Hz) 0.01 Hz 0.0464 0.0464 0.0229
Position Bandwidth Y (Hz) 0.01 Hz 0.0472 0.0472 0.0206
Position Bandwidth Z (Hz) 0.01 Hz 0.0212 0.0212 0.0205
Attitude Bandwidth X (Hz) 0.01 Hz 0.00949 0.00949 0.0102
Attitude Bandwidth Y (Hz) 0.01 Hz 0.0102 0.0102 0.0102
Attitude Bandwidth Z (Hz) 0.01 Hz 0.00883 0.00883 0.0102

maX|T(ja)1 (dB) <6 dB 12.73 (Max) 11.51 (Max) 4.70 (Max)

w 5.64 (Mean) 5.55 (Mean) 4.69 (Mean)

i 13.11 (Max) 12.05 (Max) 6.24 (Max)

mae)l X|S(j a)X (@) <6.dB 6.69 (Mean) 6.60 (Mean) 5.48 (Mean)

For the position transfer functions, the three controllers exceed the 0.01 Hz recommendation (two and
even four times depending on the controller and the axis). However, the flexible modes mostly affect the
attitude transfer functions and do not impose such strong constraints on the position transfer functions.
Consequently, it is possible to go over 0.01 Hz for the position loops, as is proved by the satisfying time
domain results in Table V.

For the attitude transfer functions, the open-loop cross-over frequencies are around 0.01 Hz for the H-
infinity and for both the non-diagonal and diagonal MIMO QFT designs.

3.64  Control Requirements

Stability Objectives

Stability and performance specifications are essentially described as mathematical expressions ready to be
used during the design process of the controller. These expressions usually differ from one control
methodology to another provided they are based on distinct approaches, which is the case of H-infinity
and QFT-based methodologies. In this paper the stability specifications have been defined in two different
ways:

a) Stability conditions of Section 2.6 for MIMO QFT (Nyquist criterion for sequential methods).
b) Margins on max|T( ja))| and max|S( ja)] for H-infinity (classical criterion for MIMO systems).

The non-diagonal and the diagonal MIMO QFT controllers fulfill the stability conditions for sequential
procedures defined in Section 2.6. The H-infinity compensator fulfills the margins of 7(s) and S(s) defined
in Table VI. With respect to this classical interpretation of robust stability, the QFT approaches respect
them in most of the cases (mean), but not in several cases (max). This is due to the fact that these
interpretations of the stability margins (which are indeed a margin of a margin) are not integrated as a
design specification in the core of QFT techniques.
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Since stability and performance specifications are only interpretations of the functional requirements
(astronomical and engineering requirements —Table IV-), the designer should be aware of which tradeoffs
need to be made. Essentially, the interpretation of reality in terms of a particular theory can never replace
the real world itself. In the absence of the real system implementation or a suitable prototype to be used
instead, the designer must manage time domain simulations in order to verify the control system behavior
[1]. That interpretation was done and successfully validated in the previous sections of the paper.

Additionally, the classical margins on max|T( ja)] and max|S( ja)] are stability MIMO margins, but they do

not include phase information. This fact makes them sufficient, but not necessary conditions and could
yield very conservative controllers in some situations. Although the three methods are robust stable
according to their own requirement and to time domain simulations, future research work to re-interpret
both types of robust stability conditions and margins constitute one of the next research objectives.

Controller Complexity and Order

The number of operations that have to be performed per sampling period may place restrictions on the
compensator design. The implementation of a controller based on the state space representation differs
from that based on transfer functions. The former appears to have a common denominator for every
element of the compensator when it is transformed into transfer function description and the latter does not
actually need it. Indeed, the expression of each control signal in a transfer function matrix depends on its
corresponding row of the compensator matrix. But even there, common denominators are not needed. The
control signal u;(s) is computed as the sum of signals generated by every compensator in the i-th row.

In order to make a realistic comparison of the computational cost of the different controllers (non-diagonal
MIMO QFT, H-infinity and diagonal MIMO QFT), the number of sums and multiplications computed in
each sample at the final implementation are analyzed. Following the same discretization process, the
values in Table VII are obtained. The compensator matrix of the H-infinity design expressed in transfer
function description presents 36 elements having 42" order. The diagonal MIMO QFT design consists of
six diagonal compensators going from 5™ to 14" order. The non-diagonal MIMO QFT design consists of
eight compensators going from 3™ to 14™ order.

Table VII. Computational cost per sampling for the three controllers

Controller Number of Multiplications Number of Sums
Non-diagonal MIMO QFT 130 124
H-infinity 2994 2988
Diagonal MIMO QFT 116 110

4.0 COMBINING SWITCHING & ROBUST QFT CONTROL STRATEGIES TO
IMPROVE CLASSICAL CONTROL®

This section introduces a methodology to design a family of robust controllers able to go beyond the
classical linear limitations. Combining robust designs and stable switching, the new controllers optimize
the time response of the system by fast adaptation of the controller parameters during the transient
response according to certain rules based on the amplitude of the error. The methodology is based on both
a new graphical stability criterion for switching linear systems and the robust quantitative feedback theory

(QFT).
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4.1 Introduction

Switching control has demonstrated to be an efficient tool in achieving tight performance specifications in
control systems [15-16]. The way to reach this enhancement is by designing various parallel controllers
with different characteristics, and continuously selecting among them the one that governs the system
(Fig. 21). Thus, performance specifications that are not achievable by a simple linear controller, as the
limitation theory predicts [17-18], can be attained through suitable switching rules.

One of the main issues in switching control techniques is that the system stability is not assured a priori,
even if the switching is made between stable controllers. This is the reason why most of the current
literature about switching systems is still devoted to stability issues. See [19-20] for general results about
stability criteria applied in some particular cases.

4.2  Switching & robust QFT control

4.2.1 Switching Systems Stability

Fig. 21 shows a general scheme of a switching system. A set of controllers is designed and a supervisor
selects the most suitable one, depending on the system and environment parameters.

Controllers

o N i
1(s 7

. Plant

Gn(s) F—eo

H(s)

A

Fig. 21 Switching control scheme.

One of the main difficulties found when switching techniques are applied is that, in general, the system
stability is not assured, even if switching is made between stable controllers. Some extra conditions must
be met. In particular, it has been proved that a system

()= A@)x(), At)eA={A,,..,A,}, A, Hurwitz, (71)

with arbitrary switching within the set of matrices A is exponentially stable if and only if there exists a
common Lyapunov function (CLF) for all A; in the set A [22]. It has also been proved that the existence of
a common quadratic Lyapunov function (CQLF) is a sufficient condition for exponential stability [23]. In
this context, the main issue in linear switching systems is finding conditions under which the existence of
a CQLF is assured. In particular, it has been proved that the circle criterion provides necessary and
sufficient conditions for the existence of a CQLF for two systems in companion form [24-26], that is, the
systems

x(t) = Ax(?) (72)

(1) = (A —gAT)x(?) (73)
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both Hurwitz, with

[0 0 0 0 ] 0] [2g]
0 0 0 0 Ae
0 0 0 - 0 0 0
A= : : : .. : : » 87 P 4= Aez (74)
0 0 0 - 0 1 0 he,,
=€ —€ —€ - —€, ., —€.| L1 | e, |
have a CQLF if and only if
1+Re{A"(sI-A)"'g! >0, s=jo, forallfrequency . (75)

This paper considers stability for arbitrary switching between two closed-loop systems with transfer
functions T'(s) = Li(s)/[1+L(s)] and T»(s) = Ly(s)/[1+L,(s)], both stable, where L,(s) = P(s)G(s) and Ly(s)
= P(s)G,(s) are proper, have the same number of poles, and the same number of zeros. In this case, the
effect of switching is to change the gain and the position of poles and zeros. The open loop transfer
functions of both systems are
n-1
L(s) = b, s i+ by _N() and (76)
s"+a, 5" +..+a, D(s)

(b, +Ab, )s"" +..+ (b, +Ab))  N(s)+AN(s)

= . (77)
s"+(a, , +Aa, )s"" +..+(a, +Aay)  D(s)+AD(s)

L,(s)=

Note: For the sake of clarity in the subsequent analysis, a general expression has been used where the
order or the numerator is one less than that of the denominator. If it were not the case, then the coefficients
b,.1, etc, would be zero.

The closed-loop transfer functions are

T(s)=—0) ___ N and (78)
1+ L, (s) D(s)+ N(s)
Tz(S): L2(S) _ N(S)+AN(S) (79)

14+L,(s) D(s)+AD(s)+ N(s) + AN(s)’
where the characteristic equations are

D(s)+ N(s)=s"+e, " +..+es+e, and (80)

D(s)+AD(s)+ N(s)+AN(s)=s" +(e, , + Ae, | )"+ (e, +Aey), 81

n—1

with e, =a, +b, and Ae, = Aa, + Ab..
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Using these expressions for the coefficients ¢; and Ae;, the matrices A, g, and A are defined. Now the circle
criterion is applied to guarantee stability under arbitrary switching. As

(T-A) ' =s"+e, 5" +..+es+e, and A'g = Ae}HS"’1 +...+Aes + Ae,, (75) becomes

n—1
1+ Re{Ae’”S +...+ Aes + Ae,

- >0, s = j, forall frequency . 82
s"+e, ,s" 1+...+els+eo} ’ aneney ©2)

After some simple manipulation,

Re{l N Ae, 8" +...+ Aeys + Ae, } _ Re{N(s) +AN(s)+ D(s) + AD(S)} _

s"+e, "+ tes+e, N(s)+ D(s)
N(s) + AN(s) + D(s) + AD(s)
(g (o)
N(s)
the condition can be expressed in the following form:
Re{ifj ((j)) (D(S)E(SA)D(S)} >0, s = jo, for all frequency o. (84)

As this formulation of the circle criterion is applied to open-loop transfer functions, it is enough to check it
at positive frequencies due to symmetry. Condition (84) is then equivalent to

arg{l+ L,(jo)} —arg{l+ L,(jo)} + arg{D(joo) + AD(jCO)}

D(jo)

< % forall ® > 0. (85)

Let us denote

0,5 (@)[deg] = farg {1 + L, (jo)} - arg{l + L, (jo)}], (86)
a(w)[deg]= arg{D(J )+ éDU ©) } 87)

D(jmw)

Using the triangle inequality, a sufficient condition for (85) is
0, (®) <90 —o(®) deg forall ®> 0. (88)

Then, the criterion can be applied graphically in both the Nyquist and the Nichols diagrams. In the first
case, the criterion may be expressed by saying that L;(jo) and L,(jo) must be inside of an arc of
[90 — a(w)] deg around the point (-1,0) at each frequency. In the Nichols diagram a condition over angles
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is more easily checked: plotting the frequency response of [1 + L;(jw)] and [1 + Ly(jo)], the distance
¢12(®) on the horizontal axis at each frequency must be less than [90 — a(w)] deg.

It must be noted that the function a(m) can be expressed in the following form:

} (Jo+p;+Ap;)
a(w) = arg{D(jm)+AD(jw)} = |arg 1’1 e =
D(jo) H o+ p)) )

Dargljo+p, +Ap ) —argljo+p,}

J=1

so it may be considered as a measurement of the controller poles change, as Fig. 22 shows. Consequently,
the larger the movement made by the poles, the bigger the conservativeness introduced by the triangle
inequality at (88). Note that for each frequency «; there is a different angle a(w)).

_______ (0]
N i ,c’/j']:'
- (o, PR ARAEE I
p 2( 1)/ /j// f ]C‘)k
- PO A :
- P ’
-7 - s, /\'/
x e // 4
o)

///\ ’ P '(P1+AP|) ©0) Re

Fig. 22 a(s) for a system with three switching poles. a(®,) = a;(®;) + 0,(®;) + a3(®).

At this point two questions arise. Firstly, the criterion presented above can be applied to switching
between two isolated controllers with the same structure. However, it is possible that the designer wants to
do switching among more than one system, or even among an infinite number of systems, which can also
be considered as a linear parameter varying (LPV) system, where the controller varies continuously.
Secondly, real systems present uncertainty, so the criterion must be modified in some way to take the
uncertainty into account. The next discussion undertakes both issues.

If the switching is made among a set of controllers, the criterion has to be accomplished by every pair of
them. Checking this condition may be an impossible task if there is more than one pole moving, because
the angle a is different for each pair of controllers. For this reason, if we are interested in a controller
whose parameters change continuously with the error, we will permit only variable gain and zeros. Then,
the angle a(w) is null for every frequency, and the only condition to satisfy is that the angle between any
two possible systems L (jw) and the critical point (-1,0) is less than 90 deg. Moreover, under this premise
the conservativeness introduced in (88) vanishes. The condition can be checked graphically with a grid of
the possible open-loop systems that the controller variation can generate, as Fig. 23a shows. The
maximum angle @;2(®) must be contained in a 90 deg arc from (-1,0). In the Nichols Plot, the way to
apply the criterion is to draw the grid of possible 1+L,(jw) systems, and check that the maximum
horizontal distance is less than 90 deg. Fig. 23b illustrate the criterion in the Nichols Plot.
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Using similar arguments, it is also easy to deal with uncertainty. For an uncertain system, the femplate
JP(jo) is the area of the possible plants within the uncertainty at the frequency . If this system is
governed by a switching controller, each point of the template can change its position due to switching.
From this point of view, switching can be considered as a mechanism that modifies the position and shape
of the templates of [1 + L,(jw)]. To be sure that the switching is stable, the above criterion must be applied
to the whole template.

Im dB 90 deg

max{Q(®)}

% Ljjo) + )
max{pp(0)}  } *x *

\ (a) ¢ (b)

Fig. 23 Criterion for continuous switching: a) Complex plane. b) Nichols plot.

(-1,0)

It has been traditionally considered in control theory that uncertainty changes the plant slowly in
comparison with the system dynamics. If the switching laws depend on the state of the system, then the
switching is much faster than changes due to uncertainty. Consequently, for each point of the departure
template there is only one corresponding point in the arrival template. Furthermore, it can be assumed that
uncertainty does not affect the angle a.

Then the Nichols Chart is a very clear diagram to test the stability of the uncertain switching system. Fig.
24 shows the templates of [1+L,(jw)] and the application of the method. If during the displacement of each
point of the first template to its corresponding point of the second one, the maximum horizontal distance
between any two points of this path is less that 90 deg, the stability condition is satisfied at that particular
frequency. Although it is a laborious task to check each point of the template at each frequency, usually it
is not necessary because the whole set of templates are much closer together than the critical distance.

A
dB
max{@(w)} <90

switching

L~

-

uncertainty

»
>

deg

Fig. 24 Stability criterion on the Nichols Chart
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4.2.2 Methodology

Quantitative feedback theory [1] has demonstrated to be an excellent tool dealing with the compromises
between several, often conflicting, control specifications. Its transparent design process allows the
designer to consider all of them simultaneously and in the same plot. The QFT philosophy permits to
design a controller that satisfies the set of performance specifications with every plant within the
uncertainty, using the minimum amount of feedback.

However, as any linear methodology, QFT produces linear controllers, and consequently it is subject to
the performance limitations of linear systems. Briefly speaking, the way in which a system can improve its
performance is limited by the reduction of the stability margins. Although those limitations are usually
expressed in the frequency domain, they have consequences in the time response of the system.

As limitations are due to the linear character of the system, it seems that the key is to use nonlinear
controllers. Some work has been done in that respect, and some elegant solutions have been performed
[27-28]. However, the use of nonlinear elements may imply some problems, like instability or limit cycles,
as well as the lack of simple design tools.

Another solution to overcome the linear limitations is to prioritize some specifications over others
according to the state of the system at each time. In other words, do switching to select the appropriate
controller, keeping always the linear character. A particular way to do this is to use the error amplitude as
the switching signal. Then, when the output is far from the reference, the system needs to be more stable,
and also faster, but precision is not so necessary. Conversely, when there is little error, some amount of
stability margin can be sacrificed in order to increase the low frequency gain, and therefore the precision
and the disturbance rejection. These ideas, combined with the QFT method, lead to a new design
procedure, listed in the next four steps:

Step I: Obtain a preliminary linear controller for the system, usually by applying QFT: represent the
parametric and/or non-parametric uncertainty with the templates, define the frequency domain
specifications, generate the QFT-bounds and design a linear controller by loop-shaping.

Step 2: The preliminary QFT controller is the starting point to design two extreme controllers with the
same structure, where gain and zeros can vary freely, but poles stand still. The characteristics of these two
controllers must be related with the error amplitude. As Boris Lurie explains [16], when the error is large
the bandwidth must increase to get fast response, but the loop gain does not need to be high. And for small
errors, the bandwidth is reduced to avoid the effects of noise, while the low frequency gain is increased to
minimize the jitter and the tracking error.

In terms of loop-shaping, these rules can be considered as: 1) for small errors, increase gain and move
further away the zeros, and 2) for high errors, decrease gain and bring nearer the zeros. Apart from this,
reasonable stability margins must be maintained, although they could be considerably reduced for the
small error situation.

Step 3: The robustness of the extreme designs guarantees that both linear systems are stable for every plant
within the uncertainty. However, it is necessary to apply the criterion presented in the previous section
[see equation (88) with o = 0] to assure that the switching between both controllers is also stable.

One advantage of this graphical criterion is that it gives information about the frequencies where
conditions are not satisfied, so the designer can go back to Step 2 and change the extreme controllers in
this region.
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Step 4: Select the switching function. Simulations of the system governed by each controller are
performed. Looking at the time response of the designs, the function that relates the error amplitude with
the position of the controller parameters is designed (see for example Fig. 27).

4.3  Application: Remotely Controlled Reconnaissance Vehicle

This section presents a simple example to illustrate the new methodology introduced in section 4.2. It
consists in a remotely controlled reconnaissance vehicle (see [29] for details).

The plant to be controlled is:

P(s)=1— ;where g, €[1.8,2.2], and 4, €[3.6,4.4] (90)
(S +a s+ ao)
Step 1

The controller designed by Dorf (see [29]) is:

10(s +2)

(s + 1)
Step 2
Now, starting from G(s), the extreme controllers Gy(s) and G;(s), for low and high errors respectively, are
designed observing the guidelines exposed in section 4.2. The elements to be varied are the gain and a
zero. The new controllers are

Go(s) = on

G,(s)= M and 92)
(S + 1)
Gy(s) = 30 +09) 93)

(S+1)

and their frequency domain characteristics can be viewed in the Bode plot of Fig. 25. As is appreciated,
G (s) presents a higher low-frequency gain and a dominant pole, while in Gy(s) the low-frequency gain is
lower and the zero is the dominant one. Their robust stability margins are checked with QFT tools.

Bode Diagram
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Fig. 25 Bode plot of the three controllers
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Step 3

Fig. 26 shows the templates 7T1 + L (jw)] and 71 + L,(jw)] at various representative frequencies [1, 2, 3,
5] rad/sec, and the Nichols plot of each nominal function [1 + Ljo(jw)]. As there is no variation in any pole
of the controller, the angle a is cero for all frequencies, and the only thing to check is that, in the path from
each point of the first template to its corresponding point of the second template, the maximum horizontal
distance between two points is not higher than 90 deg [see (88) with a = 0].

20

L e i if**** o T e s s e e s

0 ——— === === === = e e e
g i / 31+L (2) I+Lz(jl):>
g S~ [ A A L
3 1+L1(j3) o path |
g I R . I \ I
S : e, :
g oO---—-—-—-=-=-=-=—=-=-=—-- : *************** :jf*****ﬁkﬂrk ***: *******************
S | | I+L(3)" ~]

] R N R VNN SRA—

: : 1+L20(jo) ;
PR R o) e
| | : )
%60 155 % 45 o
Open-Loop Phase (deg)
Fig. 26 Stability study of the switched systems on the Nichols chart
Step 4
The switching controller G,,(s) presents the following expression:
15-7k)s+23-1.8k
G, ) - 1= 7R ) (94)
(S + 1)

where the parameter & is given by a function £ — [0, 1] of the error signal. In order to reduce possible

impulse effects, a smooth function (95) has been selected instead of a relay-type or saturation-type
function,

2
k=1- exp(— %} 95)

where the values of the parameters have been adjusted for optimal performance by simulation. Some
further research could be devoted to finding the optimum shape for the switching functions. The shape of
the switching function is shown in Fig. 27.
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parameter k

Fig. 27. Switching function

Validation

The compensators are verified in the time domain for the most representative plants selected from the set
of uncertain plants. Fig. 28 shows the time response of the control system (nominal plant [29]) to a step
input reference tracking (¢t = 1 sec) and a step disturbance (¢ = 15 sec). The response of the controller
designed with the new methodology (switching controller, G;,;) combine the best characteristics of the
extreme controllers (G, and G,), improving the response of the original fixed controller (Gy).

1.2} n/GO (DOI‘f) \‘ ‘\/ Gswi

0.8F
0.6

0.4

. . . . )
0 5 10 15 20 25 0 5 10 15 20 25
time (seconds) time (seconds)

0.2

Fig. 28 Response to a step input reference tracking and a step disturbance

5.0 CONCLUSIONS

Since the very first ideas suggested by Horowitz in 1959 until now, the Quantitative Feedback Theory
(QFT) has been successfully applied to many control systems: linear and non-linear, stable and unstable,
SISO and MIMO, minimum and non-minimum phase, with time-delay, with lumped and distributed
parameters, multi-loop, etc [1]. The method searches for the controller that guarantees the achievement of
the required performance specifications for every plant within the existing model uncertainty. QFT
highlights the trade-off (quantification) among the simplicity of the controller structure, the minimization
of the ‘cost of feedback’, the quantified model uncertainty and the achievement of the desired performance
specifications at every frequency of interest.

The first part of the paper summarized a methodology to design sequential non-diagonal QFT controllers
for multi-input-multi-output MIMO systems with uncertainty. The second part demonstrated the feasibility
of that methodology to control UAVs, in particular the position and attitude control of a 6x6 MIMO
Darwin-type spacecraft with large flexible appendages. The third part of the paper introduced a new
practical methodology to design robust controllers that work under a switching mechanism. The method is
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capable of optimising performance and stability simultaneously, going beyond the classical linear
limitations and giving a solution for the well-known robustness-performance trade-off. Based on the
frequency domain approach, the method combines a graphical stability criterion for switching linear
systems and the robust quantitative feedback theory.
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		Table I. Simplifications to quantify the coupling effects

		Reference tracking

		Simplification S1

		Simplification S2



		Type 1: Robust Stability specification

		Type 2: Sensitivity reduction

		Type 3: Rejection of disturbances at plant input

		Type 4: Control signal

		Reducing coupling effects as much as possible

		Step A: Arrangement of the system

		Step B1: Design of the diagonal compensator g11(s)

		Step C1: Design of the non-diagonal compensator g51(s)

		Step B2: Design of the diagonal compensator g55(s)

		Step C2: Design of the non-diagonal compensator g15(s)

		Position errors (1,2,3,7,8,9 –Table V)

		Attitude errors (4,5,6,10,11,12 –Table V)

		Saturation limits. Actuator commands (13,14,15,16,17,18 –Tab

		Open-loop Bandwidth Comparison

		Stability Objectives

		Controller Complexity and Order
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Abstract

Embedding desired behaviors in autonomous vehicles is a difficult problem at best and in general prob-
ably impossible to completely resolve in complex dynamic environments. Future technology demands the
deployment of small autonomous vehicles or agents with large-scale decentralized swarming capabilities
and associated behaviors. Various techniques inspired by biological self-organized systems as found in
forging insects and flocking birds, revolve around control approaches that have simple localized rule sets
that generate some of the desired emergent behaviors. To computationally develop such a system,an
underlying organizational structure or framework is required to control agent rule execution. Thus, au-
tonomous self-organization features are identified and coalesced into an entangled-hierarchical framework.
The use of this self-organizing multi-objective evolutionary algorithmic approach dynamically determines
the proper weighting and control parameters providing highly dynamic swarming behavior. The system
is extensively evaluated with swarms of heterogeneous vehicles in a distributed simulation system with
animated graphics. Statistical measurements and observations indicate that bio-inspired techniques in-
tegrated with an entangled self-organizing framework can provide desired dynamic swarming behaviors
in complex dynamic environments.

1 Introduction

The future deployment of autonomous vehicles or agents will be in large-scale decentralized swarming envi-
ronments with associated behaviors. Examples include homogeneous and heterogeneous autonomous robotics
and aerial vehicles for reconnaissance and possible action. Examples include commercial UAVS such as the
Raven [1], DARPA’s micro-UAV project with fixed wing, flapping wing, and rotary wing efforts as found
in [2], and UAVs built from MEMS micro-devices [3]. Biological inspired self-organized systems as found in
forging insects (ants, bees, ...), flocking birds and attack activities (bees, wasps, ...), revolve around control
approaches that have simple rule sets that generate some of the desired emergent behaviors. In generaliz-
ing this approach, localized agent rules that evolve the requisite agent and vehicle swarming behaviors are
desired. To computationally develop such a system, an underlying organizational structure or framework
is required to control agent rule execution. Thus, autonomous self-organization (SO) features are identified
and coalesced into a SO system entangled-hierarchical framework. The dynamic vehicle or agent swarm be-
havior is evolved using a multi-objective genetic algorithm to successfully perform dynamic reconnaissance
and as appropriate attack targets. This provides the swarm with the evolved ability to dynamically react to
hostile environments with low computational complexity and high effectiveness without requiring constant
human interaction. The self-organizing multi-objective evolutionary algorithmic approach dynamically de-
termines the proper weighting and control parameters without requiring parameter tuning, yet providing
highly dynamic swarming behavior.
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This paper initially discusses the UAV research background in Section 2. A generic vehicle or agent swarm
multi-objective problem domain model is developed in Section 3. Because of the NP-Complete problem
complexity, in Section 4, the proposed system uses a multi-objective evolutionary algorithm (MOEA) to
explore the associated search space. The concept and design of a self-organized multi-objective evolutionary
algorithm is developed in Section 5. In Section 6, addition of a new DE-inspired controller and more advanced
swarm behaviors are shown. In Section 7 the system is extensively evaluated with swarms of heterogeneous
vehicles in a distributed simulation system with animated graphics. Section 8 concludes with measures of
success and possible future directions.

2 Generic Swarming Approaches

Approaches to control and swarming are as quite varied. Some of the exemplar works are discussed along
with our extensions. The first part of this section presents a brief background on generic swarming domain
problem domain. Then several associated efforts with other techniques are discussed and briefly evaluated.

2.1 Algorithmic Structures/Frameworks

Our problem domain has a resemblance to Nikovski’s [4] domain of Decision-Theoretic Navigation of mobile
robots. Nikovski’s work does not specify the particulars about the learning and domain encountered, but
autonomous agent movement and navigation fundamentals are universal. Nikovski finds a Best First Model
Merging (BFMM) in which the objective is to accurately predict which actual time-state pair the current
Partially Observable Markovian Decision Process (POMDP) observed state is modeling. He also endeavors a
State Merging (SMTC) searches for the same objective but includes suboptimal solutions that can be merged
in order to solve for an aggregate better solution in the long run. None of the combinations converge with
the optimum but the systems do show improvement. The cause of this stems from the systems inability to
learn the correct model. There also exist a bit of concern about mapping vectors leading into and out of a
state given the Markov assumption. These attempts are all geared toward finding predictable solution in an
extremely large solution space.

Khosla [5] uses evolutionary algorithms for Weapon Allocation and Scheduling (WAS). In this do-
main two parameters are optimized, Threat Kill Maximization (TKM) and Asset Survival Maximization
(ASM)reflecting. Deterministic and stochastic (GA) approaches are employed with interesting results. And
in A technique of utilizing a single objective genetic algorithm (GA)successfully accomplished dynamic en-
vironment reaction in [6].

There are several approaches to developing SO vehicle swarm controllers using genetic programming
(GP) [7-11]. Woolley’s [12] defines a control structure called the Unified Behavior Framework (UBF) which
constrains the GP, with consistent success in a constrained problem. In [13] they develop a complex control
architecture for agents utilizing the principles of artificial immune systems (AIS), with mild success.

Overall, these research efforts reflect the intractable complexity of the problem domain space and generally
heavy computational demands. Many of the mentioned techniques simply constrain or approximate the
solution space and then search stochastically. Thus, finding simple behaviors sets and relations between
them allow for lighter computational processing.

2.2 Rule Based Behavior Archetypes

When self-organization (SO) is applied to a system, rules sets must be developed in such a way that all
solutions are feasible in sub-domains. In the case of our Swarmfare, the system gathers these rules together
to form behavioral archetypes (BA). Through these groupings the rules are weighted and applied to establish
each subsequent action. This is similar to the modes in Rosenblatt’s architecture [14]. Although, this system
uses a set of neural-network preceptrons to form the control agent and find the appropriate BA to use at a
precise moment. This open scheme of BAs allows for flexible and quick response of different variations given
the dynamic environment.
SO Rules Utilized The Swarmfare simulation system currently combines 10 rules to define each BA:
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Figure 1: Release of a swarm of Heterogeneous vehicles (UAVS) in a target rich environment. The UAVs
start clustered on the left engagement and sensor rings illustrated. The targets are show throughout the
space with matching sensor and engagement rings. [16]

- Flat Align - vector align with neighbors

- Separation - Cluster Range away

- Cohesion - Cluster range towards

- Obstacle Avoidance

- Evade - a priori collision detection and avoidance

- Target Orbit - orbit target at safe distance

- Attract - towards center of mass of all targets

- Weighted Attract - towards closest target

- Target Repel - repel if with 90% of UAV sensor range
- Weighted Target Repel - repulsion based on proximity

The ten rules are derived from generic swarm and target interactions. The core five swarm rules, flat
align, separation, cohesion, obstacle avoidance and evade are from Reynolds work [15,16]. The orbit stems
from Lua’s work [17]. The target driven rules, attract (and weighted), repel (and weighted), and orbit are
derived. Attract and repel tries to form a balance of aggression and respect towards targets. Each rule is
weighted differently depending on the makeup defined by BAs of the agent.

3 Swarm Problem Domain

A swarm of vehicles or agents moves through a space governed by basic physical and communication princi-
ples. The space contains a set of obstacles and targets (physical or abstractions). The targets are stationary
but attack. The sensor information and simple Self Organization (SO) rules are given to each individual
vehicle or agent. The rule set and interaction amongst the vehicles creates emergent behaviors that allow
the agents to swarm and attack the targets nondeterministically. For example from [6], Figure 1 reflects the
problem domain constrained environment or domain of the Swarmfare animated simulation package.

The objectives are two fold. First the system must establish a SO Swarm. The intent of this objective is to
increase search effectiveness, safety, and attack force. The second objective requires the swarm to successfully
engage targets. This means two things, maximized damage to the target and minimized causalities in the
swarm. All of this must happen while moving through a populated terrain space.

The correct control of the vehicles in this space results from exacting combinations of the SO behavior
set. The arbitration of the behavior sets and weighings of those behaviors form the real solution space.
Search through that extremely large and volatile space requires advanced searching techniques.

3.1 System Mapping to POMDP

Mapping this problem domain to a formal model requires explanation of several critical elements. First the
targets and vehicles or agents have sensors and interact through basic nearest neighbor communications,
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with epidemic transfer of information. As a result, any agent in the space has only limited knowledge of
its circumstances. As the agents move through the space, engagement with the targets follows stochastic
modeling and allows for aggregation of forces. This creates a scenario where the domain space changes
rapidly and unpredictably. To reduce the confusion and simplify the space, Markovian assumptions are used.
Without global knowledge and the inability to predict the results of any single action, these assumptions
indicate a way to abstract the state.

For these reasons the problem domain falls under the category of Partially Observable Markovian Decision
Processes (POMDP). A POMDP is made of the tuple shown in equation 1, which includes the state set (S),
action set (A), transaction set between states (T), observations (O) and feedback mechanism (R).

D(S,A,T,0,R) (1)

The expansive problem domain space of POMDPs forces the reduction of the state into more abstract
pseudo states for the ease of understanding. Thus, the mapping of this specific swarming problem (target
engagement) is extended to a POMDP model [18].

The agent actions are defined by the set of beliefs state transitions and the scope of the set defined by
the following. Within each state S there exists a set of agents v, set of targets 7 and set of obstacles ( in
the domain space.

Agent

The agent (UAVs) is defined by the tuple in Equation 2

V(Aut, €u, dy) (2)

Here the \,; defines the location and velocity vector, e, is the engagement range of agents. d, is the
detection range of agents. This state describes the agent from the global view.

Target

Equation 3 defines the target (SAM site) sets:

T(Ar, €0, dy) (3)

Again the A, defines the location vector, e, is the engagement range of targets, and d,, is the detection
range of agents.

Obstacle

Equation 4 defines the obstacle set:

C(A¢, s¢) (4)

Again the A, defines the location vector and s¢ defines repulsion field strength of the obstacle.
Action
The action set is defined by the agents actions Equation 5:

{N’Al EA) /u'An}EA(/”L) (5)

The (14, is the movement action of all agents taken in the domain. The null action does not exist in the
set as the agent must always be moving while in flight. This also means velocity vector A must not be 0.
The set also includes other actions such as, detect, engage, turning and others depending on the capabilities
of the agents.

Transition Set

The transition in the world domain is dependent on the independent agent action and interactions.
Therefore Equation 6 show the transition probability between states.

T:P(s')=P(s,T,s)P(s) (6)

Given that no scenario encountered is the same, it is impossible to articulate the search space entirety
or control search based on the immense state space created by the POMDP model. This phenomenon forces
the need for a probabilistic behavior model. Using self-organized behaviors the system can abstract the
state and respond to it appropriately in polynomial time. This abstraction forces sets of abstract states that
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dictate modes and behavior structures. As a result the system needs discrete sets of behaviors with different
control weights that allow the flexibility to move in this abstracted state which is shown in Section 2.2.
The probability of entrance into a new state P(s’) is dependent on the previous state P(s) and the set of
agent actions, Y. The agent state itself as a local view is extended with the -POMDP model. The Interactive
POMDP (Interactive Partially Observable Markov Decision Process) used by Doshi [19] specifically defines
the state transitions of each agent based on the probability of the interactions with other agents. This
approach focuses the agent actions based on its knowledge base and behavior set independent of the entirety
of the domain.The agents local state and actions can be defined by the I-POMDP in Equation 7. The
purposed I-POMDP model allows the agents to work separately and interactively update the global state.

Ii = {ISivAaTi7inOi7Ri} (7)

The interactive state 1.5; depends on the state S and the belief that other agents interact with that state,
0;, using IS; = S x 0;.

Individual Agent State

The state of the agents in the -POMDP motivates a further description of the agents. From the agents
perspective on the domain, many local knowledge pieces need to articulated. Further development of the
I-POMDP mathematical model for the UAV problem domain can provide predictability in the effectiveness
through a detailed system verification (proof) of performance. At this point in the design process the system
develops from the substates of the model but it does not employ full articulation of all the mathematic
structures. Since the low-level sub-state design is done from an engineering perspective, further mathematical
decomposition does not directly effect the associated computational validation. For this reason the design
decomposition is continued from this level of the model, which is a reasonable representation of the real-world
operations.

3.2 Simulation of Autonomous Vehicles

Many constraints exist on the agents traversing a real-world domain. They include:

- Dynamics of the vehicles/agents (UAVs, robots, ...)

- Physics constraints of not only the craft but munitions

- Sensors range constraints and noise

- Communications bandwidth constraints and unreliability

- Geographic incursion on movement, sensors, and communications
- Fog and Friction of battle

All of these real-world constraints if hidden create a scenario where relying on details of a state can
cause unknown incompatibility problems. As a result the system and simulation can only function with a
restricted amount of validity compared to the real world. However in SO decomposition, the systems are
biologically inspired. This creates juxtaposition between the human need to thoroughly develop a state and
reality of the level of states that are used by the exemplar biological agents. With SO, we tend to steer away
from exact state modeling and allow the system to abstract the states to the level needed for survival in the
given domain.

4 Swarm Behavioral Control

In order to find the proper control set for the vehicle or agent swarm behavioral rules, weights must be applied.
Thus, a search technique must be chosen to attempt to ”optimize” these weightings using a stochastic search
technique. The swarming problem and algorithm domain is expanded into the multi-objective problem
(MOP) realm using a multi-objective genetic algorithm (MOEA). Although optimal solutions are desired, a
stochastic algorithm such as an evolutionary algorithm of course can not guarantee that optimal solutions
are found.
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4.1 Chromosome Development

Formulation of the EA chromosome data structure derives from the objective functions. In order to reach the
objective of target engagement, the system must produce emergent behaviors that aggregate the capabilities
of the UAV or agent in a swarm. The EA must control and integrate the SO rule sets to form this emergent
behavior. Therefore, the mapping of the chromosomes relate to the control parameters or weighting of the
rule sets.

Control Development Implementing the transactions defined by the behavior set in Section 2.2 requires
synergistic integration of those behaviors. Here behaviors are vector fields that direct the agent’s movement,
similar to that seen in [20]. Arbitration in the benchmark work uses a multi-layer perceptron to chose
between SO behaviors sets. The control weightings for this structure are also include with the behaviors
sets weights in the chromosome shown in Figure 2. Here each control weighting and corresponding behavior
weight set forms an adjacent sub-string in the chromosomes.

Given the multiplicity of states in an environment, multiple sets of rules or modes direct the swarm, shown
in [6]. Therefore a control structure must be used to change the mode. In this simulation environment a
network of preceptrons senses the current environment and does the arbitration between modes (BAa).
These BAs allow the system to dynamically develop several sets of weightings in order to react to different
situations. For example a chromosome with three BAs and 9 rules would have 42 alleles. Several of these
sets form the full structure of the chromosome.

Behavior Matrix
Genes

Behavior Behavior Behavior

Archet pe 1 Archetype 2 Archetype

A A R A e [ 1
Behavior Archetype

Genes
Behavior Archetype 1
Wi | Wy W3|W4 W_|W6|W7|WJ_IR |R2|R3|—|
Behavior Archetype 2
W1 W2 W3| W]_Wﬁl WBl W7| WSl W__l R | R2 | R3 |

Behavior Archetype N

S wlw w W W W W Wi R TR R,

Figure 2: There is a connection weight for each sense for each behavior archetype. These are followed by 12
genes which describe the weights and radii for the behavior rules for each behavior archetype.

Figure 2 shows the representation used. The chromosome values are used to map the weightings of each
rule. Note that the evolutionary operators work on the bit level, so in order to translate the chromosome
values Gray coding must be exploited. With Gray code the system minimizes the effects of those operators,
because the change of a single bit (genotype information) will only change the value of that gene (phenotype
information) step as well.

Fitness Function Description In order to define the fitness function, we must first analyze the objective
functions. Attack UAV swarms focus on destroying targets. Equation 8 defines values based on successful
engagement.

D, = Tdestroyed * 100 + Tgestruction * 10 (8)

The second fitness function is the casualty rate, defined in Equation 9:

Ct = Vdamage * 10 (9)

The damage received is multiplied by ten to keep it in scalar concert with the damage inflicted. Complete
destruction of an agent results in a score of 100.
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Generate Population Initialization uses a bit wise generation of each individual.

Evaluation of fitness To evaluate is accomplished through simulation, which returns an average damage
and casualty score over a predetermined number of runs.

Crossover and Mutation Operators Normal crossover and mutation rates and controls apply. The differ-
ence in this implementation comes in what gets modified. In both instances an entire BA gets modified. The
complex form of the chromosome is particular to this problem domain. This forces the evolutionary operators
to specifically address the points at which changes are made. In mutation changes in alleles happens in a
single (BA) with both the control section and behavior section of the chromosome. In this implementation
each part of each BA mutates.

Selection for next Generation The algorithm uses Elitist for generational selection. With the space as
diverse as it is and the population and reproduction operators facilitating high levels of exploration, elitist
approach allows the algorithm to exploit the good genes. Allowing both parents and children to continue to
the next generation.

4.2 Classical MOEA

The Non-Dominated Sorting Genetic Algorithm-II (NSGA-II) MOEA is chosen because of its specific oper-
ators and structure of available software. NSGA-II is also used because of its fastnondominated sort which
finds possesses a balance between exploitation and exploration properties. [21] indicates increasingly effective
solutions while maintaining a wider range, as compared to other MOEAs. Although such MOEAs such as
NPGA, PAES, MOMGA, and SPEA2 could be employed and compared [21].

Because we desire that the NSGA-IT minimizes the functions, there had to be a slight modification in the
way the objective functions are shown in Section 4.1. The system counts the damage in negative points and
the number of survival has been turned into the number that is dead. This way both functions have lower
values which are better.

5 Self-Organized MOEASs

In the natural world many systems develop through Self Organization(SO); emergent properties evolve as
a result of localized agent interaction sans global knowledge. [22-24] In DNA there is no global knowledge
of the DNA structure from the allele’s/nucleotides perspective, however the nucleotides do interact and
structure does emerge. Although modern biochemistry does not state whether this organization is truly SO,
the possibility that these agents, alleles/nucleotides, have properties similar to other SO systems exist. This
is the foundational impetus for the SOGA.

There are three benefits using SO decomposition in computational problems: ease of implementation,
lowered computations, and dynamic adaptation. Using SO implies finding some set of behaviors from which
a desirable structure emerges, if done properly these behaviors are easily coded. Lower computational cost
stems all computations executing localized at the agent level and interaction and communications are also
very localized. Finally dynamic response happens as emergent behaviors do not restrict the system to a
script but instead are capable of quick response to unpredictable stimulus through those rules.

What we desire is that the terms of a SO GA reflect the response to problems in a dynamic nature
enabling more versatility and universality. To do this we remove some of the restrictions, problem specific
constraint, and niche operators, and parameter tuning commonly used. [25,26] Here we attempt to finally
bag that white rabbit by allowing the population to tell the algorithm what it needs. With higher population
commonality the algorithm senses building blocks/genes with successful values and allows them to thrive
while still varying aspects with lower known probabilities. When the problem space is first being explored
or in a state of high exploration the algorithm response by continued exploration. To do this we look at
modifying the highly varied world of recombination operators and two we add an operator to sense the current
genotype space act upon that information. Recombination has been the studied extensively spawning many
different approaches to satisfy different problem constraints.

SOGA Figure 3 shows the added operators and new algorithm flow. The calculate step determines the
GDC in the population to sense the entropy levels. The levels of entropy define the role of exploitation versus
exploration for the rest of the algorithm. Information from the GDC facilitates evolution rate updates. The
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Figure 3: Self Organized Gene and Allele Genetic Algorithm SOGA

recombination step is also modified to include knowledge gathered from the GDC. The CAA operator also
utilizes this information to interpolate the attraction of each allele in the chromosome. And the selection
operator utilizes a new crowding distance operator based on SO hierarchical approach.

Genetic Distribution Collection It simply utilizes a data structure, I', the same length of the chromosome
to store the highest likely value for an allele (bit) and the normalized histogram weight of that value (double).
This histogram gives a reading to the system of overall entropy and also the location of unstable alleles.

SOGA Crossover and Mutation First application of the insight gained from the GDC allows the formation
of the mutation and crossover rates. By watching the changes in the GDC from the last generation the system
can determine the amount of entropy in the population. With lower entropy the system will continue to
maintain high levels of crossover and mutation. Of course with the higher entropy the system has moved
into the exploitation phase of the algorithm and does not require as much variance in the chromosomes.
Equations 10 and 11 shows the updating function for the rates of mutation and crossover.

D i <£i§t —1) - Ti(t)) (10)

chromojen
w2z G D2 L) - 1) - 1) = 0) (1)
Fsize

Mitosis The second operator change comes in the recombination step. The process recognizes when good
building blocks exist and attempts to perpetuate their existence. As shown in Figure 4 the system analyzes
the I' level to determine the strength of each allele in the crossover section. From that the system proba-
bilistically chooses between mitosis, which facilitates exploitation, and meiosis, which enables exploration,
recombination based on a SO threshold w. If the normalized summation of the alleles in the crossover section
is above the threshold it will choose mitosis on the higher gene based on that probability.

Correcting Allele Attraction The CAA utilizes that same GDC information and exploits it to establish
linkages between pairs or subset of disjoint alleles. As in the modified crossover, this operator allows the
system to focus on high exploitation when the population is diverse and solution likely unknown while
exploiting known sets, building blocks, or linkages. Here I' analyzes every allele, and does a replacement
based upon probability from equation CAA.

~—

Pchange(x|7) = Fwi * (Wc - Wn) (12)

Here both W, and W,, are the normalized summation of correct and incorrect mappings, respectively,
between I', and d;.

SOGA Selection Operator Selection in the natural world stems from environmental pressures. In order
to continue place pressure on the population this algorithm uses a form of elitism. SOGA utilizes the same
fastnondominatedsort as NSGAIIL. However, the crowding operator uses a self organized ranking structure.
First the neighborhood gets defined dynamically by the size of the current population space in all directions
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Figure 4: Crossover operator

Changing Allele
current{1 |1 [1f1[1]oJoJ1]ofof 1] of 1]
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Pchange(X) = .67 * .2495 = 167165 Wn= 2225

Figure 5: Changing the allele in red on the top chromosome through the weighting of the GDC shown below
with the best known value and percent certainty below it. The result of the GDC for correct predictors
(W.) and non-correct predictors (W,,) is normalized and added. The probability of change is the product of
incorrect prediction of the given allele and that difference.
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of every objective. Then the individuals that qualify as neighbors use a SO ranking structure similar to that
outlined in [27]. The remaining positions in the child population are filled based on the ranking structure.
Early on this gives a distributed set of the less fit individuals in a rank. When the higher ranks become
more crowded the algorithm pushes the individuals towards the less explored reaches of the front. Equation
13 shows the formula for determining the probability of an individual winning an hierarchy engagement.

1

Prob; =
T'Owin 1+ exp (foup + (rank; — rank;))

(13)

Here fs,;, represents the number of fitness functions ¢ dominates j and rank; and rank; represents the
current rank of the individual. The ranks are all initialized to 1.

SO Hierarchy Calculation

-Kept

-Highest (kept)
-Middle
-Lowest

(°X J O]

A J

Figure 6: SO selection operator example. The inner circles are the individuals in the population. The outer
circles represent the neighborhood. The yellow individuals are kept because of their rank, the red individuals
have the highest levels in the SO hierarchy and are also kept.

With the selection operator applying pressure, the crossover and mutation exploring, and the CAA acting
as a self correcting gyroscope the system finds a balance in exploitation and exploration. With the inclusion
of both parent and child in the selection population, the algorithm allows good building blocks - genes to be
carried not only by the new genetic material but through experience with the old chromosomes as well.

6 Advanced SO Swarm Control

This effort also focused on extending the combination of the basic SO swarm controls outlined by Reynolds
[15]. In order to do this the problem domain must be decomposed into sections that are implementable as
low level rules which spawn a desired emergent behavior. After simple swarm formation and reconnaissance
capabilities were established in [6], the next logical step is transitioning to a target area and optimized target
engagement. Two behaviors are developed to accomplish those: Migration and Bee-Inspired Attack. These
more advanced behaviors required a more dynamic controller, the DE-Inspired Controller.

Migration The goal with migration is to develop the ability of the swarm to move fluidly and non-
deterministically through a set of waypoints. Migration happens at an individual level, feeding into the
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movement a vector headed towards the closet waypoint. As a result the swarm moves together without
separating, through a rough environment to achieve given waypoints, as shown in Figure 7.

- Ideal Migration Path

- - Input Vector (50 Rules AA AA A

- Movement Vector (agoregate)

g ::nmmtu?;‘s "‘X
Figure 7: Migration patterns relative to target areas.

Advanced Attack Attacking ”en mass” is only marginally effective in [6]. The major failure was the agents
found themselves in situations where targets sets over powered them. For this reason target engagement is
decomposed into three phases: target area reconnaissance, target deliberation, and threshold based attack.
In the first step each individual agent approaches the target area collecting the local state of the environment.
Then the agents do individualized selection of the most opportune target. Finally, the swarm announces
their choices and if the agents choice has enough votes the attack ensues. The reconnaissance and threshold
voting come from Bee Hive selection as investigated by Visscher [28]. Figure 8 shows the threshold decision
process.

. - Known Targets
- Ideal Migration Path
+-- - Input Yector (SO Rules}
<+— - Movement Vector (aggregate)

‘ - UAV w/ Target Acquisition

Figure 8: Attack is based on the number of agents in the swarm, the location of the targets and the number
agents ready to engage.
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2nd Generation Controller In order to arbitrate over the BAs in dynamic environments the DE-inspired
controller [29,30] was developed in [18]. This arbiter worked on the sensor defined abstract domain space in
order to choose the best BA. The DE controller works with foci and governs a section of the domain space
through Equation 14, where I defines the foci vector and BAw the weightings for that BA.

I? — BA?
F=4/Y YT (14)

Given the controller has the same data structure as used by Differential Evolution, a DE mutation
operator is added to the GA, as well. The this produces a situation where each BA has an area of influence
on the abstracted state space, Figure 9 illustrates a two sensor input with three control foci.

Graphical 2D (hyper-ellipsoids)

9
o
"

Figure 9: Three BA origin points and their hyper-ellipsoids

This new system architecture generates a control structure that mediates the set of Behavior Archetypes,
(BAs). In addressing the complex entangled hierarchies introduced by the emergent control structure in SO
and dynamic nature of the environment, the design of a control structure is of course particularly crucial.
The required characteristics include the ability to handle dynamic domains, search the rugged solutions
spaces created by the entangled structures, and develop multidimensional partitioning shapes.

To address these issues, the system allows an emergent structure to form with the basic form shown in
Figure 10. Figure 10 illustrates that the information and algorithmic dependencies are not strictly linear
but develop based on minimization of computational and informational complex between related states. The
connection of abstracted UAV state to the environment state presents an entrance point for control of the
UAV’s BA . The abstracted state are formed in such a way that systems only take relevant information. Of
course this is only a subset of the information in that state, that which is perceivable by the agent.

The previous work [6] used a controller that was based in Neural Networks (NN) . Choosing the BA
in this setting, presents a problem because the space is extremely dynamic. In order to be effective NN
need extensive and robust sample sets [31]. This is not always available in a probabilistic environment. In
response to this phenomena, the crucial DE control approach chooses between BAs that can handle unknown
states.

7 Design of Experiments

A set of experiments is defined with several data collection techniques to show effectiveness and efficiency
of the various approaches in a UAV problem domain. The objective of these tests is to compare the newly
implemented aspects to known results. Specific experimental objectives are discussed within each set of tests
along with statistical evaluation measures.
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Figure 10: Relationships based on the direct, indirect or abstracted state translation for SO.

The system is tested against the benchmarks outlined in [6]. For this population of 60 it runs 60
generations, 5 times with 30 simulations a piece. Every 10 generations it reaches an epoch. At epochs the
system loads sequentially more difficult scenarios. Scenarios consist of a set of 20 UAVs, with a group of
targets inside a discrete domain 800 by 800. The predator flight dynamics are used to model the UAVs
in the 2D environment. Engagement happens probabilistically with relative strengths of the targets and
UAVs defined. Each epoch the scenario has more targets with large engagement and sensor rings. This
allows the swarm time to develop the simple flocking before creating extremely dangerous situations for one
individual. Once the basic swarming behavior are evolved through this first series of training another set
of attack specific scenarios are run. This second set of tests gives the new controller and advanced attack
behavior a chance to ”flex” their muscle.

During the tests two sets of data are gathered. First the system gives the mean and best scores for each
generation. An analysis of this shows the GA’s ability to generate increasingly better solutions over time.
Second, the system outputs the populations for analysis of the Pareto fronts. Analysis of the first data set
indicates any difference through a Kruskal-Wallis test. Analysis on the second data set uses the hypervolume
and e-indicators on the final Pareto Front because of the unknown PF,qe.

7.1 Results

The proposed dynamic UAV systems are computationally tested on the AFIT HPC clusters. These HPCs
use the Linux operating system, with dual core processing at between 2.0 and 3.0 Ghz. The Infiniband
crossbar backplane gives virtual appearance of a fully connected network. The Swarmfare system utilizes a
farming model for distributed/parallel execution. All results from both data sets with the GAs are shown.

First NSGA-IT was tested through the original configuration described in Section 7. Several iterative
steps developed the each aspect of the system, and at every stage improvement is shown. Finally the system
is run in the configuration described in Section 6. Final test include a run through the original 6 scenarios
and then 8 more scenarios to specifically design to exploit the new control and attack configurations. Because
of this the finally run of the original 6 scenarios was completed in both cases and used for comparison.

7.1.1 Statistical Analysis

Figure 7.1.1 compares the final statistics of the system with the original. The diamond line to the far left
shows the growth. The achieved successes in attack are notable. The top damage number moved from 280
(or just shy of 3 targets) to 430 (or solidly over 4 targets of 6). [6] showed approximately 2/3 success in
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target kill as well, but the system did not consider casuality rates. Upon visual inspection the difference
is notable. Agents rarely colloid or fly out of the target area with the MOP implementation and improved
controls.

Pareto Front Comparison (Attack Only)
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Figure 11: This graph compares the PFknown of various scenarios.

Table 1 presents the statistical analysis of the fronts and populations. The p-values leave no room for
doubt in the independence of populations! The hypervolume increase is approximately 70% as well. The
final front also dominates the previous two fronts with an error of over 100 points. The 54.6 error indicator
in the final front represents the previous tests ability to find a solution that accomplishes nothing without
causalities.

Type NSGA-II | SOGA | Advanced
Control &
Behavior
P-value (obj 1) 0.0002 0.0002 | -
P-value (obj 2) 0.0002 0.0003 | -
Hypervolume 31301.71 | 34132.44 | 55061.76
Epsilon 130.6 170 54.6 (both)

Table 1: Statistical Comparison of Original and Advanced Setups

There is a clear statistical difference in the system after the addition of the new behaviors and controllers.
The controller provides more flexibility and more accurate transition based on the state space. The added
behaviors of migration and bee-inspired attack gives the system more effective target engagement.

8 Conclusion

This discussion and development is to establish an autonomous aerial vehicle, UAV, swarms or agent sys-
tems that through limited user expert knowledge, desired autonomous behavioral control structures could
be developed. The initial aspect is the establishment of an entangled hierarchical swarm control struc-
ture through self-organization concepts, SO. The exploitation of modularized SO behaviors with emergent
properties facilitated the reconnaissance movement through the problem domain space and rudimentary bio-
inspired engagement with targets. The individual agent control structures are simple, but effective, without
degrading the capabilities of the overall SO emergent behavior.

The specific aspect sought to find the ”optimized” weight ratios for the different agent rules and BAs again
without expert a priori knowledge. Through the SO Genetic Algorithm, SOGA, the system is able to optimize
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in a dynamic unknown search space; the multi-objective fitness landscape. The dynamic innovative process
via computational testing did so without requiring parameter tuning on any of the mutation or crossover
rates, the selection operator, the crowding distance neighborhoods or the SO allele attraction operator. The
system in all scenarios preformed as well if not better than the NSGA-II. The addition of advanced attack
techniques and a more flexible controller created a system that moved the system ever closer to employment.
Via simulation, an animation of the bio-inspired UAV movement and attack are demonstrated for various
scenarios. Future research should focus on exploiting SO capabilities in a more realistic physical realm.
Effective use of SO UAV swarms is a force multiplier which reduces the risk to combatants, and increases
effectiveness of policy implementation in various governmental and industrial applications.
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Abstract

The purpose of this paper is to discuss the design and implementation of comprehensive mission
planning systems for swarms of autonomous aerial vehicles (UAV). Such a system could integrate
several problem domains including path planning, vehicle routing, and swarm behavior as based upon a
hierarchical architecture. The example developed system consists of a parallel multi-objective
evolutionary algorithm-based terrain-following parallel path planner, a multi-objective evolutionary
algorithm (MOEA) for the UAV swarm router, and a parallel simulation. Generic objectives include
minimizing cost, time, and risk generally associated with a three dimensional vehicle routing problem
(VRP). The concept of the Swarm Routing Problem (SRP) as a new combinatorics problem for use in
modeling UAV swarm routing is presented as a variant of the Vehicle Routing Problem with Time
Windows (VRPTW). Various multi-objective VRPTW routing benchmarks result in very good Pareto-
based performance with the MOEA which is also reflected in the results of the new SRP benchmarks.
The culmination of this effort is the development of an extensible developmental path planning model
integrated with swarm routing behavior and tested with a parallel UAV simulation. Discussions of this
system’s capabilities are presented along with recommendations for generic development of UAV swarm
mission planning.

1 Introduction

Path planning is the process of designing a sequence of states through which an object must move in order to travel from an initial
state to a goal state. Path planning optimization is a process that proscribes a particular plan for reaching a goal state from an
initial state at a minimal cost. A path planning algorithm is a sequence of steps taken to calculate a path plan given knowledge of
the path environment and a set of conditions or constraints that must be adhered to. Many successful path planning algorithms
have been developed over many years [1,2,3,9,11,17,25,28]. These algorithms vary in their effectiveness and efficiency based
primarily on the specific formulation of the path planning problem and the number of variables and constraints required. Based
upon this foundation in part, it is desired to develop three dimensional (3D) autonomous aerial vehicles (UAV) mission plans
including path planning, vehicle routing, and swarm behavior. The outline of the paper is: background, approach and objectives,
mission planning, high level and low level design, implementations, experimental testing, results and analysis.

2 Background

An underlying element of UAV path planning is the Vehicle Routing Problem (VRP) which is defined as the task of assigning a
set of vehicles, each with a limited range and capacity, to a set of locations or targets that must be visited [27] with cost and risk
objectives. The VRP has been shown to be an NP-complete problem. Such problem classes do not lend themselves to
deterministic problem solving methods because the runtime of these approaches grows exponentially with the problem size.
Stochastic methods have been used to provide “good” solutions to the VRP in reasonable time [21,27]. These stochastic methods
achieve their results by generating feasible solutions and then improving these results through successive refinements using
heuristics.

The UAV routing problem consists of a set of targets L, a set of UAVs V, the set of traveling costs Q, the set of routes G, a
distance function 9, a capacity function y, and a demand function a. The formal definition is [21]:
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subject to: Y ega(l) =Y e o(l) and Ul eg=L and NgeG =1,
minimize: Z‘Q‘ =1 Ok

This model is addressed in the particular application which is a swarm of heterogeneous UAVs routed for reconnaissance or to
deliver munitions to a set of targets in a selected terrain. A mathematical model for the VRP with time windows (VRPTW) and
the associated swarm routing problem mathematical model are quite similar with additional constraints [37].

Representing cost and risk as fixed objectives is adequate for UAV routing problems in which distances between targets are
large enough to ignore the added path lengths resulting from having to make series of turns in order to change heading from one
location to another. However, when the target layout is such that the distances between the targets are as near as several turn radii
of a UAV, then the cost of traveling between any two targets must consider the heading at which the UAVs arrived at the initial
location and the heading they must assume to vector themselves towards the next target. Moreover, the relationship of the UAV
swarm elements must be explicitly controlled. Taking this into account, algorithms that solve the VRP should calculate the cost of
every assignment from scratch in order to accurately represent the cost associated with that assignment.

In this research, a UAV swarm path planning algorithm is developed that calculates the optimal route from a start node to an
end node, through a mid point. This path through a triplet of locations can then be concatenated with other triplets to quickly and
accurately calculate the actual cost of a vehicle assignment. This information can be tabularized and input to programs such as an
evolutionary algorithm for solving the VRP. For example, the Genetic Vehicle Router (GVR) [21] where “good” assignments can
be made but the costs associated with these assignments are more representative of the required physical route or path. The goal is
not merely to calculate the true cost of a particular assignment made by the GVR but to influence the GVR to make better
assignments using the more complete cost information and thus providing proper UAV turn corridors. Swarm behavior is of
course an integral element of the generic UAV mission planning system in order to generate acceptable individual UAV altitude
and attitude positions and velocities.

3 Approach and Objectives

When problems require minimization of multiple competing, cost elements, a trade-off is established between the set of
competing requirements. In these instances, multi-objective evolutionary algorithms (MOEAs) can provide a decision maker with
a variety of candidate solutions, each representing a level of optimization of one parameter with respect to another [4]. In this
research, a MOEA is developed for path planning where the objectives are cost, encompassing distance traveled and the amount
of climbing a vehicle does, and risk resulting from flying through areas of threat. The solution set contains a selection of routes
such that each route has the lowest cost associated with a particular level of risk and vice versa.

Terrain Following (TF) is a mode of flight in which an aircraft maintains a fixed altitude above ground level (AGL) and flies
low (on the order of a few hundred feet) through an area of interest. Naturally, this type of flying involves a great deal of climbing
and descending, a costly operation. The TF concept is to remain hidden from enemy air defenses. The technique to hide within
rugged terrain is known as terrain masking. Terrain Masking (TM) algorithms determine a route of flight in which an aircraft can
move toward a target or location of interest while remaining masked from enemy air defense radar by the surrounding terrain.
Often routes calculated by TM algorithms have significant climbing and descending costs associated with them. The process of
picking the best-masked routes with the least possible cost in terms of climbing and overall distance traveled is known as Terrain
Following Optimization (TFO).

Thus, the research goal is to develop mission planning capabilities for UAV swarms including VR, TF, and swarm behavior.
In this effort there are four main objectives: 1. Develop a multi-objective evolutionary algorithm for efficient path planning 2.
Develop a multi-objective router, 3 Develop a parallel system that computes individual route segments for input to a GVR
algorithm and 4 incorporate swarm behavior throughout a parallel simulation.

The first objective concerns the development of a robust path planning algorithm for terrain following UAV missions. Since
all routes have both a cost and a risk associated with them, path planning can naturally be expressed as a multi-objective
minimization problem. Most often, decreasing the cost of the path, i.e. the path length and the amount of climbing required to
navigate the terrain, results in increasing the risk associated with enemy air defenses. Likewise, a path generated to avoid
intersection with all enemy air defense radar systems results in increased path cost. Single objective problem formulations for
path planning often use constraints such as obstacle and threat avoidance and then calculate the least-cost path available that
adheres to all constraints [22]. Other single objective problem formulations treat constraints as components of the solutions fitness
[28]. Problems defined in this way have weights assigned to each objective and the resulting fitness is an aggregation of
component scores. The common disadvantage of these approaches is twofold. First, a risk free path may not exist or its cost may
exceed the UAV capabilities. Second, paths containing an acceptable level of risk may have a substantially lower cost than a
completely risk adverse path if one exists. A multi-objective approach provides a choice of routes with cost proportional to their
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level of risk. This empowers the decision maker to choose the acceptable level of risk and obtain the least-cost path associated
with that choice.

The second objective focuses on the development on an effective router for directing the each sub swarm to the requested
individual waypoints and leading to the specific targets. Numerous individuals have studied this problem and define a foundation
for solving the swarm routing problem using this model [26,33,34]

The third objective using parallel path planning computation provides efficiency. Our associated Genetic Vehicle Routing
algorithm [21,26] uses an evolutionary approach to find an optimal assignment of vehicles to targets for combat or reconnaissance
missions. The algorithm uses as its set of inputs, the cost associated with traveling between any two target locations. This cost
reflects only the Euclidian distance between the targets. In order to include the cost incurred by turning from one location and
preceding to another, which increases the path length, the actual cost of traveling between two locations must include the
direction from which the UAV swarm approached the first target and the direction the swarm departs the second target in route to
a subsequent target. The generation of optimal route triplets scales as O(n®) compared to the O(n?) cost of optimizing pair-wise
links. This limits scalability but is less costly than the exponential alternative of enumerating and calculating all possible
permutations of complete route assignments. To offset some of the cost of enumerating triplets, the path planning algorithm is
parallelized, solving multiple triplets concurrently. The output data from the path planner is then given as input to the GVR
algorithm which has been modified to use this new data in its evaluation function. The result is an optimal assignment of UAVs to
targets based on the true costs of completing the routes. Testing on this component focuses on the efficiency and scalability of the
parallelization of the path planner and its ability to answer queries from the vehicle router.

Regarding the fourth objective for behavior evaluation, our swarm simulation model [5,10] represents a swarm of
autonomous air vehicles with a set of three behaviors. The first swarm behavior is the tendency to remain together. The second
behavior is a tendency to maintain a safe distance from one another. The third behavior is for the swarm members to align
themselves together toward a particular direction. The swarm simulation is extended in this research to include a routing
capability that guides the swarm along a route generated by the path planner and the GVR optimizer while still adhering to the
three required swarm behaviors.

4 Mission Planning and Routing

Mission Planning for swarms of autonomous unmanned aerial vehicles requires an efficient assignment of vehicles or sub-swarms
to targets, a set of efficient, feasible paths for vehicles to follow, a set of swarm behaviors that allow the swarm members to reach
their targets while maintaining their collective swarm properties, and a detailed simulation of the mission to ensure objectives are
met. This section considers historical approaches to solving these individual problems as well as a discussion of ways to unify
these problem domains into a comprehensive problem statement.

Path planning: UAV path planning is a subset of a broader set of general path planning problems. All path planning
problems and the algorithms used to solve them consist of some initial condition, objective, and a set of actions that completely
connect the initial condition to the objective. However, there are many ways to specify a path planning problem. The method
selected is often linked to the algorithm used to solve the problem.

Two broad categories of path planning problems and approaches dominate the research. The first category defines the
problem in what is known as a configuration space. Problem formulations of this type involve determining the set of desired
actions (torques, rotations, and other forces) needed to move a system from an initial state to a goal state. The second category of
problem formulations, trajectory spaces, involves generating a set of feasible trajectories to move a vehicle from an initial
location to a goal location.

In this research, paths are specified in line segments with restrictions on the degree of turn to ensure the path is navigable.
Further, the concept of terrain masking which was loosely developed by Mittal [13] is extended with a complete terrain masking
algorithm. The algorithm determines the maximum altitude (AGL) of an aircraft at a particular point such that at or below this
altitude it is out of sight of a known threat - intervisibility. In addition to remaining out of sight of known threats, the terrain
masking algorithm seeks to minimize the vehicle’s exposure to unknown threats. This principle is known as hidability. It
calculates the number of nearby points from which a vehicle is visible at a given altitude over a given point (see Figure 1).

Autonomous vehicles architectures: Abstract autonomous vehicles architectures for mission planning have been proposed by
Reynolds [18,19] based upon a hierarchical game model, Gat [8] based upon a hierarchical control model and Price [15,16] based
upon a finite automata self-organization model. Rysdyk [30] defines a trajectory following guidance architecture. Generally,
desired complex goal-oriented behaviors are defined at the top of hierarchies and are produced by aggregations of lower level
behaviors generally reflecting implicit or explicit state definitions.

Reynolds “game” hierarchal framework is: Action Selection (strategy, goals, planning), Steering (path determination), Locomotion
(animation, articulation, control). Gat’s three layer robot hierarchy is: Deliberator (goals, planning), Sequencer (plan execution),
Controller (reactive feedback control, primitive behavior). Price’s formal agent hierarchy is: System state (combined plans,
environmental effectors), UAV Agent state (archetypes, behavior determination, path), Update local state (reactive action,
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Figure 1 Principles of Hidability

Probing the details of these suggested frameworks, one would note that they are similar as regarding plans, behaviors, and
implementations. Differences exist as to behavior specifics at each level, explicit interfaces between levels and use of associated
formal notations. Reynolds for example developed a complex model for 3-D autonomous animation that was implemented for
video games such as Sony’s Play Station. Gat’s architecture was developed for individual robot movement resulting in the
ATLANTIS system. Price’s model was used to develop a UAV swarm simulation with extensive environment interaction.

The physical model to represent a vehicle or physical agent is usually based on a point mass model consisting of a mass,
position, velocity, maximum force, maximum speed, and an orientation with possibility of turn radii and moment of inertia.. The
orientation can be given as a set of N-basis vectors and is therefore suitable for both ground and air vehicles. With the point mass
vehicle model, the behaviors associated with the hierarchy act directly on its vectors. The low-level control signals which
generate the primitive behaviors are communicated from the desired plan behavior. Behaviors under these hierarchies can include:
seek, flee, arrival, pursuit, offset pursuit, path following, obstacle avoidance, and containment. Seek is the pursuit of a static
target. It acts to steer toward a particular position. Flee steers the agent so that its velocity is radically aligned away from a fixed
location. Pursuit is like seek but the added factor that the target is moving. This behavior requires not only knowledge of the
target’s velocity vector, but also the capability to predict the targets future velocity. Evasion is the opposite of pursuit i.e. the
character is steered away from the predicted location of the moving target. Offset pursuit steers a path to come within and
maintain a fixed distance from a moving target. Arrival is the same as seek when there is a significant distance between the
vehicle and the target. However, arrival slows the vehicle down as it approaches. This behavior ends with the vehicle at a zero
forward velocity and a position coincident with the target.

This view of behavior hierarchy addresses many of the requirements for a UAV swarm in order to be able to follow feasible
paths to targets. The behavior set is rich and requires a complex set of individual members to execute. As to the level of
autonomous self-organized UAVs, feasible paths can be generated by path planning module offline and assigned to swarm
members or agents thus relieving them of burdensome computational requirements. At the strategic level of planning, the
assignment of sub-swarms to target sets can also be performed offline allowing decision makers, rather than swarm agents
themselves, to better guide the behaviors of the swarm to meet the goals. Within each of the suggested frameworks, such
architectural variations can be selected. This then is the complex computational framework used in our UAV mission planning
and routing system [23].

Evaluating our UAV routing performance is done on the AFIT UAV Swarm Simulator, a Parallel Discrete Event Simulation
(PDES). Based originally on Reynolds’ Distributed Behavior Model for flocking, the simulator was developed by Kadrovach [10]
based impart on Reynolds’ Distributed Behavior Model [18]. Corner [5,6,20] ported the model from a single-processor Windows
platform to a parallel Linux-based Beowulf cluster. Slear [23] extended the model and integrated the mission planning generic
framework into the current computational environment.

5 High Level Designs

The high level system design consists of three principal components: a parallel path planner, a vehicle router, and a
simulation and visualization engine. The development of a comprehensive UAV mission planning system consists minimally of
an efficient assignment of resources to targets, an effective means to create vehicle trajectories that minimizes risk to the
resources and mission cost, and a behavior model that produces swarm behavior without degrading the other capabilities.

5.2 Parallel Path Planner
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Two generic objectives are required: create an efficient and effective path planner using a MOEA, and create a flexible
parallelization of the algorithm to allow for rapid generation of multiple paths for use in solving higher level optimization
problems such as the capacitated vehicle routing problem (CVRP) [27].
The specific path planning problem model for UAVs consists of the following:
Given a discrete operational space of size n x m units
superimposed over a terrain grid G €(n —1) x (m —1) with
Location set L, where lenxnVlelL

subject to: Vp, ... p,€ P, AO (p;, pir1 ) <45°
where 0 is the inbound heading at p;
determine the least cost path P* from all /€ L to all ;e L

The restriction A < 45 °, ensures that the path remains flyable by the UAV. Based on the grid spacing of 750 meters, the
UAV can safely navigate a 45-degree turn. This turn restriction can easily be modified to suit other vehicle types.

The term “cost” is a composite of individual objectives or measures of merit of a mission. In this research, five such
measures of merit are defined (path, climb, terrain, detection, kill cost).

The path is the sum of the Euclidian distances of the route segments. Climb is the amount of climbing a vehicle must do in
the course of flying a route in order to avoid terrain. The Terrain is the cost of exposure to unknown threats or the vulnerability
associated with being “out in the open.” Detection is the cost associated with being exposed to enemy detection — a function of
both distance and time. Kill cost is the cost associated with being within the lethal range of an enemy air defense weapon — a
function of range, time and the lethality of the weapon. While the problem domain of the generalized path planner has no
restriction on the size of the target set L, the target set is limited to three targets or locations per instance, {Po, Pm, Pf}, to
maintain compatibility with the problem domain of the CVRP which is solved by the router.

When a problem has five different cost functions (multi-objective), it can be solved as an aggregate function that attempts to
simultaneously minimize all parameters, or it can be solved as a multi-objective problem where the output consists of a set of
non-dominated solutions along the Pareto front. An end user can select one of these solutions provided they are capable of
deciding the appropriate level of trade-off between two competing objectives. An output consisting of a five-dimensional Pareto
front however, would likely overwhelm the decision maker by providing more questions than answers. Fortunately, the measures
of merit can be grouped logically into two categories: those that describe the cost of the path in terms of time and fuel
consumption, (path and climb), and those that measure the risk of a given path (terrain, detect, and kill). Equations 1 and 2 define
the grouping of the five problem objectives into two competing categories.

(Dcost = aq)path +Bq)climb (1)

q)risk = 6q)detect +)"(Dkill +(DCDterrain (2)

where {a,f, 5, A, ®} are weighting factors associated with the relative importance of each parameter. The individual cost functions
are:

@2 The Euclidian distance between each point is summed over the length of the route.

Dty = if=0 \/(xm-l A )2 + (yi+1 - Y )2 3)

@imp: The sum of positive changes in elevation from each point to the next point;

Dejims =Y. =0 Az(pi, pir1 )d 4)
where 8 is 1 if Z:1 > Z,,; and 6 is 0 otherwise.

Deecr: The total linear distance through which the UAV swarm flies into the effective detection ring of radar.

®@,;;: The same formulation required for the detection cost function is applied to the kill cost function. The distinction between
the two is the effective kill radius of an air defense system is generally smaller than the detect radius.

Derpain: While many threats are known a priori, others are not. Therefore, the UAV swarm should remain out of sight as much
as possible. The terrain metric measures the number of points in the grid from which a vehicle at a particular point can be seen.
The overall terrain score is determined by summing the surrounding points from which the vehicle can be seen as it flies though
each grid point along its path.

MOEA path planner and router: A multi-objective genetic algorithm path planner interfacing to the CVRP router consists
of the following elements: a population of candidate solutions, a defined chromosome structure of each candidate, a set of
evolutionary operators which operate on the members of the population, a pair of evaluation functions to measure fitness of the
solutions, an archived set of non-dominated solutions, and a defined period of evolution. The High Level View of MOEA Path
Planning Algorithm is:

1: procedure MOEA_Planner(N , g, fi(X))
2: Initialize Population P of size N
3: Evaluate, Rank (by dominance), sort Population
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4: Create archive population P, from non-dominated members of P;
S:foriin1to gdo

6:  Select for recombination (crossover)

7:for jin 2 to N do

8: Statistically select mutation operator I';
9: Mutate member j
10:  end for

11: evaluate Population

12: determine dominance rank within current population P,
13: remove dominated members from P,

15: add globally non-dominated members from P, to P,

16: end for

17: end procedure

The vector function fi(x) is the set of evaluation functions. In this algorithm, &=2 where f;(x) is the cumulative cost function and
f2(x) is the cumulative risk function. A population size of 50 individuals is selected along with an evolutionary period of 50
generations, g, based upon computational reasons. No heuristic was developed to terminate the evolutionary cycle once
convergence of the solution was achieved. Further experimentation is needed to study the time saving benefits associated with
early termination of the algorithm.

The chromosome structure is similar to that used in [67]. A chromosome of candidate solution consists of an ordered set of
points (x;y;) which define a path from the starting point (x,,)) to a destination point (x;),) through a midpoint (x,,y,,). Additional
information contained at each point includes elevation (the MSL altitude of the point), set clearance (the AGL altitude of the
point), and heading (the direction of travel from the present point to the next point).

Set clearance and altitude are used to calculate the amount of climb per descent needed to reach the next point as well as for
terrain masking calculations. Heading is stored to ensure feasibility of the turns. The planner calculates the change of heading
between points to ensure the turn rate is within the UAV’s limits. The following diagram illustrates the chromosome structure of a
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candidate solution.

During initialization, the population of candidates is created with each member containing the start, middle, and end points.
An initial check is performed to ensure that the turn around the mid point is less than 45 degrees. If it is not, a modified convex
hull algorithm is used to add additional points to the route such that no turn greater than 45 degrees remains. Once the route is
repaired, a number of intermediate points are randomly added to the route. The number of points added is based on the distance
between the three original points. During this process, the algorithm ensures that the change of heading between each point
(excluding the starting point) is less than 45 degrees.

Once the population has been initialized [23], it is evaluated using the cost functions described. In a single objective EA, a
program need only maintain the current population. In a MOEA, the complete set of non-dominated points must be maintained.
An approximate Pareto front archive is maintained for this purpose. To find initial approximate Pareto front points, each member
of the population is compared to every other member based on the member’s F, score, @ and by its F, score, @risk. The
population is first sorted by @, A candidate R; is added to the approximate Pareto front if it meets the following criteria:
VpeR~AR,| Fi(R;)> Fi(R,) N Fx(R;) > Fx(R,) %)

All non-dominated members of the population are then added to the Pareto Front Archive. The population is then sorted by
rank. The rank of an individual R;, reflects the number of individuals in the population that dominate Ri. All non-dominated
members of the population are assigned a rank of zero. All members dominated by only a single solution are given a rank of one.
Members dominated by two individuals are given a rank of two etc. Rank is the primary selection criterion used in the path
planner. Dominance count is an alternative selection method. Dominance count is defined as the number of solutions in the
population that a particular solution dominates.

A disadvantage of using dominance is that points along the ends of the front tend to evolve out of the populations while
crowding occurs near the middle of the front. Rank is therefore preferable to raw dominance count because greater diversity is
maintained in the population. Once the population has been evaluated and ranked, selection is performed. Like other MOEAs
[3,4], the planner uses an elitist selection operator. The use of elitism is common in MOEAs because the elitism preserves non-
dominated individuals. The top half of the rank-sorted population is selected for recombination. Pairing of individuals is done
randomly. Once paired, two offspring are created. These offspring occupy the places of the members not selected.

Crossover is performed at the midpoint of the path. This ensures that the offspring remain feasible. During the one point
crossover operation, the midpoints between two parents are exchanged. Since the underlying data structure is a linked list, the
points beyond the midpoint are copied as well. The resulting offspring contain the points of one parent from the start of the path
to the mid point, and the points of the second parent from the mid point to the end of the path.
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Some other crossover operators considered include arithmetical, biased, multi-point, fuzzy forms, and uniform [4]. Because
of the structure of the chromosome and the search landscape, the simple 1-point midpoint crossover provides the desired
exploratory performance.

Once the crossover operator has been applied, the population then undergoes mutation. The path planner uses three distinct
mutation operators which are applied with equal probability. The first mutation operator, M1 attempts to add a point between two
existing points in the path. If the addition of the point results in an infeasible solution, then the repair operator is invoked to create
additional navigation points. The sharper the turn created by the mutation, the more navigation points are needed to smooth the
route. The repair algorithm generates a number of points proportionate to the change in heading caused by the infeasible point.
For turns of just over 45 degrees, only two points are needed. For larger turns, as many as seven additional points need to be
added. Therefore, when the mutation operation adds a point between two relatively nearby points, resulting in an unfeasible route,
the path cannot be repaired and the operation is cancelled. Figure 2 illustrates this situation.

- ] Arbitrary 4-point path segment

O
e —

O g
Segment repaired after mutation

Figure 2 Mutate Add Operation on 4-point Path Segment.

The second mutation operator, M2, attempts to delete a point between two points in the path. Again, if the deletion results in
an infeasible path, the repair operator is called to add points which result in a smooth trajectory. Deletion operations naturally
increase the distance between points. Therefore, the repair operator is usually able to add the points necessary to achieve
feasibility. Nonetheless, feasibility of the repair operation is still validated and if the path cannot be repaired, the operation is
undone. It is important that balance is achieved between delete and addition operations. When too few deletions occur, the
resulting path has too many points and is more difficult to evolve. When too few additions occur, the path tends to have very few
points and the ability of the algorithm to minimize cost and risk is diminished. Because the deletion operation results in greater
success, the addition operation is used with a slightly greater probability.

The last of the mutation operators, M3, selects an arbitrary point (not one of the original three) and attempts to alter its
location by a bounded, random displacement. This operator does not change the number of points in the path by itself but
additional points can be added when the alteration results in an infeasible path. When the bounds of the displacement are loose,
the resulting path is more likely than not to be infeasible. Additionally, loosely-bounded displacement results in a greater number
of points being added due to repair. On the other hand, if the bounds of the displacement are too tight then the operator becomes
nothing more than a tool for local search. Possible additional mutation operators could enlarge the search space. For example, the
use of exploratory mutation operators such as Xiao’s Mutate 2 [28] that deletes multiple consecutive segments and replaces them
with new ones could be considered. Rubio [30] uses a mutation operator in an EA along with market-protocol algorithms for
path planning. Such techniques were not incorporated due to the additional complexity and concern as to generic utility in our
approach.

Again, the swarm simulator must correctly route individual members to required targets by way of required waypoints. These
way points are generated a priori as part of the path planner and are designed to minimize climbing, distance, and risk.

UAV Swarm Behavior: The problem of directing UAV swarm behavior can be expressed as the cumulative problem of
directing individual UAV behavior. The following relations mathematically define the problem domain of the swarm model:
Given a swarm member V; and the following:

A terrain region (X, Y) with an elevation Z =f(X,Y)

A neighborhood vehicle set V

A next waypoint wyex <1, j, k>

A current position s(t) = <i, j, k>

A set clearance C
Create a vector V(t+ Af) to guide v; toward wye, subject to:
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1. z(t+ Af) > C+ fix t+ Aty t+ A ©6)
2. |S(t+ At)'wnext |< ‘s(t)_wnext |

3.Yv eV v# v, |s()— b(v; (1) > |s(t +AH)— b(v; (t +A¢))| where condition 1 maintains the required set clearance, condition 2

moves the vehicle toward the next steering point, and condition 3 adjusts the separation between the member v; and all neighbors
in V toward the proper separation distance.

The behavior model consists of a set of rules to achieve path-following swarm behavior in a set of modes under which the
rules are applied with various weighting factors, and a neighborhood of influence which defines which members affect the
behavior of a given member. Each rule results in a unit vector addition operation applied to an individual. The sum of these
vectors produces the member’s trajectory.

Neighborhood - Just as with swarms of insects or flocks of birds, swarms of UAVs have limitations on information that can
be obtained from other members of the swarm. These restrictions are generally based on the proximity of a member to other
members of the swarm. In our model, we define the notion of neighborhood which is used to define the communication model as
well as shape of the swarm formation. The swarm shape is a 3-D stack of diamond tessellations. Each plane or level in the stack is
offset one half-step from the level directly above or below it.

The main parameter of the swarm formation is the separation b, representing the lateral distance between co-planar members
and the distance of the co-planar neighbor directly in front and behind the member. Co-planar members 45 degrees front-left and
front-right are at a distance of b divided by the square-root of 2.

Individual UAV swarms are not influenced by those behind them for two reasons. First, the lead members are first to climb in
response to terrain and also reach their target and begin their turns before trailing members. Application of the cohesion rule
would cause lead members to throttle back when climbing or turning to allow trailing members to catch up. Instead, catching up is
achieved by trailing members applying the cohesion rule with respect to their distance from the leading vehicles. A second reason
for this simplification is a reduction of the communication overhead. Restricting the neighborhood of a member to those members
level with or in front of the UAV member, reduces the size of the neighborhood considerably. Table 1 defines the neighborhood
of influence surrounding a given swarm member.

Table 1. Neighborhood of individual UAV influence

Plane Distance | # Neighbors
Co-planer b . 3
Co-planar b/\2 2
Plane Above b/\ﬁ 3
Plane Below b/\2 3

Two Levels Up b 1

Two Levels Down b 1
TOTAL 13

Rules. The behavior model consists of a set of three rules R = {rl, 12, r3} [45]. The application of these rules result from the
interaction of individual swarm members with one another and with the terrain. As defined by Kadrovach [10] and implemented
by Corner [3], each swarm member can only detect and be influenced by its neighbors. The first rule creates a vector that causes
a vehicle to move toward its neighbor whenever the distance to that neighbor exceeds the threshold distance value. Recall that
vehicles in the lead with respect to the next target are not influenced by the cohesion rule except by their coplanar members to the
left and right.

Separation. Also from Reynolds, this rule adds a vector to the member moving it away from a neighbor when the distance to
that neighbor decreases to below the threshold value. Leading vehicles have no members in front of them and are not directly
influenced by those behind them. Therefore the separation rule applies only to their left and right co-planar neighbors and their
neighbor’s two planes directly above and below them. This rule replaces a more general alignment rule [3,10,18].

Modes. The simulation progresses under two primary modes: warp and synchronization. During warp mode, communication
among swarm members is suspended. Individual members continue on their path at their current heading. When small changes in
individual trajectories are needed to avoid terrain, the other members are not notified. An individual member simply adjusts its
trajectory as needed. During synchronization mode, members determine their neighborhoods and adjust their trajectories
according to rules 1 and 2. The simulation enters synchronization mode under two conditions: a) whenever a member alters its
angular velocity by an amount greater than n/8 degrees, and b) at scheduled fixed time intervals. The later condition is required to
prevent drift in the swarm which would occur if minor changes in trajectory are extrapolated over long periods of time. During
warp mode, the members apply only rule 3 which accounts for climbing and descending. Under synchronization mode, the swarm
applies rules 1 and 2 with a weight of 20% and it applies rule 3 with a weight of 30%. This weighting was established empirically
for maintaining swarm characteristics while achieving the target seeking behavior.
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Communication Model. The simulation is built on the SPEEDES time-warp framework [24]. Agent message traffic is
restricted to neighbors and to the central simulation engine. This allows for true scalability of the UAV swarm model.

Since the entire swarm embarks on the mission from a single location, a swarm split must be performed as sub-swarms go out
in search of their individual targets. In order to minimize maneuvering and communication required for a split operation, the
swarm uses a train or sausage link model in its original formation. Upon reaching a designated split point, the leading section of
the swarm becomes a sub-swarm and turns towards its next target. The remainder of the swarm turns toward its next target. The
split is done along the length of the swarm like a section of railroad cars being removed from the track. This method has the
advantages of maintaining the shape of the sub-swarm and reducing the swarm’s temporal footprint. Once a swarm has split, there
is no join operation defined. At the end of the mission, all swarms return to their embarkation point. Due to varying target
assignments, the sub-swarms return home separately.

5.2 UAV Swarm Router

The purpose of this section is to discuss the implications of applying Multi-objective Evolutionary Algorithms (MOEAS) to the
Vehicle Routing Problem with Time Windows (VRPTW). Specifically, as more constraints are applied to the VRP (as in the
VRPTW) the solution space and Pareto front features change in such a way that multi-objective evolutionary approaches provide
effective means of determining optimal solutions in a tractable time frame. Initial experimental results show the validity of this
idea for the VRPTW. The concept of the UAV Swarm Routing Problem (SRP) as a new combinatorics problem for use in
modeling UAV swarm routing is presented as a variant of the Vehicle Routing Problem with Time Windows (VRPTW). The
genetic operators used are discussed in the context of how they contribute to finding better solutions. While some operators
contribute random exploration aspects others contribute increasing value (decreasing path length) alterations to identified
solutions..

5.2.1 Multi-Objective VRPTW Formulation Most often a VRPTW is optimized for path length. A second objective is the
minimization of the number of vehicles used. In the VRPTW there are three objectives that can be optimized:

Total path length

Number of vehicles

Minimum waiting time
Waiting time is the amount of time a vehicle has to wait if it arrives at a customer too early. Minimizing this objective implies an
efficient scheduling of all vehicles to all customers. One concludes that these two objectives are in contention in most problems,
as efficient scheduling usually implies a lack of optimal path length (deploying two vehicles costs more but ensures minimum
total waiting time). Optimizing effectively across both objectives allows for a more incremental search of the non-dominated front
of solutions resulting in better optimal solutions. This is why multi-objective approaches to the VRPTW often lead to better
results compared to biased single objective implementations [31] [32].

VRPTW Chromosome Structure Any chromosome solution used in a VRP must be able to specify how many vehicles are
required and which cities must be visited in what order. The solution chromosome defines a genotype, which is a code
corresponding to a phenotype which is the actual solution. In terms of total information the genotype does not need to contain
redundant or implied information. For example, in the VRP it is implied that a route starts at the depot and ends there. Encoding
this information in a chromosome would therefore be a waste of space. There are three ways to accomplish this, others could be
formulated but these have been deemed effective through their repeated usage. A possible solution structure is a bit string where
every bit corresponds to an edge in the solution (and every bit is either one or zero indicating whether it is or is not in the
solution). This structure is very simple but grows large very quickly and the organization requirement of the VRP lend itself more
toward real valued structures anyway. The second structure is a single array of real values, the order of which indicates the order
of visitation. Each route is separated by zeros. This structure is more efficient but still requires the use of separators to indicate
where a route begins and ends.. In [26] a structure for a VRP chromosome is defined that uses a similar idea as the array structure
but attaches each route to a support structure, like that seen in Figure 3..The most beneficial aspect of this structure is that changes
made to a given route do not require a shift to the entire array of values. In [48] this structure is proposed, and shown to be, an
effective structure especially for the VRPTW. This structure is also used in previous research by Slear 23] and Russel [21].

The GVR structure offers many attributes that make it desirable as a chromosome structure. Its information content does not
contain redundancies. Each route implies the existence of a departure and return to the depot even though it is not explicitly
stated. This is made possible by the support structure that contains and separates each route. It is also desirable that infeasible
solutions are not turned into feasible solutions by adding customers but instead only by rearranging and removing customers. The
impact of this is that whenever a solution is checked for feasibility after the addition of a customer it can be safely discarded if
infeasible, knowing the solution is a dead end.
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Figure 3. GVR chromosome structure for the VRP

Algorithmic Approach In order to define an evolutionary algorithm solution several algorithmic aspects must be identified.
These are the chromosome structure of a solution, genetic operators, and selection methods. Other aspects can be identified
however these are arguably the most relevant. In this section these three aspects are identified. A. Genetic Vehicle Representation.
Tavares [5] defines a structure for a Vehicle Routing Problem (VRP) chromosome that uses a support structure containing each
route. The support structure keeps each solution separated and organized. Changes then made to a given route do not require a
shift of any values in the other routes, a beneficial aspect of this structure. This structures use shows it to be an affective
chromosome, especially for the VRPTW.

Evolutionary Operators The specific operators are discussed in various papers [26,31,38]. All operators ensure that only feasible
solutions are introduced into the population and each operator has a stochastic probability of occurrence.

1) Swap Mutation: In swap mutation two customers in a selected individual are swapped if doing so does not violate
constraints.

2) Inversion Mutation: Select a sub-route and reverse the order of visitation within feasibility constraints.

3) Insertion Mutation: Move a random customer to a random location in the solution while ensuring feasibility. It is possible
to create a new route containing this customer with probability 12V where V is the number of vehicles.

4) Best Cost Mutation: This heuristic based operator randomly chooses a route and optimizes its path length. To accomplish
this, the customer closest to the depot is made the first customer then the remaining customers are rearranged in order of distance
from each other. Customers that can not be feasibly added are moved to a new route.

Replacement strategy The multi-objective strategy incorporates a Pareto front replacement strategy where the best non-
dominated solutions that are adequately spaced away from each other are assigned higher fitness values. Regarding the choice of
MOEAs, the SPEA2 [35] and NSGA?2 [36] algorithms are used in the experiments due in part to their universally.

5.2.2 Multi-Objective SRP Development

SRP Evolutionary Operator Development The SRP genetic operators are variants of the VRPTW operators altered to take into
account the different structure of the SRP solutions. The difficultly in developing these operators is ensuring the validity of the
child genotype. Since the chromosome contains location sensitive information across two dimensions, as opposed to the VRPTW
chromosome which is only sensitive across a single route, making even slight changes can cause invalid solutions to be created.

SRP Chromosome Structure The chromosome structure used for the SRP is essentially the same as for the VRPTW. It consists of
single route definitions arranged in a support structure. The only difference is the arrangement of data within the structure. Since
each customer must be visited by more than one vehicle at a time the SRP structure must also reflect this possibility.

Random Crossover with Tightening. The crossover operation must be done with particular care as effective alterations to the
solution are difficult to achieve. The basic idea of the crossover operation is the same as the VRPTW crossover operation, from
two solutions a random route is selected from each. This route is then added to the other solution. The problem is, unlike the
VRPTW crossover operation, subsections of a route can not be easily transferred between two solutions. In order to compensate
for this the route to be crossed is added to the solution as an entirely new route. The solution then undergoes an operation called
tightening. During this operation the solution is searched to determine what customers are over satisfied or visited at inappropriate
times. The resultant solution contains the additional information of the crossover operation without the redundancy or errors the
operation would otherwise result in.

Split Mutation. Split mutation randomly selects a route within the SRP solution and attempts to reduce the total length of that
route be eliminating unnecessary target visitations. Each customer is satisfied with a certain number of UAVs at its location,
however more can be present than are actually needed. This may cause a route to be longer than it needs to be since its divergence
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to an unnecessary target takes longer than a direct route. The split mutation operation determines if this is occurring in a random
route and attempts to remove the target from the vehicles fight plan. If this operation then results in an infeasible solution it is
considered to have failed, and is not implemented.

Vertical Swap Mutation. The vertical swap operator swaps two different locations vertically in a given solution. This is in
contrast to the VRPTW swap mutation in which the swapped targets can be anywhere. Columns within the SRP have a close
approximation to time within the solution. It is not exact because distance information is not contained within the solution, and
cities in the same column may not actually be visited at the same time. The swap operator randomly selects a column and two
different targets within that column. These targets are then swapped and feasibility is checked. An infeasible solution is not used.

5.3 System level design goals and integration:

The system’s data flow begins with creation of a target set, terrain field, threat lay-down, set clearance, and number of available
swarm vehicles. The terrain masking algorithm is given the terrain elevation data, location and range of threats, and the set
clearance or above ground altitude at which the vehicles fly. The threat lay-down is superimposed over the terrain grid and grid
areas considered to be within the effective detection and kill ranges of the threat are identified. The algorithm then calculates the
line of sight visibility of each grid space within the effective range. An individual grid space is eliminated from the effective
range of the threat when a terrain barrier lies between the grid space and the threat such that a line drawn from the threat radar to
the grid point intersects the terrain boundary thus obscuring the grid space from sight of the radar.

The set clearance of the UAV is added to the elevation of the grid space to account for the vehicles height above the ground.
The updated threat range data is then stored for use by the path planner. Once the terrain has been preprocessed, the vehicle router
optimizes the assignment of vehicles to targets. To accomplish this, the router needs to know the complete cost associated with a
particular route. The router produces a set of candidate solutions and invokes the parallel path planner to provide complete,
feasible paths for each route. The router’s genetic algorithm finds the lowest cost vehicle assignment for the mission, and retrieves
the complete set of waypoints for each vehicle or sub-swarm. This complete set of paths is then fed to the parallel swarm
simulator which then simulates the mission and produces a visualization of the swarm flying its mission. Figure 4 illustrates the
dataflow design of the integrated system.

AFIT UAYV SWARM MISSON PLANNING AND OPTIMIZATION SYSTEM
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Figure 4 System Data Flow Design

The path planner produces a solution to the problem of minimizing the risk and cost associated with moving a vehicle from
one location to another by way of an intermediate point. The input to the algorithm therefore, is a triple {Pi, Pm, Pf}. The output
contains the set of waypoints between Pi and Pm and between Pm and Pf. This output forms a single segment of a solution to the
larger vehicle routing problem which contains multiple targets and multiple vehicles. The router creates permutations of locations
representing an ordered set of assignments to a set of vehicles. These permutations require sets of the triples described. The
generation of these triplets is time consuming and the number of possible 3 triplets each grows at a rate of O(n) with the number
of locations n. This growth rate is mitigated by three methods. First, the path planner is parallelized so that several paths can be
generated at once. Next, the router uses a simple set of heuristics to request paths before they are needed. Finally, links which
have already been calculated are cached for later reuse.
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6 Low Level Designs and Implementation
6.1 Path Planner

The path planner was implemented using an object-oriented (OO) approach and is written in C++. The path planner has a
naturally hierarchical structure. For example, a population consists of a set of paths, and a path consists of a set of points. This
structure lends itself to object encapsulation. Methods are defined that act on objects at various levels of abstraction. Where the
approach used differs from the traditional OO approach is in the area of information hiding. Typically an OO design defines strict
controls on the access to an object’s data members. Specific methods to access or alter an object are used to govern the range
within data must be assigned and to control which objects are authorized to act on other objects. Details of the design can be
found in [23] which has as the major goal of the system integration effort, modularity (population, path object, evaluation
functions, ...). The complexity of the various modules is polynomial.

6.2 EA SRP Router

The high level GA design necessitates many elements of preplanning before construction of a solution can take place. These
decisions include coding language decisions, the use of GA libraries, and the level of generalization required. The level of
generalization implies how dependent the software is on the problem and how difficult it is to transition the software to different
problems. The coded solutions for the VRPTW, SRP, and path planner consist of a series of processing steps: read in problem
data, maintain customer(target) information, construct individual solutions, apply the MOEA to those solutions, and return the
results in a readable format. The implementation must be able to accomplish these steps and return results compatible with the
simulation software. The software must adhere to object-oriented standards, be generalized enough to allow for the alteration of
algorithm parameters, and be compatible with available hardware.

A basic structure exists within all genetic algorithm search techniques. This structure is defined by the transition of
populations of solutions through a modification and selection process. Due to this structural concept it is advantageous to use a
programming library or other software utility that has already been created with this basic structure in mind, hereafter refereed to
as the infrastructure of the GA. There are a variety of infrastructure options available for evolutionary computation across many
coding platforms. For this research the Open Beagle (OB) library was selected. Previous routing work used the GALib library
[35], however for this research it was determined that a transition to a more contemporary library would be beneficial. The OB
library contains very powerful and well constructed tools for the creation of evolutionary algorithms. It is written in C++ allowing
for easier integration with existing simulation uses, all of which are written in C++, and the library allows the use of the vector
data structure. The library is written in very strict object oriented protocol, meaning little work is required on the part of the user
to get program specific details integrated into the overall program structure, assuming they are written to the same Object
Oriented (OO) standard. More details concerning the implementation level design aspects of OB can be found in Appendix B and
online [16]. The selection of this infrastructure drives the code level requirement of all the program components as well as the
data structures available (C++ data structures).

7 Experimental Procedures
7.1 SRP Routing

This section contains information about the design of experiments perform. The objective of the experiment design phase is to
develop testing methods for the problem model and solution design. The experiments divide into three sections which test the
effectiveness of the routing software, the path planner, and the simulator. The purpose of these experiments is to validate the
algorithm design of the routing software by applying standard VRPTW benchmark problems and comparing the solutions to best
known solutions. Modified versions of these test problems are also applied to the SRP routing software in order for the results to
be comparable.

7.1.1 Experimental Design Objectives;

Test the proposed solution design for application to the VRPTW is valid across a spectrum of benchmark problems, and the
solution design for application to the SRP produces valid results comparable to those obtained in the corresponding VRPTW
benchmark. These objectives drive the experiment design such that a set of benchmarks are applied to the VRPTW and SRP
solutions resulting in a set of valid solutions. These solutions then contain measurable metrics of total path length, total vehicle
count, total wait time, and average path length (these metrics apply to both the VRPTW and SRP). In the case of the SRP the
benchmarks are modified such that customer demand (targets) is an indication of vehicle count and not capacity demand, as in the
VRPTW. Comparison of these metrics of performance allows for an intelligent comparison of the solution process to benchmark
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problems. Accurate performance comparisons require the application of different design choices to the same problem, using the
same settings when possible. To fulfill this requirement genetic algorithm settings are chosen and kept constant across the
spectrum of algorithm choices. These settings are determined through empirical experiments deemed to best represent the
performance capability of the different genetic operators. Population size and generation limit are chosen within the desire to limit
program run time. Three different algorithm designs, each with two options for selection strategies, are used in the experimental
procedures. These three designs are NSGA2, SPEA2, and a biased elitism algorithm. The biased elitism algorithm uses no
strategy to rank solutions instead using an elitist ordering procedure that is biased toward path length. The top number of
individuals, equal to the population size are selected from the population after genetic alteration. Each of these designs is then
paired with either a random or tournament selection process. Recall that selection refers to how solutions are selected for genetic
mutation. Tournament selection means some number of random individuals is selected from the population, with replacement,
and ranked (biased by path length) with the top rank selected for alteration. The SRP experiments employ only the use of the
tournament selection method as random selection was deemed more harmful to the SRP solution process from the fact that the
genetic operators employ no local search techniques.

VRPTW and SRP Experiments - The most commonly used benchmarks for the VRPTW are the Solomon problems developed in
1987 [38 They exist in three different varieties; a random distribution of customers (R), clustered sets of customers (C), and
hybrid (RC). Each of these three problems comes in dimensions of twenty five and fifty customers. In order to examine the
effectiveness of the software as well as the impact of the multi-objective design, two problems from each type are tested, listed in
Table 6.1. The use of this variety of problems illustrates the impact of problem type on the solution design as well as solution
performance in different instances. The number designation of each problem constitutes the time windows that exist for that
problem. Problems that begin with a one, such as R109, have small time windows, while R206 has much larger time windows.

Random Cluster Hybrid
25 Targets R206 R109 C103 C205 RC107 RC202
50 Targets R206 R109 C103 C205 RC107 RC202
Table 6.1: Solomon test problem selections (Modified for SRP)

Each test problem contains a set of target coordinates, target time windows, and vehicle capacity. The Euclidean distance
between targets is considered to be the edge cost. The same problem selections are applied to the SRP solution modified in the
demand column to ensure that each problem contains a realistic UAV requirement. Algorithm effectiveness varies greatly as
different parameters within the program are tuned. The settings for each algorithm type were determined from empirical analysis
and literature review [31]. The operator percentage indicates the chance that operator is used on an individual during the alteration
phase. The more effective operators are used more often while the random operators are used less. All the options for the
algorithm used to solve the VRPTW problems are listed in Table 6.2, the option for the SRP algorithm are listed in Table 6.2.

Operator and Setting Operator and Setting
Random Crossover .4% Random Crossover .5%
Swap Mutation .25% Split Mutation .25%
Inversion Mutation .25% Vertical Swap Mutation .5%

Insertion Mutation .1%
Best Route Cost Mutation .4%
SPEA2 Archive Size 80

Generation Limit 1000 Generation Limit 5000

Population Size 100 Population Size 100

Parent/children ratio 2 Parent/children ration 2
Table 6.2: VRPTW GA Settings Table 6.3: SRP GA Settings

The SRP software experiments use the NSGA2 and biased elitism algorithms. The reason for this is that results from the
VRPTW reveal a consistent dominance of these two methods over SPEA2. Each algorithm/problem experiment is run thirty times
in order to ensure reliable statistical analysis. Each replacement strategy uses a tournament selection method. The population size
and operator application percentages are different from the VRPTW settings in order to counter the SRP's fragile structure. More
simple operations are performed to take the place of a few intelligent operations. Experiments are run against a small subset of the
problems applied to the VRPTW.

Benchmark problems are run for the VRPTW and SRP solver using either a biased single objective or NSGA implementation.
The benchmark is run 30 times for 1000 generations each trial with a population of 300. Solomon’s problem RC107 for 100
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customers is used. All tests were run using a 2.1 GHz AMD Athlon 3000+, 1GB of memory, 128 KB of L1 cache, and 512 KB of
L2 cache. Such experiments show the results obtained from the multiobjective formulation are superior to the single objective
formulation, both in terms of the best path length attained and the optimization of multiple objectives. T he distribution of
objective returns clearly favors the multi-objective (NSGA) approach over the biased single objective (Tournament) for not only
path length but all objectives. Other empirical studies have shown this advantage becomes even more apparent as the dimension
and complexity of the problem increases. Also note the much smaller distribution of values over the 30 trials for NSGA2 which
indicates a much more consistent operation.

8 Swarm Parallel Simulation Experiments

The AFIT parallel swarm simulation uses SPEEDES which is an open-source parallel discrete simulation framework
developed in C++. Its primary purpose is to allow users to develop small and large optimistic time-managed simulations [24].
Parallelization of the simulation allows for simultaneous processing of events. Optimistic processing of events enhances
performance by allowing some events to be processed out of order. Out of order execution avoids delaying received events
scheduled at a future time, while waiting on the receipt of all events from earlier times.

In the first experiment to minimize climbing, an artificial terrain field is created with a geometrically simple shape. The
planner optimizes a route to the target by minimizing the climbing associated with the created path. Like all paths solved by the
planner, this scenario consists of start, middle, and end locations. In between the straight-line path connecting the points are two
large areas of high terrain which the planner must avoid. No threats are used in this experiment. Further, the weight associated
with climb cost is maximized and the weight associated with distance is minimized to demonstrate the satisfaction of this single
objective.

In illustrating tradeoffs between cost and risk experiment, a real-world route is planned over Nevada in the vicinity of Nellis
Air Force Base. The path planner minimizes the cost of the route by minimizing distance, the amount of climbing associated with
navigating the route, and the risk of the route Hideability, the degree to which vehicles remain out of site of potential unknown
threats, is used as the optimization criterion. Figure 5 shows the three-point route for the planner to solve overlayed on a
visualized Digital Terrain Elevation Data (DTED) field.

o 4 I

Three point route I(I)n DTED field
Figure 5 3D Route planning in vicinity of Nellis AFB

This experiment compares the effectiveness of the path planner with a modified TFO algorithm. Three-element target
packages are created along with a grid of real world terrain and a realistic threat lay down. The planner is run in single-objective
mode and its solution is scored and recorded. The TFO is run and the output is passed into the evaluation function of the planner.
The cost results are then compared.

There are two general uses for the path planner. As a stand alone unit, the path planner is multi-objective, i.e. it provides
decision makers with a range of solutions to a particular problem instance. The second use is to generate link solutions to the
larger capacitated vehicle routing problem (CVRP).

To measure the efficiency of the parallel path planner, the runtime of the serial version is compared with multiple-instance
parallel runs of the algorithm. With this information, the scalability and speed-up of the algorithm is determined. The problem
instance is suitable for this experiment because the route covers a wide range of the problem space,. Also, the repair function due
sharp turn is tested, and the solution is overlaid on a varied, real-world terrain space where Terrain Following Missions are flown.
The configuration of the test sets conducted on AFIT’s Beowulf clusters consist of 1 to 16 processors and 1 to 1024 problems in
intervals of powers of two. Each test is run 30 times for statistical analysis.

Modifications to the router only affected the data used by the routing algorithm. Naturally, scores from the path planner differ
greatly from the static point-to-point scores originally used by the router. Experimentation in this area focus only on the ability of
router to: successfully invoke the planner, make use of the planner’s path scores, and complete its genetic routing algorithm.

In the previous version of the swarm model, a 2-D swarm was placed into a uniform terrain region with targets or points of
interest. The model demonstrated limited capability to find targets while conforming to the swarming rules [23]. A suite of
experiments is developed to test the effects of the additional model capabilities on the swarm model. Table 2 illustrates the
behavior enhancements of as they relate to the previous model. Testing focuses on adherence to the swarm rules as defined and
the scalability of the enhanced model. The three major behavior enhancements are tested independently and collectively.
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Table 2 Swarm Model Behavior Enhancements

Model Swarm Attraction | Repulsion | Path Terrain
Dimension | Rule Rule Following | Following

Previous | 2-D Yes Tes Hao Mo

New 2-Dand 3-D | Yes Yes Yes Yes

Specific actions taken by the vehicles to reach targets, often conflict with the swarming behavior rules. These experiments
test the ability of the swarm to maintain its physical integrity while reaching all assigned targets in the route. Each experiment
uses a common set of information to determine the adherence to the swarm rules.

Neighborhood: A neighborhood is calculated for each swarm member at each time step in the simulation output. Each
neighbor has a required separation parameter based on its position relative to the central UAV as defined in the parameter file.

To separate consequential rules violations from minor ones, a threshold violation level is set at 20% of the separation
parameter. Rules violations in this experiment are then determined by instances when a vehicle’s separation from any of its
neighbors differs from its required distance by +20%. Note that various swarm splitting is required for sub-swarms to follow each
CVRP route.

In order to observe the effect of the path-following behavior on the swarm’s cohesiveness, metrics are required. From the
simulation data, the average neighborhood size is calculated over time. Deterioration of neighborhood size is indicative of the
swarm spreading out beyond its intended range.

For the first experiment, the simulation is executed over flat terrain with only a single vertical layer. This configuration
allows for isolation of the effects of path following from other model enhancements. For each time t in the simulation, the average
neighborhood size is calculated using:

Ave.N.Size (t) = Y'— o |n| /#UAVs at time t @) Another measure of compliance is the degree to
which rules are violated. To measure the degree of violation, the absolute value of each UAVs violation in meters is calculated at
various time steps in the simulation. Equation 7 quantifies the magnitude of rules violations for UAV i at time t:

Yt |vectdiff (i,j) —req.separation (ij)| /n ®)
where vectdiff(ij) is the separation vector between the i and j UAVs and req.separation is the position-dependent separation
distance required by the model’s rules.

Various experiments are executed to evaluate the impact of cost and risk minimization along with terrain following
employing the indicated metrics. Swarm behavior such as synchronization, rule adherence, cohesiveness, sub-swarm shape with
terrain following are analyzed over the 3D layered UAV model. Parallel scalability evaluation was addressed via a speedup
factor with configurations consisted of 4, 8 and 16 processors simulating 40, 80, 160, 320, and 640 UAVs.

9 Results and Analysis

To test the planner’s ability to minimize climbing, an artificial terrain field is created with a geometrically simple shape. In
this case, the planner-generated route avoids the high terrain to eliminate climbing. The planner is run in multi-objective mode
and the least cost and least risk solutions are captured and visualized. Figure 5 also shows the optimized route for cost and risk
minimization.

The route in Figure 5 was scored according to the fitness functions. Its component scores are given in Table 3. Figure 6
shows a visualization of the lowest risk score. These two solutions represent the two extremes of the Pareto front. To compare the
planner to the terrain following optimizer, this experiment analyzes the effectiveness of the path planner with modified TFO
algorithm. This experiment was performed by running the problem instance Nellis Route 1 on the path planner and comparing the
results with TFO’s solution. It should be noted that TFO was not able to solve the problem directly. Due to algorithmic constraints
of TFO’s tree search, a maximum of 20nm are allowed between targets. As a result, intermediate points had to be inserted
between the targets before the route could be optimized. An additional limitation of TFO is that it optimizes paths between targets
but does not optimize connections between targets. Therefore, TFO does not allow more than 45 degrees of heading change
between consecutive major waypoints. The parallel path planner has neither of these constraints. Figure 6 depicts the TFO
solution to the problem instance Nellis Route 1.
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L.
TFO route

Figure 6 Lowest risk and TFO 3D routes over Nellis AFB

' ]
Lowest risk route

Table 3 Fitness Component Scores - Nellis Route

Route Path Length Climh Cost Hideabhility
Low Cost 94289 10522 14774
Low Fisc 93857 12444 17904

Several inferences can be made from inspection of Figure 6. First, TFO’s approach to minimizing climbing involves seeking
the lowest point possible. Inspection of the path between shows that higher terrain was avoided whenever possible. This contrasts
with the parallel path planner’s approach which focused on minimizing the total amount of climbing. While TFO would avoid
high terrain at any cost, the parallel path planner allows for high terrain so long as the cost of moving into the terrain is offset by
reduced climbing and descending within the terrain. Table 4 compares the fitness evaluation of the TFO solution with the low cost
and low risk Pareto front points of the parallel path planner.

Table 4 Nellis Route Evaluations

Path Path Lengthim) | Climb Cost | Hideahility
Low Cost | 94259 3655 15636
LowRisk | 93857 10272 14671
TFO 110931 1146C 21738

Table 4 shows that both solutions of the parallel path planner had lower risk routes with shorter path lengths. The planner’s low
cost route found a lower climb cost while the TFO found a lower climb cost than the low risk route. While the two programs have
a different approach to minimizing climbing, it should be noted that the hideability algorithm and its input data are identical in
both programs. Figure 6 also reveals a weakness in TFO’s application of the restriction on heading change. Recall that
consecutive target inputs in TFO must not result in a change in heading greater than 45 degrees. In the problem tested, as each
segment was optimized independently, the resulting solution contains a heading change greater than 90 degrees. The MOEA
resulting Pareto front for the same problem instance is given in Figure 7 providing multi-objective tradeoffs to the decision
maker.

Pareto Front MNellis Route

15400 \‘\
15200 L
15000 ]
14800 k‘“‘“‘
14600 T T T T
8500 9000 9500 10000 10500 11000

Risk Score

Cost Score

Figure 6 Risk vs. Cost Pareto Front

The efficiency of the parallel path planner experiments reveal near linear speed-up. This is due to the independence of the
nodes, and low communications overhead. Runtimes varied from one job on one processor of 0.2 seconds to 123.3 seconds for
1024 jobs on one processor to 8.5 seconds for 1024 jobs on 16 processors. It is clear that the parallelization of the path planner
results in near linear speedup with each increase in the number of processors. This result is not unexpected as the parallel
decomposition strategy has very low overhead. It should be noted however, that the load balancing scheme and the use of
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multiple non-blocking receives contributed to the speedup. In the absence of effective load balancing and non-blocking
communication, the speedup would be reduced even with low-overhead parallel problem decomposition.

Evaluating the expanded and improved parallel swarm simulator was also a critical element in the development of the UAV
mission planning system [23]. Most insight as to the performance of the UAV mission planner was achieved with the parallel
simulation as well as feedback to improve planning and routing effectiveness [29].

10 Conclusions and Future Research

Multi-objective evolutionary algorithms are developed for efficient UAV swarm path planning and routing. Development of
the new Swarm Routing Problem (SRP) model is shown to be an effective and solvable problem model for multiple UAV routing.
Also, an efficient parallel computation system is developed that computes individual segments for use in the GVR routing
algorithm. The parallel swarm simulator is improved by incorporating path-following capabilities with existing swarm behavior
and measuring the effects of these capabilities on swarm characteristics. Additional efforts include exploring larger-sized
physical areas for terrain and threat avoidance. Another promising technique is to increase the search space through the use of
“migrant” population members. Originally developed for use in the Island model [26], migrant members are randomly initialized
solutions added to the population at various epochs of the evolutionary cycle. Modifications to the path planner should allow
either validation that time on target constraints can be met or that adjustments in the vehicle speed can be evolved along path
segments. The addition of more population diversity would allow the planner to search different regions of the problem space. In
particular,, a dynamic parameterized UAV vehicle second-order model tuned to create path feasibility would also be of practical
importance. In addition, qualification of sensor data requirements would provide a realistic simulation that could lead to real-
world swarm implementation and testing, The bio-inspired UAV swarm, agent model [39] should also be investigated for
embedding.
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Outline

 On board Information processing

 Main Technologies

Digital Signal Processors - DSP
Reconfigurable Computing, FPGAs
Embedded processing

Self Reconfigurable processing
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Onboard Processing Requirements

Computational Performance
- sufficient to accomplish complex imaging algorithms
Low power and Low Energy
- management of circuitry, architecture
Minimal physical characteristics
- packaging, weight
Communication Performance
- antennas, digital soft radio, protocols
Storage





Key Component Technology

* Digital Signal Processors, DSPs

 Reconfigurable processors, FPGAs

e Embedded processors





Digital Signal Processors (DSPs)





What are DSPs ?

Embedded microprocessors that are designed to handle
digital signal processing applications in a very cost effective

manner
Current market leaders:

Tl, Motorola, Lucent

Market well over - $ 50 Billions





Nature of DSPs

DSPs utilize special hardware to meet performance, power,
and price points

Sacrifice orthogonality and ease-of-use to meet goals
Assume hand-assembly or libraries used for core algorithms

Compiler mostly used for control and glue logic





DSP principle

 Converting a continuously changing waveform (analog) into a
series of discrete levels (digital)






DSP principle

« The waveform is sliced into equal segments and the
amplitude is measured in the middle of each segment

e The measurements make up the digital representation of
the waveform
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ADC and DAC

« ADC: analog conversion to digital

« DAC: digital conversion to analog

 Both operations are approximate as the waveforms do not
completely match - filtering needed to smooth them out
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DSP algorithms

Basically various filtering type of algorithms
FIR: finite impulse response

lIR: infinite impulse

Bandpass filter

AR: autoregressive
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FIR filter

 Most widely used filter
* series of delays, multipliers, and adders

* frequency response output fine-tuned to filter's length
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DSP - Architecture Characteristics

 DSP architecture is designed to solve one problem well
- Digital filters (FIR, IIR) and FFTs
- In Real-Time
e Architecture features added to speed up this problem
- MAC: multiply & accumulator, speedup FIR tap
- Circular buffer: speedup shifting FIR delay registers
- RISC based: single clock per instruction
- Harvard Architecture: separate instruction & data
- Word oriented





DSP characteristics

 Disadvantages: not a general purpose computer

- slow character processing

- No multi-user operating system support

- No virtual memory, no translate lookside tables

- No memory page protection (Read, Write, Execute)





FIR filter architecture

« Example
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D
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Filter characteristics

governed by number of taps,
selection of filter coefficients.





FIR on typical processor

 simple assembly FIR routine

loop:
—_— *10, %0 Data Path «—{ Memory
e hig *1r1,.v0
ey x0,¥0,4a
add a,b
v vO,*r2
inc 0 Problems:
ine rl * Memory bandwidth bottleneck
ine r2  Control code and addressing
deac cEr overhead
tst ctr « Possibly slow multiply
jnz loop

[Computes one tap per loop iteration)





Early DSP architecture

e simple datapath and memory structure

Data Path

I Memory Structure

Register

Program

Memory
| -
.- +

Data

Accumulataor






Typical architectures

ALU /O
Address bus
instructions

and instructions data

data
Von Neuman architecture Harvard architecture was coined to
Area efficient but requires higher bus describe machines with separate
bandwidth because instructions and memories.

data must compete for memory. Speed efficient: Increased parallelism.






FIR filter on conventional DSP

Use of dot product

Do dotprod UNTIL CE;

dotprod:

MR = MR + MXO * MYO (SS),

MXO
MYO

DM(IO,MO),
PM(I4,M4);





Baseline DSPs

e Common attributes

- Arithmetic: 16 or 24-bit or even 40-bit fixed point (fractional),
or 32-bit arithmetic operations

- Instructions: 16-, 24- or 32-bit instructions

- Issue: one instruction per cycle, single-issue

- complex, compound instruction encoding, many operations
- highly constrained, non-orthogonal architecture

- dedicated addressing hardware

- specialized addressing modes





Baseline DSP

e attributes (cont)

- on-chip memory architecture

- dedicated hardware for loops and other execution control
- on chip peripherals and I/O interfaces

- low cost, low power, low memory usage





Increasing Parallelism

 Boosting performance beyond faster clock speeds requires the
processor to do more work per cycle

e Two ways to increase the processors' parallelism:

- Increase the number of operations that can be performed in
every cycle

- increase the number of instructions that can be issued and
executed in every cycle

* this leads to pipelining and parallelism





More Operations per instruction

« How to increase the number of operations performed in each
instruction?

- Add execution units (multiplier, adder, i.e. add hardware)

 enhance the instruction set to take advantage of extra hardware
e Possibly, increase the instruction word length (width)
* Use wider buses to keep the processor fed with more data

- Add SIMD capabilities - data parallelism





Architectures for DSPs

Enhanced conventional DSPs

- Lucent DSP16xxx, ADSP 2116x
VLIW (Very Long Instruction Word) DSPs

- TITMS320C6xxx, Siemens Carmel, Philips Trimedia
Superscalar DSP

- ZSP ZSP164xx

Hybrid processors

- PowerPC with Altivec Hardware, TriCore
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Enhanced conventional DSPs

 More parallelism via:

- Multi-operation data path

e e.g., 2" multiplier, adder

e SIMD capabilities
- Highly specialized hardware in core

* e.g., application oriented datapath operations (crypto)
- Co-processors

» Viterbi decoder, FIR filtering, mpeg7, etc





SIMD - single instruction multiple data

e Split words into smaller chunks for parallel operations

« Some SIMD processors support multiple data widths, such as

16-bit, 8-bit,...)

- For example, Lucent DSP16xxx, ADI ADSP 211x

16 bits \ 16 bits 16 bits 16 bits
e
-I-,—,}( -|—,—,}{
¥ ¥

16 bits 16 bits






Challenges to SIMD

* Algorithms, data organization must be amenable to data
parallelism

- Programmers must be creative, pursuing alternatives
- Reorganization penalties can be significant

- SIMD most effective on algorithms that process large blocks of
data





More Instructions per clock

e How to increase the number of instructions issued and
executed in every clock cycle?

- Use VLIW techniques
e static scheduling
- Use Superscalar techniques

* dynamic scheduling





Superscalar vs VLIW: scheduling

Memory Instruction
scheduling,
INS 1 dispatch
INS 2 [ ‘
— P,
INS 3 "

INS n

Execution Units
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VLIW concept

On-Chip Program Memory
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VLIW Application

* FIR filter loop

LOOP :
ADD .L1 AOQ0, A3, AD
ADD L2 B1,B7,B1

MPYHL .M1X AZ2,B2,A3
MPYLH .M2X AZ,B2,R7
L.DW .D2 *B4++,B2
LDW D1 *AT==_AZ
[B0O] ADD .22 -1,BO0,BO
[B0] B .21 LOOQP

LOOP ends here

1)





Evaluation

 Advantages

- performance

- reqular structure

- easier to program — depending on tools
 Disadvantages

- difficult tools -- compilers/schedulers
- deep pipeline latencies

- code size explosion

- higher power consumption





Superscalar DSPs

* Characteristic
- hardware support for instruction control
- 2-4 instruction issue per cycle
- lots of parallelism

« Example FIR filter

LOOFP: LDLU Rd, R14, 2
LDLET R83, R1l5, 2
MACE . A Fd, RS
AGI0 LOCFP

e All four instructions exec in parallel





Evaluation

 Advantages

- performance

- easier tools -- compilers

- smaller code size
 Disadvantages

- dynamic behavior complicates software development
- execution time unpredictability
- high energy consumption





Hybrids

 Typical approach: Embedded DSP and microcontrollers

- heterogeneous multi-core systems including

 Reqgular processor cores
* DSP co-processors
* Advanced cryptoprocessors

 Design methods
- tweaking a GPP with DSP support, or
- tweaking a DSP with some microcontrol support, or
- entire new design from scratch





Example: TI OMAP Hybrid Processor
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Reconfigurable Processing





Reconfigurable Processing

e Ability of a device to change its internal structure,

functionality, and behavior, either on command, or
autonomously.

e Two methods for execution of algorithms:

- hardwired technology: high performance

- software-programmed microprocessors: high flexibility

A third approach: Reconfigurable computing

- intended to fill the gap between hard and soft, achieving
potentially much higher performance than software, while
maintaining a higher level of flexibility than hardware





Reconfigurability Classes

Static Configuration: performed while device is off line.

Dynamic Configuration: device is on-line, "on the fly".

Self Reconfiguration: performed autonomously by device.

Evolution type: Self Reconfiguration with adaptation such as
replication and growth, "bio-inspired".





Reconfigurability Spectrum

Flexibility,
Fault Tolerance

Evolvable
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reconfigurable
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Reconfigurable Logic

e Currently implemented by FPGASs

« Static reconfiguration is achieved by downloading into the
FPGA chip a new configuration while the FPGA is off-line

* obvious disadvantages in configuration time





Traditional FPGAs
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Dynamic Configuration

e |t is achieved by inserting new FPGA functionality on the fly,
l.e. while the chip is active

e Certain areas of the device can be reconfigured while others
remain unaffected

* In practice, partial configuration is used to achieve run-time
dynamic reconfiguration

- Xilinx Virtex families
- Altera FPGAs
- Atmel, etc.





Partial Configuration styles

« Module based: distinct portions of the design (modules) that
can be reconfigured separately (Bus Macros)

- independent modules
- communicating modules

» Difference based: making small design changes in local areas
e.g. LUTs, block RAMs, but not routing






Virtex Il Architecture
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Module-based Partial Configuration
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Bus macros

 Connecting reconfigurable and fixed modules in partial
configuration maps

LO[3:0] RO [3:0]
—\ A\ A\ 4& VA SEA A A&*
LI [3:0] RI [3:0]

LT [3:0] RT [3:0]





Major Constraints

Size and position of a module can not be changed
Modules can communicate only with neighbors
No global signals are allowed except clocks

I/O blocks exclusively accessed by adjacent modules





Difference-based Partial Configuration

Small changes on the FPGA configuration
Manually done, usually via an FPGA Editor
What can be modified?

- LUTs equations
- BRAM contents and BRAM write modes
- 1/O standards and pull-ups or pull-downs on external pins
- Flipflop initialization and reset values,
What cannot be modified?

- Routing, very dangerous: internal contentions





Self Reconfiguration

A second way for dynamic reconfiguration:

The chip modifies its own configuration based on peripheral
or internal signals

This may occur

- under command, or

- autonomously
This idea leads to the concept of Self Reconfiguration





Why Self Reconfiguration ?

Ability to operate autonomously in remote, challenging and
hostile environments

Perform on-board processing and communication
Variability of function and operation modes

Quick response to changing ambiance





Potential Self Reconfiguration Apps

Space exploration probes

Military & commercial
satellites

UAVs and p UAVs
deep underwater rescue
nuclear or chemical plants

autonomous robotics






Key Issues of Self Reconfigurable architectures

Autonomy
Real time response

Low power and energy consumption
Reliability





About UAVs: Rationale

* |ncreasing need for flexible embedded processing on board a
variety of aerial vehicles especially pnUAVSs.

 To perform their mission, YUAVs need unconventional on
board processing capabilities:
- Performing multitude of computationally intensive functions
- Operating autonomously, adapting from one input to another

- Meeting low power and reliability requirements





Rationale (cont)

 Reconfigurable processors based of FPGAs have two traits:
flexibility and parallel processing.

« However, FPGAs lack autonomous adaptation capability while
suffering from power consumption.

e Clearly, mini aerial vehicles, e.qg. satellite sensors and uUAVSs,
need autonomous, adaptable and dynamically reconfigurable
processors, beyond conventional FPGAs.





Sensor Web Scenario

Communication
D U Tradeoffs

Bandwidth =

] Buffer/Latency,
Data Rate,
Protocol,

Event Error Bit Rate

round
sixion





Self Reconfiguration Approach

 Novel autonomous, adaptable and and self reconfigurable
system has been proposed consisting of 2 basic units:

- Adaptation software manager
- Dynamic reconfigurable hardware fabric

 The approach is based on the twofold concept:
adaptation of the application software coupled with
dynamic reconfiguration of the hardware.





Approach (cont)

* Architecture: reconfigurable at four Layers:

Layer 4:
Layer 3:
Layer 2:
Layer 1:

the Adaptation Manager.

the Real-Time Operating System RTOS.
the Embedded Processors and Memory.
the Reconfigurable Hardware Fabric.





Architecture: Non Traditional Reconfigurable

Adaptation Manager Layer 4

Real Time OS Kernels I Layer 3

Embedded Modules

Em bedded Embedded Config Embedded

Hard Soft Controller
Processor Processor Memory Layer 2

Reconfigurable Processing Fabric Layer 1

Configurable I/O ports






Reconfiguration Strategy

e (Qccurs at several levels:

Selection of application modules by the Adaptation Manager.

Mapping of modules into the hardware fabric or the embedded
processors, depending on performance requirements.

Configuration of the hardware fabric and the embedded
processor to meet performance and data delivery
requirements.

* The reconfigurable hardware is essential for mapping of
communications algorithms such as :

IR filtering,
multichannel CDMA,
complex encoding,
advanced imaging.





Adaptation manager

The adaptation manager captures real time sensor inputs and
interacts with the Function Libraries.

The Libraries store pre-built configurations for application
functions

The manager decides on which configuration to be fed into
the hardware fabric.

The manager also involves a software learning process to
adapt configuration decisions.





Self Adaptation - Dynamic Configuration

Self Adapiation

- )\

Adaptation Manager | «

S Y

Libraries A

Function

/0 Sensors

Dynamic Configuration

Y

Reconfigurable Hardware






Reconfigurable Fabric

The reconfigurable fabric consists of a number of processing
tiles each having capability of dynamic reconfiguration

Tiles are equipped with regularly structured functional units
capable of operation level parallelism.

Tiles can be hierarchically assembled at several levels using
dynamically interconnected switch-buffer matrices.

- Distributed buffer memory

Configuration can be achieved within a tile, and along several
Interconnected tiles.

This approach provides good scalability, growth and fault
tolerance.





Reconfigurable Fabrics and Tiles






Reconfigurable Tiles

Reconfigurable Interconnects

-






Core Switch Matrix






Self Reconfigurable and Evolvable Systems

There is an overalap between the two concepts
Self reconfiguration operates in real time

Evolvable reconfiguration implies self-growth and replication
of the reconfigurable hardware at slower pace.

Evolvable hardware use bio-inspired approaches and may
need technologies not based on CMOS.





Evolvable Hardware

 Evolvable Hardware, EHW, is capable of on-line adaptation

« EHW can change its architecture and behavior dynamically
and autonomously, either through software or by directly
morphing the hardware.

* At present, EHW use evolutionary algorithms or genetic
algorithms as their main adaptive mechanism. However,
other techniques are possible such as Neural Networks.





Evolvable: Inspiration from Nature

The most fit individuals

survive becoming parents;
ﬁ\childrcn inherit parents

characteristics, with some
variations, and may perform
better, increasing the level of
adaptation.

“Design” goal: survival _g—
Evolution 1n nature

has lead to species
highly adapted to
their environment:
adaptation ensured

survival. Millions of years

Design goal: meet system specifications
Potential designs

Same evolutionary

principles ‘ﬁ} C(jmpctc; thc‘ ?cst ones are

can be applied to %llghtl}-’ I'l'lDdlflCd' to search

machines. @ for even more suitable
solutions.

Accelerated evolution, m
~ seconds for electronics





Evolvable Hardware Classes

 Extrinsic EHW: simulates evolution by software and only loads
the best configuration to hardware in each generation.

e Intrinsic EWH: simulates evolution directly in hardware.

 Most evolution approaches are extrinsic or off-line types





Evolutionary design and adaptation of circuits

Evolutionary Algorithm
Search on a population of
chromosomes

eselect the best designs from

a population
« reproduce with variation
« iterate t1ll goal 1s reached.

Chromosomes

1011001101

ey (0111010110
1101101101

e s cription

Conversion
to a circuit

Models of
circuilts

Control
bitstrings

Extrinsic

t

Target Evaluate

response Z: N IeSponses,

assess fitness

Circuit
response

Simulators

‘)e.g.._ SPICE)

S —

Intrinsic
evolution

Reconfigurable
hardware

Potential electronic designs/implementations compete:
the best ones are slightly modified to search for even more suitable solutions





Evolutionary design: extrinsic - intrinsic

Path from chromosome to behavior data file

Parameters |— Model

!

Reconfigurable
HW

l

HW evaluator
testing equipment

Simulator
Data file Configuration >
- exXtrinsic | .
————————————————————— Stimulus |
Data file |«






Genetic Evolutionary Operations

Selection
Crossover
Mutation

Use an Objective or Fitness function





Principles of Evolution

- Coding solutions as chromosomes.
- Operating on code, not solutions.
- A string is a candidate solution.

Initialize a population Select the Acceplable Output

—> best ™ 5‘?'““9” —» solution
found?

of candidate solutions [, L"‘*"“'“L“llﬁ
ddaad population ot
FT T LIo] individuals

[

Use genetic No
operators to

create a new
population based
on old one






Evolutionary implementation

I.nn,..,__‘ ':'.EE'\"’R»'.DE'J\» A LIWaN
..I:I > I.H_.. .‘D_. - ..I:I._b.
B O@ B W@ s = | m ofo

e Current approaches to EHW implementation:
- use powerful compute engines to run GAs for evolution
- use reconfigurable HW or FPGAs to load evolved HW
 Requires:
- fast evaluation
- low cost for failure

 Future: everything should be seamlessly integrated in HW





Where is Hardware Evolution ?

» Many learning algorithms
are inspired by nature

/ - \ - GA/GP
inspired _
Computer Software Biology ANNS
—L

Science __f—— - Immune Systems

mhabl\, o _
@T \ Hardware ) m;&h - Ant Colony Optimisation
{  Engineering .
\ _ - f

Hardware

—

— — ) + Nature also inspires
Electronic Engineering
\ / hardware designers
: - Spiking ANNs

- Fault tolerance
- Design Optimisation





Some examples: evolving an FPGA design

1 _Create Mew Populafion

B RS

HEREENEE N terate Ll
T Te Te =] stopping conditions
(e Eere 00 @ eme
HEREENEE DL

e[ fefe]ale] ] <]|:|
o]t ie]  e]al o]

A circuit can be evolved

using a GA
 The chromosome is the
T bitstream
) @ =2 Each individual is

evaluated in 2 steps:

l'I-:-M-:I;‘Ijl'lc-l'l-:-H) 1: Configure FPGA with
A bitstream/chromosome
% 2. Test configured FPGA by
— applying all possible input
— combinations, using output

for fithess





Is it practical ?

 For most practical real world problems, human designers plus
tools still outperform evolution

 However,

 Hardware evolution does have some niche applications





Adaptive Systems

Evolution + Reconfigurable Hardware = Real-time Adaptation

Can adapt autonomously to changes in environment

Useful when real-time manual control not possible
- E.qg. spacecraft systems (sensor processing)
Non-critical systems are more suitable

- E.g. data compression systems
- plant power management
- ATM cell scheduling





Traditional vs. Evolutionary Search

Traditional design decomposes from the top down into known
sub-problems

Applies constraints to ensure design behaves like known sub-
problems

Evolution works from the bottom up
Evolution uses fitness to guide performance
Not directed by prior knowledge

Oblivious to complexities of the interactions within the circuit





Innovative Circuits

Circuits that could not be found using traditional design
abstractions are innovative

Solution may have high performance
May use less gates that traditional designs
Analysis shows internal non-digital behaviour

Examples: evolvable multiplier, adder
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Application Examples of custom EHW

Japan Higucht EHW-chips JPL’98 FPTA-0

Industrlal

~ Research,
general

JPL’2001 FPTA-2 BN it 8
Integrated 64 cells (each 44 £ §
programmable transistors) |

- Boards MUX-based
UK Sussex (Evolvable motherboard)

Germany (Heidelberg) -_%_ Brazil -PAMA
Array of 16x16 programmable

transistor cells
UK Edinburgh Palmo






Evolved Antennas

LLvAn

DEvADN
DLvAn Recontfigurable antenna based on IvAn’s grid antenna

« Same layout except that its perimeter 1s closed with switches
* 48 swilches vs EvAn's 30
* ~1/5 scale of 'vAn antenna





EHW vs. Neural Networks (NN)

Inspiration
NN seek biological inspiration for EHW seeks biological inspiration for
scomputational elements, methodology leading to designs (1,2)
» architecture appropriate to situations/application
* mechanisms 1. of various types of HW
for certain problems where biology does 2. freeing from biological
well (and attempts beyond) constraints
AHW
NN
Building block Mechanisms

« NN: Simplified/distorted models of biological neuron
« EHW: Domain oriented reconfigurable cell





EHW vs. Self Reconfigurable, again

 Key issue: real time efficiency

* Self reconfigurable hardware requires fast responses whereas
Evolvable HW is still slow paced

e Combining the two is important for future applications





Layered approach to EHW/Self Reconfigurable

Key feature: interaction and coordination of two basic entities

- evolvable adaptation software
- dynamic reconfigurable hardware

We could have used an evolution-based approach to design
both units, i.e. the manager and the fabric. However,

An Evolvable Hardware fabric would ultimately require
unconventional hardware, not yet available.

The Evolvable Manager uses a software approach based on
Neural Net learning technique to evaluate and perform
adaptation of application functions





Self Adaptation - Dynamic Configuration

Self Adapiation

- \

Adaptation Manager | «

S Y

Libraries A

Function

I/0 Sensors

Dynamic Configuration

Y

Reconfigurable Hardware






Evolvable Adaptation Model

 Evolvable hardware model consists of two interacting
components

- dynamic reconfigurable hardware and
- a neural network

* The idea is to achieve evolution in the hardware by evolving
configuration candidates via the neural network and testing

them for fitness.





Evolvable Platform

Reconfigurable Hardware

Neural Network

Evolvable Hardware





Evolution Modes

 QOperation mode: Neural Net (NN) generates configuration
code

 Training mode: NN incrementally evolves configurations by
training itself on input stimuli as well as configuration data
that are recurrently applied after being improved by genetic
operations.

* Other evolution modes e.qg. self-diagnosis and self repair are
also feasible.





Training

During training, candidate configurations are selected from a
population via genetic operations.

Training continues until a candidate passes a fitness test
depending on responses from the reconfigurable fabric.

Training may start on command or autonomously, in new
environment, new functions or upgrading for better
performance.

A major aspect of this scheme is to design a robust training
mechanism for configuration evolution of the dynamic
reconfigurable fabric.





Evolvable Hardware Training

Input

Neural

preliminary

Network

Configuration
data

Genetic Algorithm

Configuration

Fithess

test

Evolution Training

Final

Configuration





Summary and the Future

Self reconfigurable and evolvable systems have the potential
to be an important future technology especially for avionics
and space infrastructure.

EHW based on bio-inspired paradigm using GAs and software
simulation off-line to evolve and discover hardware.

This is fine in slow growth and self paced evolution but not in
real time.

In the future, there is need to integrate seamlessly Evolvable
software with Neural Network techniques into dynamic
reconfigurable hardware platforms.
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Motivation: Autonomous UAVs

e UAV scenarios

- Civilian and Military applications
- Threat assessment, rescue & recovery, reconnaissance

e UAV real time info flow

- Queries and Inquiries to UAVs
- Sensory signal processing

- Feature processing

- UAV Response feedback

- Networking UAV





UAV Scheme
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Autonomous UAV Real Time Requirements

Queries and Inquiries to UAVs

Autonomous & Hierarchical Cognitive Learning
Image processing

Master/Slave UAV organization

Networking formations and UAV collaboration

Mission strategies





System Concept

Central Command

|

Master

Process Inquiry

G

Collect sensory info
Adaptive target

Modify inquiry recognition

or command

Collaborate
@ & validate

Evaluate
report

Evaluate result

Report result






System Concept (cont)

 The system architecture and methodology manages the real-
time information flow between CC and the Master UAV.

A key property is the adaptation and learning capability of the
Master in order to respond intelligently to CC queries.





System Architecture

Interacts in real time with a

e A central command control —
(CC) communications center /I Mobile Agent
§ .

Adaptable Mobile Agent &
(AMA) on the Master UAV. & -
- The Master collects sensory g
information. §
- CC evaluates feedback,

accepting or modifying it. —
antra
- CC resends query and | Station

updates its database.

| Target Area





System Architecture Information Flow

cC Begin Session Master UAV

l Inquiry

CC prepares queries for the
Master "] Process inquiry | send query quz::r;s

Knowledge
Base
Increase

Knowledge

Master processes queries

Evaluate result

- knowledge base

- sensory data
yes @

CC evaluates feedback,
accepting or modifying it

Re-process Query [

Collect sensory info

<>~

More Data ? _ Adaptive .l:jll'gel
CC resends inquiry and recosnten
updates its database A 1,
no ccept ? Query
| yes Sensol
‘/ " Learnil?g
Update
Inquiry
Learning

End Session





System Architecture information flow

System Architecture
processes the information
flow for an inquiry session
between CC and the
Master.

Queries operations may
Involve:

Processing & analyzing
“existing” knowledge

“Augmenting” the
knowledge base

cC Begin Session

l Inquiry

Process Inquiry

|

Evaluate result

Modity ?

/ 3

Master UAV
Process
query
S
@
3
n
0
C
2
Knowledge J'l-
Base c
Increase
Knowledge

Y

More Data ?

?
n Accept ?

VN

Inquiry
Learning

End Session

Collect sensory info
Adaptive target
recognition

Query
Sensory
Learning






System Architecture information flow (cont)

cC Begin Session Master UAV
. . Inquir
* Adaptive Query Learning: l g
. . Process Inquiry | Send query . Process L
- Due to rejections or ] / query
otherwise unsatisfaction of | reply
CC's evaluation of result e / -
Knowledge
* |ncremental Sensory Bose
Adaption & Learning: @
- " T Knowioce
- Preloaded Master with 1

sensory knowledge (i.e. @ yos song | Colectsensory o
High altitude video) — rocogrion
- Independently of its current >
. . . Accept ?

mission, the Master is ne T Query

updating it's sensory e o
Update
Inquiry
Learning

End Session

Re-process Query





Inquires

A key element of the CC is an inquiry processor which
transforms user inquiries into formal queries for the AMA.

* An inquiry consists of a number of phrases that resemble a
restricted natural language specifically

e Consists of an <action>, <qualifiers> and a single <object>.





Inquires: Feature Qualifiers

For example, “find preferred in Ohio landing area”

where

<action> is “find”;

<qualifiers> are “preferred” & “in Ohio”
and <object> is “area”.

Feature Qualifiers are characterized by a particular trait which
exhibits a fuzzy description such as “good” or “preferred”.

For example, “preferred” has a method describing the human
meaning into low level terrain sensory features, e.q.

”n '

“clearance”, “roughness”, etc.





Prolog

e Declarative Language

- Declarative Clause Grammars, DCG
- Straight forward mapping to parallel hardware technologies

* Al-based goal searching and Pattern Matching

- Image processing and object recognition
- Optical technologies

* Formulate logical database queries

- Natural-like language processing
- Biophotonics technologies

- Associative memories





Queries

A formal query is a symbolic expression which can be
described by Prolog's Declarative Clause Grammar (DCG).

For example, the CC Inquiry
- find preferred in Ohio landing area
becomes transformed the AMA query fro the Master UAV:

- find ( clearance > 7 and roughness > 8) and 1in Ohio
landing area

Feature qualifiers require offline and online learning by using
a combination of supervised learning (i.e. Neural Nets) and
fuzzy system descriptions.





Feature Training Strategies

Hierarchical training modules

- Sensory features on distinct sensor modules on Master UAV
- Preference training module
Two levels of Learning
- Adaptive feature learning
- Preference-based learning
Inquiry: find preferred in Ohio landing area

Query: find ( clearance > 7 and roughness > 8)





Master UAV architecture

* Adaptive recognizer of Function
patterns and images through

sSensors
- For Features & Preferences

Adaptive
Recognizer
« Reconfigurable processor

e On board Library of training Query Reconfigurable
functions Processing % Processor

[EE—

e |/O interfaces and sensors i I

U /O Interface

RS

Central Station Sensors






UAV Training Process

* Hierarchical training modules

- Training sensory features on distinct sensor modules on UAVs
- Preference training module

4 SOR MODULE N\
N SEN N
3 Sensor _ ADAPTIVE i'? a ADAPTIVE
s pata 1 | FEATURE SENSOR 1 g _
Q ® PREFERENCE
> o
— 0
g § CLASSIFIER
~ Sensor ADAPTIVE E
ol o
Data 2 = FEATURE SENSOR 2
N






Training Strategy

4 D
© Sensory FILTER 1 I Filtered SENSORY g = PREFERENCE
S Data 1 pata1 | TRAINER 1 % TRJ?INER
. Partial Copy
S 3
2 g /
S =
B Sensory ﬁ Filtered SENSORY S
FILTER 2 - =
Data 2 Data 2 TRAINER 2
~ A
\
(a) Master Training Strategy “
I Load Sensory
: Trainers
]
Ve \\f 4 N
"‘2' Sim Simulated Filtered SENSORY o
- = . - TRAINER 1 g.. — -
§ Daa _ Fier1 B Data 1 Copy 3 . PREFERENCE
2 2
S S TRAINER
‘T : . =
é Sim Simulated Filtered SENSORY o
- = . - TRAINER 2 g,_
Data 2 Filter 2 Data 2 Copy
A %

(b) Central Station Training Strategy






Training strategies

* Master:
- Filtering for each parameter data type
- Parameter sensory training based on query preference
- Trained data collected into one feature vector
e Central station (CC):
- Similar to Master but operating on simulated data

- Software filtering

- feature vector data at the Central derived by simulations using
the training knowledge from the Master.





Query processing: Master

sensory trainer is stored in the local knowledge base

query execution process real-time data from the local sensors.

Central Station

o e

—=
Central Station ' query

validation

-

i

nowledge

e / L

filter 5
learning 5
Sensors
ﬂl—:—
query l
execution f Slave Agents

_________________________________________________________

Central Station





Query processing: Slave

Slave UAVs organized into fleets to collect multiple data

Collaborative trainer: resolving inconsistencies from multiple UAV data.

Master Agent
Master Agent query {
| Query .| Collaborator '
| Validation Trainer
Slave Agent query / \
Slave Agent : ~ .
T Response | Knowledge ] _____ Query | .
| Unit Base Execution ' Sensors
Master Agent '
answer }

Master Agent





Key issues in Master (AMA)

Associative memories and processors is an enabler
iInformation technology

All Master subsystems will benefit from large associative
memories

Command and Control, CC

- Inquiry system - Prolog engine

- Preference Learning — Neural Network Classifier
Adaptable Mobile Agents, AMA

- Query learning — Supervised Learning, Fuzzy Logic

- Cognitive Image Recognizer — Unsupervised Learning
- Sensory Learning - Supervised Learning





Key Attributes in UAV Scheme

All UAV subsystems will benefit from large biophotonic
associative memories, especifically

Command and Control

- Query system - Prolog engine

- Preference Learning — Neural Network Classifier
Master UAV

- Cognitive Image Recognizer
- Sensory Learning
Slave UAVs

- Advanced imaging - wavelets
- Collaborative learning

Associative memories and processors are enablers for
Information technology on UAVs





Example: terrain landing






Feature properties

Features Min Range | Max Range | Sensory Data | Learning
Ohbstacle clearance | 1 9 Learning Yes
Roughness 1 9 Learning Yes
Ground hardness 1 9 Learning Yes
Inclination 0" 30Y Reading No
Wind speed 0 mil/hr 54 mil/hr Reading No
Temperature 0" F 150" F Reading No
Features Clusters
Obstacle clearance limited accessible clear
Roughness fine coarse rough
Ground hardness hard firm soft
Inclination leveled  tilted
Wind speed still low high
Temperature low high






Cluster Charaterization

1 2 3 4 5 6 7 8
Yy
1 accessible | x X X limited | limited accessible | accessible
2 clear limited | x limited | x limited clear accessible
3 limited clear clear clear clear accessible | limited accessible
4 limited limited | accessible | clear clear accessible | limited clear
5 limited limited | limited clear clear limited accessible | clear
x| 1 2 3 4 5 6 7 8

Yy

1 good | x X X X poor | ok ok

2 good | good | x X X poor | ok poor

3 poor | good | good | ok ok ok poor | ok

4 poor | poor | poor | good | good | ok poor | ok

5 poor | poor | poor | good | good | poor | ok ok






Query examples and answers

Possible queries

Local Station answers

1. Find all possible sites for landing.

All grids which are not ‘x’.

2. Find all good sites for landing.

(L1)(1.2)(2.2)(2.3)(3.3) 4.4 (5.4 (4.5)(5.,5)

3. Find the best site for landing.

(3.3)

4. Find the closet site for landing
from a given location

The system needs to know the current location of the ve-
hicle, altitude, and other information for flicht landing
plan

5. Find the best site for landing
within a given length of time

The system needs to know the current location of the ve-
hicle, altitude, and other information for flicht landing
plan






Conclusions

System Architecture and methodology to manage the massive
iInformation flow and inquires between CC and AMA in
realtime.

Bio-inspired learning techniques are needed for query and
Inquiry processing for feature qualifiers and preferences.

Bio-inspired learning are needed for pattern recognition of
sensory information.

Prolog, optical and biophotonic technologies are needed for
processing realtime massive information flow.
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Mission scenario
Heterogeneous sensor nets
Characteristics of platforms
Information management

Our Approach

- On board UAV architecture

- Adaptive processing

- Evolutionary learning and training
- Associative cognition





Distributed Sensing Concept

UAVs
L] B

Three coordinating sensory networks: ground sensors, UAVSs, trooper sensors





Expeditionary Operation

Three distributed sensory networks

- ground sensors
- UAV sensors
- trooper sensors

The trooper sensory is normally operating in passive mode,
l.e. avoiding transmissions while receiving data from UAVs
and ground sensors.

UAV sensors coordinate with the ground sensors to track
Information about the target. This information is transmitted
to troopers.

The ground sensory consists of redundant heterogeneous
sensors that are dispersed en masse to monitor targets.





Ground Sensors

Sensors are heterogeneous, redundant and disposable.

They are self-organized by their monitoring threat identity
types:

- Motion

- Sound

- Imaging (infrared)

- Proximity, location

- Chemical, bio, radiation

Ground sensors communicate point-to-point with other sensors

Ground sensors normally operate in passive monitoring mode.
They are activated by the UAVs for transmission.





UAV Sensors

UAV sensors are equipped with long-range communication
devices. They respond to ground sensory, troopers and other
UAVS.

UAVs may be organized in hierarchical network formations, i.e.
master UAVs and lower flying mini UAVSs.

Possible intelligent information and threat discovery by UAVs
- Threat identity

- threat coordination

- Overall threat assessment

- Threat pattern tracking

Information bridge between troopers, ground sensors and
distant command station.





Trooper Sensors

 Trooper sensors are carried on soldiers to retrieve information
normally from the UAVs, occasionally the ground sensors and
In emergency the command center

e Characteristics

- Support information retrieval and interpretation
- Support coordination among trooper sensors
- Passive sensory: mostly receiving

- Threat avoiding and/or safe threat practice for safety of
troopers





Data Gathering Principles

Troopers gather data from their own sensors and from nearby
sensory assets, i.e. UAVs and ground sensors. Sensory data
Is relayed all the way from assets located close to the target.

Gathering of sensory data is determined by transmission rate,

transmission range, quantity, quality, energy and real time
constraints.

There is priority of selecting sensory data types (for example,
audio vs. visual) based on mission objectives, threat level, etc.

Ground sensors transmit raw data with small data rates

UAVs can transmit processed data that may have been
analyzed by the UAV systems or at the Command Station.





Sensor Suite

Depends on mission requirements

expeditionary missions to discover hidden hostiles under
cover and slow moving targets

- UAV sensors: visual, audio, infrared
- Ground sensors: motion, chemical, possibly sonar

reconnaissance missions to passively gathering data

- UAV sensors: long-range visual, infrared, radar
- Ground sensors: audio, possibly visual

surveillance missions to monitor behavior of people, objects,
or processes in large region

- UAV sensors: visual, infrared
- Ground sensors: motion, audio, possibly visual





Platform characteristics improvement

« UAVs: onboard processing and communication capabilities.
Adaptive hardware and software to the mission objectives.
Associative processing to enable real time identification and

recognition.

 Ground sensors: Minimal computation and communication.
Very low energy consumption, possibly energy scavenging.

 Troopers: Low power processing and passive communication
capability.






Validation and experimentation

* There is need to collect real time data in simulated scenarios
that closely relate to real scenarios.

e All key actors in an expeditionary scenario, the troopers, the

UAVs and the ground sensors, should interplay to collect real
data.

 Data capture capability for post mission analysis.





Real time information management

 Troopers: management of sensory data received by their own
sensors and ground sensors. This involves prioritization of
sensories and weighting their responses.

- For example, a motion signal from a ground sensor may

reinforce an infrared image from the trooper sensor to decide
about a target.

« UAVs: More sophisticated data management and analysis in
real time.

- Imaging
- sensory pattern recognition
- adaptive pattern training

* Ground sensory

- Low level data recording
- Raw data transmitted with low data rates





Sensory inter-operation

A key issue of sensory inter-operation is how and where to
evaluate sensory data in real time.

We propose that the initial evaluation be done by the UAVs.
Patterns of diverse sensory data could be weighted to provide
a real time response.

Sensory patterns could be recognized by adaptation and
(off-line) training based on data from previous missions.
(More details to follow).

All unresolved information would be sent to command center
for expert decisions with time delay penalty





Approach: UAV Centric
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Hierarchical System Concept

 Operation level 1: Local evaluation

- UAVs collect sensory information from their sensors and the
ground sensors concerning the target

- UAVs process and evaluate the data in real time to locate and
Identify the target and threat level

- UAVs transmit a response to the troopers and/or command
center

 QOperation level 2: Remote analysis

- For deeper analysis, UAVs communicate with the central
command in real time. A feedback received is transmitted to
the troopers.

A key property is the adaptation and learning capability of the
UAVs based on associative processing to provide responses in
real time.






UAV on-board architecture
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Key Attributes of UAV-Centric Scheme

All UAV subsystems as well as command center will benefit
from large associative memories, specifically

UAVs: efficient real time response

- Cognitive imaging

- Sensory learning

- Collaborative training
Command: computation intensive

- Preference learning — Neural Classifiers
- Query system

Associative memories and reconfigurable Iarocessors are
enablers for sensory and cognitive technology on UAVSs.






Expeditionary Application
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On-board UAV Operations
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Onboard UAV Function Modules

e Our approach builds on several on-board function modules to
assist the troopers and central command by preprocessing
iInformation, correlate corrected data, and preliminary
association with existing knowledge.

 These three tasks undergo evolutionary learning processes
during online operation, or in offline training sessions.

"-‘ Adaptive Processing \ - .
Multiple
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Management
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Offline UAV training process

* Hierarchical training modules

- Training sensory features on distinct sensor modules in the UAV
- Preferential training module

/~  SENSOR MODULE N\
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Online/Offline Evolutionary Learning

e Evolutionary neural process learning employs a neural
network training and mapping approach between input and
output representations via an evolutionary learning algorithm.

* Evolutionary learning supports online training during realtime
application and offline training during traditional training
sessions

e Evolutionary learning augments UAV functions as follows:

- Adaptive data processing
- Multi sensory information management

- Associative recognition





Sensory Associative Memory

* QOur learning and training scheme employs a three phase
associative memory process:

- Sensory data transformations
- interfusion of sensory transforms

- associations and approximate recall

N :
Data | & & & ,%s:»‘f‘\ Recalled
—F & = F &
Key & & &0 Data Items
<& \ ¥

e All three phases use evolutionary neural network processing
to perform their internals





Adaptive Sensory Data Pre-processing

 Heterogeneous sensors pre-process raw data using distinct
adaptive modules on the UAV

 High level features of information are extracted from raw
sensory data, i.e. Fourier, wavelet

e Other information can be preferential rather than traditional
math-based. This is achieved with evolutionary preferential
neural process learning.

Sensor1 | preprocessor 1 .| Information —» Info 1

Extractor 1

___________________________________________
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[ preprocessor 2 _| Information :
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___________________________________________
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Phase 1 - Sensory preprocessing

a) pre-processing filters,
b) high level feature extractors,

Feature vector f, represents data of Sensor-k

: Feature y
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Multi Sensory Information Fusion

 Extracted high level information from sensors are merged into

a single vector stream

 Merging uses statistical parameter, e.g. mean, weighted

average, etc

« Merging can be biased with existing knowledge rather than
standard unbiased statistical parameters. This is achieved
with evolutionary bias neural process learning.

Info 1 ---~a1 [s1] [ez| = Interfuser1 =
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Phase 2 - Interfusion
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Phase 3: Associative Recognition

* Associative recognizers measure statistical similarity or
difference between merged information and stored
associative memory data

* Similarity measures determine the association matching
levels between the merged information and stored data

e Often in practice, similarity measures in real association are
not mathematically well defined. This is achieved with
evolutionary undefined neural process learning.
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Evolutionary Training Scheme

 key advantage

- neural net structural evolution

- training data enrichment

 The training scheme consists of of three nested processes

- a) coefficient training process (inner loop),

- b) structural evolution process (middle loop) and

- C) training data enrichment process (outer loop),

Initial Net

Training
Data

A

[

Coefficient

Training

inner loop

Structural

Evolution

4./>_.

middle loop

- Trained
Training

Data —<¥» Net

Enrichment

outer loop






Training

 The coefficient training process (inner loop) is a variation of
the back propagation algorithm using adaptive learning rates
to accelerate convergence

 The structural evolution process (middle loop) evolves the net
structure to improve accuracy

 The training data enrichment process (outer loop) explores
and enhances the input-output training data space efficiently.
This helps to further improve the output accuracy and
convergence





Data Enrichment Process

* Properties

- Addresses the multi-label and imbalanced data problem.

- Manipulates the imbalanced data by sub-sampling into more
balanced data.

- lteratively updates the sub-sampled data through the training.
- Improves the generalization performance of the training net.
* Differences

- Multi-label & imbalanced data problem addressed by ONE net.
- Unique data selection technique to improve classifier training.
- Avoids sparsely data distribution assumption.

- No prior knowledge required.





Enrichment Initialization

 Enrichment Initialization re-samples the available imbalanced
training data to create a subset of more balanced training
data for first time neural net classifier training.
* Steps
- Select a number of initial clusters, g
- Cluster training data into g clusters

- Select equal number of data from each cluster as active
training set





Enrichment Initialization
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Enrichment Update

 Enrichment Update incrementally adds and removes training
data to/from the active training set at the end of an
enrichment training iteration.
* Steps
- Train neural net with the active training set.

- Separate the active training set into 2 groups with respect to
their errors.

- Add neighbors for high-group and remove half of low-group.





Enrichment Update
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Enrichment Termination

 Enrichment Termination controls the enrichment process to
iterate for a pre-set number of enrichment training iterations.

* Steps

- Check if the enrichment process repeats for a pre-set number
of iterations.

- If NO, repeat Step 2. Otherwise, stop.





Experimentation: Robot arm controller
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Metrics

True-Positive: classification result is confirmed as correct
known label.

False-Positive: classification result is miss-classified as
different known labels.

Control Accuracy (Ac): the percentage of accepted classified
state in the sampled data.

ceepted -
Ae = aeeepte + 1005
all

Control Error (Ee): the Euclidean distance between estimated
control state and the sampled state in training data.

EFe = \/Z{tj — 0;)?






Advantages

 Data Enrichment supports neural network classifier in both
linearly separable and non-linearly separable cases.

 Data Enrichment improves the neural network training
yielding better trained network than conventional techniques.

 Data Enrichment reduces the time required to train a neural
network for multi-label and imbalanced data.





Some Results

[terations | Accuracy | Energy Error
] 27.00%, 2.0759
2 87.00%, (.4353
3 89.00%, 0.3958
4 08.00%, 0.3104
TABLE 1

Training repeats for 4 updates

Stepl: Enrichment Initialization

Step2: Enrichment Update

Step3: Enrichment Termination






Non-Linear Data Example
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Status

 Theoretical model of the three-phase sensory cognitive
processing scheme for training and operational mode

e Evolutionary Training of the cognitive processor including self-

modification of the NN structure and augmentation of
additional training data

- simulation for NN coefficient weights training
- simulation for the NN structural modification

- simulation of data enrichment process
* Needs:

- Controlled scenario for testing and verification of the cognitive
processing scheme with realistic information

- We will move the simulation to FPGA prototype





Assumptions on Existing Technologies

« We assume the following technologies already exist or are in
process of development

Communication and transmission technologies portable for
short- and long-range

Power and energy efficient devices for all sensory units
Troopers equipped with sensor technologies

Networking technologies for effective sensor communication
and processing

small, reliable UAVs





Applications to UAV Missions

Consider a reconnaissance mission

Sensory transform phase maybe embedded in low flying
mini UAVs to collect and process diverse sensory data

Another UAV, possibly a master at higher altitude, may
perform data interfusion

Depending on the application mission, the master UAV may
also perform data associations and matching in real time. An
associative memory should be included in the master UAV

However, if associations sizes are large, the master UAV may
contact the central command which can perform intensive
associations for matching
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Robust and Randomized Control Design of Mini-
UAVs: The MH1000 Platform
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Abstract— Mini-UAVs (Unmanned Aerial Vehicles) have been
the subject of a large number of successful designs aimed to
research, commercial and military purposes. A mini-UAV
platform can be considered as a miniaturized aircraft so that
classical design methodologies can be extended to this aerial
vehicles category. However, due the presence of plant
uncertainties, flight dynamic analysis and control system
design are critical, and suitable robustness techniques need to
be developed. In this paper, we present an innovative robust
control strategy based on powerful tools provided by the
theory of randomized algorithms. Within the context of the
National Project Cofin 2004, the proposed methodology has
been implemented for guidance/trajectory tracking and
platform stabilization feedback loops of the autopilot system.
The numerical results obtained are presented.

L INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have become
increasingly attractive for industries as well as for
researchers in aeronautics for various economic and safety
reasons. These platforms can be remotely controlled or they
can autonomously fly without pilot on-board, for
surveillance and reconnaissance missions in dangerous
areas. Clearly, they encounter a great number of useful
applications both in civil and military fields. Among the
military  applications, surveillance, targeting and
communications can be counted. Civil missions also have
several objectives, which in some cases coincide with
military ones. In particular, UAV platforms enable
localization of missing people, reconnaissance and
surveillance of territories such as steep slopes, traffic
monitoring, fire and rescue operations, biochemical sensing
and sensor placement. These platforms can be divided into
different categories according to size, endurance or mission
range, but one of the most common classifications of UAV
typologies available in the literature is related to the
platform size.

In the last decade, the acronym MAVs (Micro Aerial
Vehicles) has been used to define flying objects
characterized by physical size approximately smaller than 6
inches, in length, width or height. Recalling a classical
definition [1], these flying objects can be considered as
““aerial robots, as six-degree-of freedom machines whose
mobility can deploy a useful micropayload to a remote, or
otherwise hazardous location, where it may perform any of
a variety of missions." The concept of uninhabited aerial
vehicles of reduced dimensions, able to perform mission
profiles not compatible with any existing piloted platforms,

was subsequently extended to bigger systems and it now
incorporates the so-called Mini-UAVs, having maximum
dimension up to 6 ft. These platforms have been the subject
of considerable interest and development in recent years. A
large number of successful designs have been performed
for either research, commercial or military purposes by
several universities, industries and government-funded
agencies both in the US as well as in Europe.

As a consequence of different applications and, hence, a
different range-payload performance, several configuration
concepts can be encountered within the Mini-UAV
category. In fact, a fixed wing Mini-UAV can be
considered as a miniaturized aircraft so that preliminary
design issues and procedures applied to conventional
platforms can be extended to this family of aerial vehicles.
In spite of that, aircraft dynamics and flight control system
definitions represent critical issues, influencing the
approach for the design and flight testing phases. The
reduced dimensions of these vehicles lead to highly
nonlinear system behavior and unconventional dynamics in
terms of natural frequencies and damping ratios. The
inertial characteristics of the platform yield to
unconventional mode characterization thus resulting in
undesirable abrupt responses to piloted commands.
Furthermore, the sensitivity to changes in flight conditions
(concerning velocity more than altitude), the assumptions
in aerodynamic database definition (e.g., stability and
control derivatives), the inaccuracies in geometric and
inertial data represent a set of uncertainties in plant and
environment modeling. The result is that conventional
control design methods are often not effective [2].
Therefore, the design of a flight control system which
guarantees a suitable level of tolerance to environmental
changes and platform manufacturing/modelling
inaccuracies plays a key role whenever stability and
performance requirements have to be fulfilled, see e.g. [3].

Micro and Mini-UAVs represent a major challenge for
control design, and robust control in particular. Robust
control algorithms may be viewed as complementary to
gain scheduling and fault tolerant control methods. In fact,
the problem of searching the appropriate gains can be
reformulated in terms of operating conditions representing
the critical parameters by means of dynamic pressure
and/or Mach number. On the other hand, the use of a fault
tolerant approach strongly depends on the failure effects
modeling. The failure types to be dealt with by the
proposed methodology are related to finding an explicit
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relationship between the failure entity and the plant
parameters. Whenever this relationship is available, the
critical parameters leading to instability or loss of
performance may be easily detected.

The applicability of various classical robustness
techniques such as, for example, Linear Matrix Inequalities
and related relaxation methods, and p-theory [4], has been
explored for the MHI1000 platform. However, the
mathematical model is affected by nonlinear uncertainty of
parametric type. In addition, this model is obtained by
numerical linearization of the full order nonlinear system
representing the aircraft dynamics, so that explicit
relationships between the state-space matrices and the
uncertain parameters are not available. For these reasons, in
this paper we follow a different innovative approach for
gain synthesis. This approach makes use of uncertainty
randomization and is based on the theory of randomized
algorithms [5]. These algorithms are easy to implement,
have low computational complexity and are associated with
robustness bounds that are generally less conservative than
the classical ones, obviously at the expense of a
probabilistic risk of failure.

The theory of randomized algorithms follows the
pioneering line of research that was initiated by Stengel [6]
in the early eighties. In several subsequent papers [7][8][9]
and references therein, various techniques, mainly based on
Monte Carlo simulations, have been explored for the
computation of the probability of instability, and related
performance concepts. The application area providing
motivations for the development of these methods is indeed
aerospace control, and the results obtained are very
successful. In this line of research, specific attention is
devoted to reduced order models of the aircraft dynamics
by analyzing the effects of acrodynamic uncertainties.

We now describe the organization of the paper and the
main results obtained. In Section II, we briefly introduce
the MH1000 platform, representing the reference platform
for the control algorithms testing. In Section III, we present
the mathematical formulation of the plant dynamics. This
formulation is based upon a full six degrees-of-freedom
nonlinear mathematical model, see [10] for details.
Uncertainty characterization is the focus of Section IV. We
consider the vector of £ real uncertain parameters o,
restricted within upper and lower bounds. In addition, each
parameter & is a random variable with an assigned
probability density function, either uniform or truncated
normal, within this interval. Uncertainties for the MH1000
platform include parameters related to flight conditions,
aerodynamic data, geometric and inertial data, see Section
IV for a precise description. In this section, we also briefly
introduce the concept of specification property S which is
utilized subsequently in the randomized algorithms. In
Section V, we present three randomized algorithms which
should be used sequentially. The first algorithm is based
upon the selection of a subset of m critical uncertain
parameters, and has the objective to provide an initial set of
randomly generated controller gains K,,4. The specification
property is explicitly defined and a stopping criterion in
terms of the probabilistic confidence and accuracy is given.
This stopping criterion is based upon the so-called “Log-
over-log” Bound [11]. Algorithm 2 uses a set of gains K.,,q
previously obtained and computes the empirical probability
that given performance specifications are satisfied. To this

end, a bound on the required sample size, the Chernoff
Bound [12] is utilized. Finally, Algorithm 3 has a structure
similar to Algorithm 2, but different specification
properties, derived from standard flying qualities of piloted
aircraft [13], are used. In Section VI we present the
numerical results related to the case study. In particular, in
this section, classical graphical tools, such as the root locus
plot and the standard bandwidth levels, highlighting the
region of interest defined by the specification property, are
used to compare various solutions and to single out the best
fitting one. The conclusions are given in Section VIIL.

II THE MH1000 PLATFORM

The aerial platform MH1000 is based on the MicroHawk
configuration, developed at the Aerospace Engineering
Department, Politecnico di Torino (national patent no.
TO2003A000702, holder Politecnico di  Torino,
international request PCT/IB2004/002940). The reference
platform is characterized by a conventional layout
consisting of fixed wing, tailless integrated wing-body
configuration, tractor propeller driven. A scaled version of
the MicroHawk configuration, named MH1000 (Fig. 1),
characterized by 1 m wingspan and a total weight of
approximately 1.5 kg, was designed and tuned to meet the
mission specifications required by the project. The flight
envelope of the platform ranges from 40 kph to 72 kph; an
average flight speed of about 55 kph allows to achieve a
flight endurance of at least 40 minutes. The platform flight
performances, the autopilot system effectiveness and the
compliance of the integrated system to the mission
requirements have been tested by extensive on-site flight
tests, also in cooperation with the Environment Protection
and Damage Preemption Agency of Sicily.

Fig. 1: The MH1000 platform during a flight test.

I PLANT DYNAMICS

The aerial platform is described by a full six degrees-of-
freedom nonlinear mathematical model, consisting of
twelve, coupled, nonlinear, ordinary differential equations
[10]. The model is based on three point mass equations,
three attitude dynamics equations, three kinematical
relationships and three navigation equations for trajectory
evaluation. The equations of motion, both for point mass
center of gravity dynamics and for attitude dynamics, are
written with reference to the body-axes reference frame, i.e.
a vehicle body-fixed system, having origin at the vehicle
center of gravity and axes aligned to vehicle reference
directions. Structural flexibility is neglected so that the
rigid body assumption is made. This assumption is
commonly used in general flight simulations since the
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attention is focused on trajectory analysis and overall
aircraft performance. Furthermore, this assumption makes
sense because we are dealing with a Mini-UAV
characterized by small dimensions and weight. The flat and
non-rotating Earth assumption is also used since it does not
affect model accuracy of low speed flight over a small
region of the Earth. Finally, the aerodynamic loads acting
on the aerial platform are obtained utilizing an aerodynamic
model, based on experimental wind tunnel testing and
numerical computations.

The point mass center of gravity dynamics and the
attitude dynamics equations, written in matrix notation, are
given by:

{Vi}g = é{FA,T}B - [QmB ]B{VE} s~ [Tve] {dv

o =5 M ar oo, ], (Ta{d s}

where the body-axes components of the velocity vector
{VE}s and of the angular velocity vector {w}p are

{VE}B :[U v W]T
{3p=[P QR]"

The aerodynamic and propulsive forces and moments
vectors are represented by the vectors {F, r}g and {Mar}s,
respectively. The matrix [[]z and m are the inertia matrix
and the mass of the rigid body, respectively, and [Qg]z is
the cross-product matrix of the angular velocity vector
{w}p. Finally, {g}v is the gravity acceleration expressed
in the local navigation reference (NED axis) system and the
matrix [Tyg] represents the rotation matrix from body to
NED reference system.

The vehicle attitude is modeled by the Euler kinematical
equations:
{@}=[Tyal{d}

where the Euler angles vector {®}={@ 6 {} consists of roll,
pitch and yaw, respectively. The matrix [Ty,] denotes the
kinematical relationship between the Euler angles and the
angular velocities.

The navigation equations for trajectory evaluation is
expressed by

{3 =[TvelVe} g

where the vector {p}={Xy Yy Zy} represents the center of
gravity coordinates in a geographic system having origin at
the vehicle center of gravity.

The mathematical formulation also includes the
modelling of the main subsystems (engine, propeller,
actuators). As to the propulsive system, linear relationships
are applied to model the voltage supply and current drain
trend of variation for a DC motor-based propulsion. The
propeller performance is estimated by implementing the
blade element theory to compute propulsive forces and
moments at a given regime of rotation [14].

A state-space formulation is obtained by numerical
linearization of the full order system around an equilibrium
condition (X, Xo, Ug). The numerical linearization algorithm
is based on the implicit formulation of the ordinary
differential equations representing the aircraft dynamics:

h(x,x,u) =0

where x represents the vector of state variables and u is the
vector of control variables.

IV UNCERTAINTY CHARACTERIZATION

To characterize parametric uncertainty, the standard
state-space formulation is used to re-write the linearized
system of the plant dynamics:

x(t) = A(A)x(t) + B(A)u(t)

where A O R™, B 0 R™, and A consists of £ uncertain
parameters, i.e.,

A= [81’82""761/,]T

The controller structure we use is a state-feedback of the
form u = -K x, so that the problem is to find a gain matrix K
satisfying given specifications

| STRIR SP) Ky,
ko1 Kpo K

Next, we assume that each uncertain parameter o; is a
random variable distributed according to a given
probability density function (p.d.f.) ps(5;), in the interval
[8, 8. We define the set

By ={A:50[8,8],i=1,2,...,.0

In particular, the parameter & may be uniformly
distributed or distributed according to a truncated Gaussian
density. Then, we consider N, independent identically
distributed (i.i.d.) samples

Al :[51,512,...’5%]
of the random vector A. In particular, this means that the
sample 6ij of the random parameter &; is drawn within the
interval [8;, & ] according to the distribution pg(J;).

The next step is to introduce a suitable specification
property S, which is the set of all controller gains or
uncertain parameters satisfying suitably defined closed loop
specifications. In particular, S, refers to controller gains K,
while S, and S; are related to uncertain parameters.
Concrete instances of specification properties for the
MH1000 platform are provided in Section VI and include,
for example, limits on the step or frequency response, or
restrict the natural frequency and damping ratio to a given
range.
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In the first (synthesis) phase, we also assume that the
gain matrix K is random. Then, we take Nk i.i.d. matrix
samples

(K' K2, .., KN

In particular, the sample K., of the random gain ki, is
drawn within the given interval [Kin, k'in] according to a
uniform distribution. We define the set

By = {K : Kiy O [Kims K'im], i=1,2, ...,p,m=1,2, ..., n}

The objective is to find a gain matrix Knq = K which
satisfies the specification property S,. Clearly, it is
important to determine the sample size N which provides
a stopping rule in the randomized algorithms described
later in Section V. To this end, we use an explicit bound
often denoted “Log-over-log which is based on two
probabilistic quantities, restricted within the intervals (0,1),
denoted as accuracy € and confidence n, see [11] and [5]
for details.

Let {K', K% ..., K®} be the random matrices satisfying
S1, where s denotes the number of successes, i.e., the
number of matrix gains satisfying S;. The second
(robustness) phase utilizes Kmnd=Kj, i=1,2, ...,s, previously
computed and has the objective to estimate the “true”
probability p,.. that the specification property S, is
satisfied. Formally, we define

Ptrue = J{ADBA nS,} P(A)dA

Then, we introduce the indicator function

. TN
I(AJ): 1 if A0S,
0  otherwise

The estimated probability that the specification property S,
is satisfied is immediately given by

by, =1:§I(AJ‘)

The estimate pna is usually referred to as empirical
probability. The sample size needed to obtain a “reliable
probabilistic estimate” pya is given by the Chernoff Bound,
see [12] and [5] for further discussions on this topic.

v RANDOMIZED ALGORITHMS FOR GAIN
SYNTHESIS AND ROBUSTNESS ANALYSIS

Three randomized algorithms for gain synthesis and
robustness analysis are shown in this section. As previously
discussed, the controller structure is a state-feedback of the
form u = -K x, so that the problem is to find a suitable gain
matrix K. Three algorithms are presented for gain synthesis,
stability analysis and performance analysis, respectively.
The algorithms are strongly coupled and closely related to
the operating flight conditions and to the flying quality
standards. In particular, the algorithms are used
sequentially: Algorithm 1 is used for synthesis to provide

an initial set of controller gains, while Algorithms 2 and 3
are then used to improve robustness. The performance
requirements specified in Algorithm 3 are different than
those of Algorithm 2, so that refinements on the choice of
gains are provided.

Algorithm 1 (Fig. 2) is based upon the selection of a
subset of m < { critical uncertain parameters. That is, we

consider a vector A, containing only m components of A:

e =[31.85.,8m]"

definition of | uncertain
parameters

8-[5, & 5 nominal plant
P (open-loop system)
A p
selection of m entical : Y ) h
uncertain parameters state-space y
8. =[5, & 5l" >  matrices  f>
evaluation ’ :
evaluation of N, specification property 51
(log-overdog bound) definition
__________________________ SGS
¥ ALGORITHM

generation of the 1

gain random matrix

K (=1.2,...N,)

L ¥ Y
specification S1 fulfillment

¥
K=1kt K2 . KP| withs<Ny ——>(1)

Fig. 2: Algorithm 1 — Random Gain Selection.

Then, setting the critical uncertain parameters to all
combinations of their upper or lower values & or &,
suitable controller gains are randomly selected. This
selection makes use of a given p.d.f. of controller gains and
their a priori bounds. The remaining non-critical parameters
are set to their corresponding nominal value, i.c., o0, i =
m+1, ..., L Clearly, since the state-space matrices A(A) and

B(A) depend on A, this requires to compute M = 2™ critical
matrices of the form:

AL =AlsF63,,6%,60,+,60)

Ag =A(Sl_,f};,-~-,6;§1,8?n+1,---,8?
AM :A(S_ 85,807,800 L1, 5")
c 1-925""09ms>O9m+1-""",0]
and M matrices of the form

Bcl: = B(51+,5;a"',5;1,6?n+1,"':6?)
B2 = B(sl‘,a;,-~~,5;,a?n+1,~--,5?)

M _ - o= - <0 0
B _3(51 ,62,-~~,6m,6m+1,---,81)

We observe that in our context, the number of critical
parameters is very limited (two or three at most) and
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therefore the construction of the critical matrices is not a
serious computational problem.

Next, we consider a specification property S; for
Algorithm 1 which depends on the controller gains K. The
property of satisfying S, is verified only for the upper and
lower values of the critical parameters. We remark that the
algorithm terminates after a number of iterations dictated
by the Log-over-log Bound providing a set of gains {K',
K’,... K%},

The starting point of Algorithm 2 (Fig. 3) is the use of
these gains. For each gain K¢ = K, j =1, 2,...s, the
algorithm is based on randomization of all uncertain
parameters (and not only the critical ones) within their
given intervals, according to a specified distribution p(A).
Given accuracy € O (0,1) and confidence n O (0,1), the
Chernoff Bound is used for computing the required sample
size for the specification property S,. The empirical
probability of satisfaction is computed.

Algorithm 3 (Fig. 4) is finally utilized. This algorithm
has a structure similar to Algorithm 2, but a different
specification property S; based on flying qualities [13] is
introduced. The corresponding empirical probability is
computed using the same samples size utilized in
Algorithm 2.

evaluation of N,

{Chemoff bound)
nominal plant
(open-loop system)
generation of the
random vector of
uncertain parameters

‘ » | state-space matrices | _ piaii gl
Y (=1,2,..N,) evaluation !

K=k KK
from SGS algorithm (1)

specification property 52
definition

Fig. 3: Algorithm 2 — Probabilistic Robustness Analysis.

evaluation of N,
(Chemoff bound)

I

same random
nominal plant ge"e'aiﬁor:ﬂ? £ 3S8A
algod m
(open-loop system) <.

generation of the
random vector of
uncertain parameters

| - statespacer_natnces > ALl BIATI
A (j=1,2,..N,) evaluation

K=K K2 ke

specification property 53
from 5GS algorithm ()

definition
SPRA
ALGORITHM

’ specification S3 fulfillment |

Kepra = |K! K2 - K*| withk<s
sy 1(ad)
B, = %

Fig. 4: Algorithm 3 — Probabilistic Robust Performance.

|
|
|
|
|
|
|
|
|
|
>(3)
G

|

|

VI NUMERICAL RESULTS

In this section, numerical results are provided. The
proposed control design methodology has been applied to
the design of an embedded real-time system for
autonomous flight control. The autopilot system includes
guidance, navigation and loop stabilization. The obtained
gain set is used for guidance/trajectory tracking and
platform stabilization feedback loops. The guidance laws
include altitude/velocity and heading hold loops, while the
stabilization issues are related to hold attitude angles and to
damp attitude rates by commanding aerodynamic control
surface deflections. The proposed gain synthesis
methodology can be applied to full state feedback as well
as to output feedback control design.

The case study reported here is based on the assumption
of decoupled dynamics and it is focused on the longitudinal
plane dynamics stabilization. In particular, we restrict our
attention to a full state feedback longitudinal control, just
demanded to the elevon control surfaces.

The state vector x [ R* is defined as:

x=[V a q G]T

where V is the flight speed, a is the angle of attack, q is the
pitch rate and 0 is the pitch angle.

The control vector u I R is defined as:

u=[5,]

where 0. consists of the symmetrical elevon deflection.
State and control matrices characterizing the nominal
reference condition (V = 13 m/s; h = 50 m) are obtained by
numerical linearization:

RTO-EN-SCI-195

4A -5





Robust and Randomized Control Design of Mini-UAVs: The MH1000 Platform

ORGANIZATION

-0.293  -0486 -0.0002 -9.812
_|—0.113  -6.181 0914 -0.0003
| 0.000 -64.83 -8.074 0.000

0.000  0.000 1.000 0.000
-0.7914
—-3.9250
—483.487
0.000

Next, we observe that structured parameter uncertainties
are taken into account, including those related to flight
conditions (dynamic pressure), acrodynamic data (stability
and control derivatives), geometric and inertial data.
Uncertainties related to the flight conditions can be
ascribed to the real flight in a non-ideally-calm air and to
the need to cover a portion of the flight envelope as large as
possible. Uncertainties concerning the aerodynamic data
can be related to experimental measurement errors or
computational approximations due to numerical evaluation.
Finally, uncertainties in terms of geometric and inertial data
may take into account manufacturing inaccuracies.
Therefore, the vector A O R'® consisting of uncertain &; is
described in Table I. For simplicity, only approximate
values of upper and lower bounds are shown.

TABLE I. PARAMETER UNCERTAINTIES

Plant and flight condition uncertainties

# parameter p.d.f. & % & &
1 | flight speed [m/s] U 13.0 +15 | 11.0 15.0
2 | altitude [m] U 50.0 |100| 0.0 100.0
3 | mass [kg] U 1.5 +10 | 1.35 1.65
4 | wingspan [m] U 1.0 +5 0.95 1.05
5 | mean aero chord [m] U 0.536 +5 | 0.509 | 0.563
6 | wing surface [m?] §] 0.522 | +10 | 0.470 | 0.574
7 | moment of inertia [kgm?] | U 0.0566 | +10 | 0.0509 | 0.0623
Aerodynamic database uncertainties

# parameter p.d.f. | mean % [o

Cx coefficient [-] G |-0.01215| %10 0.0004
9 | Cz coefficient [-] G [-0.30651| #5 0.005
10 | Cy, coefficient [-] G |-0.02401 | %5 0.0004
11 | Cxq derivative [rad™'] G | 0.20435 | %10 0.0065
12 | Cyq derivative [rad "] G |[-1.49462 | %10 0.05
13 | Cpq derivative [rad'] G |-0.76882 | %5 0.01
14 | Cxs derivative [rad™'] G | 0.17072 | 10 0.0054
15 | Cys derivative [rad] G |-141136| #5 0.022
16 | Cp5 derivative [rad™'] G |-0.94853 | #5 0.015

In the remaining of the Section the obtained numerical
results characterizing the three phases previously described
are presented.

Phase 1: Random Gain Synthesis

As critical uncertain parameters for random gain
selection flight speed and mass are chosen, i.e. the vector
A\, is defined as:

Ac =[51.85]"

The flight speed has been chosen as critical parameter in
order to optimize gain scheduling issues, while the take-off
mass represents a key parameter in mission profile
definition and flight performance evaluation. The lower and
upper bounds of the critical uncertain parameters are
reported in Table 1.

The specification property S, is defined as follows:
Si={KUO®& : AyK) = A,-BK satisfies the properties
listed below}
Im(};)#0
Re();)<0
4.0 rad/s < wgp < 6.0 rad/s
0.5<Cgp <09
1.0 rad/s < wpy <1.5rad/s
0.1<&py <03

ACOSP = < +45%

SP ‘upper ~®sp ‘lower
= —_— + 0,
Ao PH = OPH ‘ upper @pH ‘ lower <%20%

where A; represents the eigenvalues and w and { are the
undamped natural frequency and damping ratio of the
system characteristic modes, respectively. The subscript SP
and PH refer to the short period and the phugoid mode,
representing the two dynamic modes characterizing the
aircraft motion in the longitudinal plane. The specification
property definition is strictly related to the user needs in
terms of mission profile and to the reference platform.
From the properties specified above, it can be observed that
a completely decoupled dynamics with classical modal
characterization (two periodic stable modes) are required
for the MH1000 platform.

The number of random samples for the K matrix,
computed according to the Log-over-log Bound with € =
4007 and n= 300, is Ng = 200,000. The obtained set of
random gains satisfying the specification property S, are
reported in Table II.

TABLE II. RANDOM GAIN SET FROM GAIN SYNTHESIS

Gain set Ky Kq K, Ko
K1 0.00044023 | 0.09465 | 0.015774 | -0.0047351
K2 0.00021545 | 0.095812 | 0.015555 | -0.0032351
K3 0.00054999 | 0.094308 | 0.015482 | -0.0048634
K4 0.00010855 | 0.091832 | 0.01530 | -0.0040438
K5 0.00039238 | 0.094827 | 0.016093 | -0.0041734

Phase 2: Probabilistic Robustness Analysis

The uncertain parameters considered in the case study,
their nominal values, probability density function and
tolerances are given in Table I. As can be observed from
Table I, uniform and gaussian probability density functions
have been used to characterize parameter uncertainties:
geometric, inertial and operational uncertainties are
characterized by uniform p.d.f. while the set of
uncertainties related to the aerodynamic database are
characterized by a gaussian p.d.f. This criterion has been
adopted due to the nature of the parameters: the uncertain
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value of the aerodynamic derivative has to be intended with
higher probability close to the nominal value
experimentally or numerically obtained. Since the
aerodynamic data vary as a function of the velocity, the
mean value as well as the variance of the uncertainties
corresponding to these parameters are approximate values
referring to a fixed operating condition.
The specification property S, is defined as follows:

S ={A 0B, : Au(d) = A(D)-Bo(A)K ana satisfies the
related properties}

The user defined properties related to S, are the same as
for S;. The number of samples for the specification property
S,, is obtained by the Chernoff bound with € = 0.0145 and
n =0.0145, and it is equal to N = 5,000.

The results in terms of estimated probability of stability
are reported in Table II1.

TABLE III. ESTIMATED PROBABILITY OF STABILITY
RELATED TO PHASE 2 (SSRA) AND PHASE 3 (SPRA)

Gain set SSRA | SPRA
K1 88.56 | 93.58
K2 90.60 | 95.16
K3 89.31 | 90.80
K4 93.86 | 84.78
K5 85.14 | 96.06

The estimated probability of stability characterizes the
level of matching the desired dynamics and it represents a
key feature to choose the “best robust solution”. To this
end, graphical tools have been also utilized to perform
robustness analysis of the designed closed loop system. As
an example, Fig. 5 reports the root locus plot for two
different solutions, characterized by different probability
levels pya. It can be observed that the closed loop system
obtained by the random gain set K, fulfilling specification
property S; could give raise to some unstable conditions
when all uncertain parameters are considered. Therefore,
even if the associated probability of stability is high, it is
not considered as a “good” gain and it is consequently
discarded.

@ |

Fig. 5: Root locus plot for K, (black) and K4 (blue) highlighting the
regions of interest for stability robustness analysis.

Phase 3: Probabilistic Robust Performance

The uncertain parameters and the random samples Np
considered for the Phase 3 of the proposed methodology are
the same as for the Phase 2 (Table I).

The specification property S; is defined as follows:
S3={A0 B, : Au(D) = A(D)-B(A)K g satisfies the
properties listed below}
2.5rad/s < wgy <5.0rad/s
0.0<1p <0.05

where wgw and Tp are the bandwidth and the phase delay of
the frequency response, respectively. The specification
property S; is defined accordingly to the bandwidth
criterion reported in the aeronautical standards [13]. A
graphical approach to the performance robustness analysis,
based on the bandwidth criterion plot, has been added to the
evaluation of the empirical probability of satisfaction of the
specification property. The case study discussed here does
not include properties related to time domain response.

Phase delay 1, [s]

[ 1 2 3 4 H [
Bandwidth oy, [radis]

Fig. 6: Bandwidth criterion plot for K, (black) and K3 (blue) highlighting
the regions of interest for performance robustness analysis.

The results in terms of estimated probability of stability
are reported in Table III. Differences could be shown for
the probability values between SSRA and SPRA results:
they can be due to the dependence of the stability criteria
on the user’s experience and knowledge about the plant
dynamics despite of the relationships of the performance
metrics with the standard requirements. For the present case
study, the K, solution has been chosen as the best fit
solution according to a compromise between the stability
and the performance metrics.

VII CONCLUSION AND REMARKS

In this paper, we developed a methodology, based on the
theory of randomized algorithms, for gain selection and
robustness analysis of the Mini-UAV platform MH1000.
The proposed methodology demonstrates to resolve
successfully some critical issues arising when
classical/modern control techniques are used. In particular,
the numerical results given in Section VI enable the
aerospace engineer to compute the estimated probability
that specific performance requirements are met.

Subsequent research will be performed utilizing different
control structures, thus showing the flexibility of the
approach in different contexts.
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An extended version of this paper has been submitted to
an international journal for possible publication.
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m  Combinatorial optimization, computational geometry

m Examples. Data structuring, search trees, graph

algorithms, sorting (RQYS), ...
= Motion and path planning problems
m  Mathematics of finance: Computation of path integrals

m  Bioinformatics (string matching problems)
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Uncertainty has been always a critical issue in control
theory and applications

First methods to deal with uncertainty were based on a
stochastic approach

Optimal control: LQG and Kalman filter

Since early 80's dternative deterministic approach
(worst-case or robust) has been proposed
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m  Major stepping stone in 1981: Formulation of the H_,
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Late 80's and early 90's: Robust control theory became
awell-assessed area

Successful industrial  applications in  aerospace,
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m Researchers realized some drawbacks of robust control

m Consider uncertainty A bounded in a set 8 of radius p.
Largest value of p such that the system is stable for all
A € Biscalled (worst-case) robustness margin

m Conservatism: Worst case robustness margin may be
small

m Discontinuity: Worst case robustness margin may be

discontinuous wrt problem data
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exist:  Structured singular  values, Kharitonov, chemical, electrical, mechanical engineering, ...
optimization-based (LMI), I-one optimal control, = However
quantitative feedback theory (QFT)
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= Various robustness problems are NP-hard

Computational Complexity: Worst case robustness is
often NP-hard (not solvable in polynomial time unless

P=Np)

— static output feedback
— structured singular value
— stability of interval matrices

[1] V. Blondel and JN. Tsitsiklis (2000)
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m Uncertain or control design parameters often enter into
the system in a nonlinear/nonconvex fashion

m To avoid complexity issues (or just to find a solution of
the problem) relaxation techniques such as SOS are used

m Study issues about the accuracy of the approximation
introduced and related complexity
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m New paradigm proposed is based on uncertainty
randomization and leads to randomized algorithms for
analysis and synthesis

m Within this setting a different notion of problem
tractability is needed

m Objective: Breaking the curse of dimensionalityl!

[1] R Bellman (1957)
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m The interplay of Probability and Robustness for control
of uncertain systems

m Robustness: Deterministic uncertainty bounded

m Probability: Random uncertainty (pdf is known)

m Computation of the probability of performance

m Controller which stabilizes most uncertain systems
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m We obtain larger robustness margins at the expense of a
small risk

m We study the probability degradation beyond the
robustness margins

m Computational complexity is generally not an issue:
Randomized agorithms are low complexity
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M(s) System A Uncertainty

= A belongs to a structured set B,
— Parametric uncertainty q
— Nonparametric uncertainty A,
— Mixed uncertainty
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m Worst case model: Set membership uncertainty
m Theuncertainty A is bounded in aset B,

Ae 8B,

m Real parametric uncertainty g=[q,...,q,] € R’
g e [gq7]
m Nonparametric uncertainty
A € {Ae R || A1}
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m Objective of robustness: To guarantee stability and
A performance for all
Ae 8B,
w M Z m Different probabilistic paradigm based on uncertainty

randomization of A within 8,
m Uncertainty A is bounded in a structured set B,

m z= 7 (M,A) w, where 7 (M,A) isthe upper LFT
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= Example: Flexible Structure - 1 — Flexible Structure - 2
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m Mass spring damper model

m M-A configuration for controlled systems and study stability of
m Real parametric uncertainty affecting stiffness and

damping M(9)=C(sl—-A'B

= Complex unmodeled dynamics (nonparametric) qls 0 O
A= 0 qls O
A
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m Probability density function associated to 8,,

L m We now assume that A is arandom matrix with given

density function f,(A) and support 8,
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[  — — O —  — i)

m Takef,(A)=U[B,] (uniform density within B,))
1

il
Pyt Performance Function
[ ) — — O — .y |

m In classical robustness we guarantee that a certain
performance requirement is attained for all Ac 8,,

[ e — [ w—  — = n i) |
m Compute the H,, norm of the upper LFT #(M,A)

J(2) = | 7 M, A)l..
m For given >0, check if

U8, 1= vol (8,) ifAe 8B, m This can be stated in terms of a performance function
0 otherwise 3= )
m |nthis case, for asubset Sc B,
m Examples: H_, performance and robust stability
dA
e s 8 _
vol(B,) vol(B,)
NATO Lecture Series SCI-195 @RT 2008 25 NATO Lecture Series SCI-195 @RT 2008 26
ol 0
Example: H_, Performance - 1 — Example: H_, Performance - 2

[ f —  E— o B — i i n  w a
m Continuous time SISO systems with real parametric
uncertainty q with upper LFT

ZM,A) = 7 (M,q) =

0.59,9,5+10°q,

IENT-CNR
[  — — O —  — i)

m Theset of q,, g, for which J(q)<y is shown below

X 10

J(A) < ’Y -5 2 -5 2
(10°° +0.05q,)s? + (0.00102 + 0.59,)s+ (2-10° + 0.5¢7)
fordl Ain 8,
whereq, € [0.2, 0.6] and ¢, € [105,3:10%]
m Letting J(g) = || #,(M,9) ||, we choose y=0.003
m Check if J(g)<y for all qintheseintervals
NATO Lecture Series SCI-195 @RT 2008 27 NATO Lecture Series SCI-195 (@RT 2008 28
© 0
s Example: #_ Performance - 3 o= Exampleltl: Robust Stability - 1

NATO Lecture Series SCI-195 @RT 2008 29

[  — — i o o o o o |
m Consider the closed |oop uncertain polynomial
p(sa) =
(11 +60, +60, + 200, )+ (G + @ + )5+ (g + G +1)2 + &
whereq, € [0.3,2.5], g, € [0,1.7] and r=0.5
m Check stability for all gintheseintervals

[1] G. Truxa (1961)
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z?

ORGANIZATION

(-I;:’ '
g Example: Robust Stability - 2

[ e — [ w—  — = n i) |
m Set of unstable polynomials

17

%

0

=
)

Good and Bad Sets

[  — — i o o o o o |
= We define two subsets of 8,

Ay ={A1J(A) <Y} By
Ay ={A1JA)>7} =8,

B Agooq iSthe set of A’ssatisfying performance
m Measure of robustnessis

IENT-CNR
[  — — O —  — i)

m In worst-case analysis we compute y such that al A
satisfy performance. Equivalently, we evaluate Y such
that

Agood =5

m |n aprobabilistic setting, we are satisfied if the ratio

Vol (A goog)
vol(8,,)
iscloseto one
NATO Lecture Series SCI-195 @RT 2008 35

03 25
q;
m Taking r=0 the unstable set reduces to a singleton vol (Agood ) = J.A?Aﬂ
NATO Lecture Series SCI-195 @RT 2008 31 NATO Lecture Series SCI-195 @RT 2008 32
© 0
= Example of Good and Bad Sets o Example of Good and Bad Sets - 2
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
Taking small r
A 17 A 17
bad bad
— —
—
dz 7
; | ; |
03 o 25 03 a ‘ 25
AQOOd Agood
NATO Lecture Series SCI-195 @RT 2008 33 NATO Lecture Series SCI-195 @RT 2008 34
0 e
: Probabilistic Robustness Measure o Probability of Performancel

[  — — i o o o o o |

m We define the probability of performance as

p, =Pr{J(A) <v}
m Noticethat, if f,(A) isuniform, then

p — VOI (A good )
"= Vol(8,)
[1] RF. Stengel (1980)
NATO Lecture Series SCI-195 @RT 2008 36
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IENIT-CNR

Example: Closed-Form Computation

 — — O —  — i)

= For Truxal's example, we compute p, in closed-form
= For uniform distribution, we have

VOI(Aypg) = 3.74 -1 12

vol(B,,) = 3.74

NATO Lecture Series SCI-195 @RT 2008 37

&

IENT-CNR

P1: Performance Verification

 — — i o o o o o |

m For given performance level vy, check whether

= Compute the probability of performance p,

JA) <y

foral AinB,

NATO Lecture Series SCI-195

(@RT 2008

F:J

IEIIT-CNR

Randomized Algorithm: Definition

 — — O —  — i)

m Randomized Algorithm (RA): An agorithm that makes
random choices during its execution to produce a result

m Example of a“random choice” isacoin toss

heads or tails

a1

NATO Lecture Series SCI-195 @RT 2008

= ="

) . ()

P2: Worst-Case Performance o

e — [ w—  — = n i) | f —  E— o B — i i n  w a
m Find J,, such that
Jiax = Max J(A)
Ac By, . -
Randomized Algorithms
m Compute the worst case performance (or its for Anal ysis
probabilistic counterpart)

NATO Lecture Series SCI-195 @RT 2008 39 NATO Lecture Series SCI-195 @RT 2008 40
="
()

Randomized Algorithm: Definition

IENT-CNR

 — — i o o o o o |

m Randomized Algorithm (RA): An agorithm that makes
random choices during its execution to produce a result

m For hybrid systems, “random choices’ could be
switching between different states or logical operations

m For uncertain systems, “random choices” require (vector
or matrix) random sample generation

NATO Lecture Series SCI-195 @RT 2008 a2
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z?

ORGANIZATION

(=
‘E-‘f—c;L Monte Carlo Randomized Algorithm
‘ | e s o o A

m Monte Carlo Randomized Algorithm (MCRA): A
randomized algorithm that may produce incorrect results,
but with bounded error probability

.EFCNJR Las Vegas Randomized Algorithm

[ f —  E— o B — i i n  w a

m Las Vegas Randomized Algorithm (LVRA): A
randomized algorithm that always produces correct
results, the only variation from one run to another is the
running time

IENT-CNR
[  — — O —  — i)

m Consider random uncertainty A, associated pdf and
bounding set B
m A is a (rea or complex) random vector (parametric
uncertainty) or matrix (nonparametric uncertainty)
m Consider a performance function
J(A):B—>R

andlevel y>0
m Define worst case and average performance
Jmax = An;ag( J(A) Jae=EA(J(A))

NATO Lecture Series SCI-195 @RT 2008 43 NATO Lecture Series SCI-195 (@RT 2008 44
ol 0
: Randomization of Uncertain Systems — Example: H_, Performance - 1

IEIT-CNR
[  — — i o o o o o |

m H_ performance of sensitivity function
B = {A: A=bdiag (Ay,... , Ag) € F"™, G,u(A) < p}
SsA) = U(1+ P(sA) C(9)
J(A) = [S(s.A)L..

IENT-CNR
[  — — O —  — i)

m H_ performance of sensitivity function
B = {A: A=bdiag (Ay,... , Ag) € F™™, 5,0 (A) < p}
S(s,A) = U(1 + P(s,A) C(9)
J(2) = IS(s.A)IL.

m Objective: Check if
Jnax SY A JpeSY

m These are uncertain decision problems

NATO Lecture Series SCI-195 @RT 2008 45 NATO Lecture Series SCI-195 @RT 2008 46
@ 6
B Example: H_, Performance - 2 e Two Problem Instances

NATO Lecture Series SCI-195 @RT 2008 47

[ f —  E— o B — i i n  w a
m We have two problem instances for worst case
performance

‘]max s Y and Jmax > ’Y
and two problem instances for average case performance
‘]a\/e s Y and ‘]a\/e > Y

m Thisleads to one-sided and two-sided MCRA

NATO Lecture Series SCI-195 @RT 2008 48
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ol ones 6 - .
ne-Sided MCRA One-Sided MCRA: Case 1
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
m One-sided MCRA: Always provide.a correct sol utior? in )

one of the instances (they may provide a wrong solution

in the other instance)
m Consider the empirical maximum

Jmax = max J(AY)
i=1,...N

where A are random sampl esand N isthe sample size

m Check if Jmax\ Yy or Jmax >y A
N A2 A3 A% A5 A6

NATO Lecture Series SCI-195 @RT 2008 49 NATO Lecture Series SCI-195 (@RT 2008 50
D ©
One-Sided MCRA: Case 1 o One-Sided MCRA: Case 1
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a

J(A) JA) algorithm provides a correct solution

J(AY)
A
Al A2 A3 A* A5 A8 Al A2 A3
NATO Lecture Series SCI-195 @RT 2008 51 NATO Lecture Series SCI-195 @RT 2008 52
/1; J /rj_j] )
iyl One-Sided MCRA: Case 2 = Two-Sided MCRA
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
) algorithm may provide a wrong solution [ Two-siQed MCRA: They may provide a wrong solution
3 in both instances
H s Y, S — J“max = Consider the empirical average
Joe= ave J(AY
J(A2) = A€ (
I > Y>3
J(ah e e where Al are random samples and N is the sample size
m Check if Jave < yor Ja\/e >y
A
Al A2 A3
NATO Lecture Series SCI-195 @RT 2008 53 NATO Lecture Series SCI-195 @RT 2008 54

RTO-EN-SCI-195

4B -9






Randomized Algorithms for Systems = ?
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& - e -
o Two-Sided MCRA: Case 1 — Two-Sided MCRA: Case 2
[ o e [ o s s o o
A algorithm may provide a wrong solution ) 1) algorithm may provide a wrong solution )
‘]ave> ,Y> ‘]ave ‘]ave< Y< ‘]ave

J(A2) J(A% 5 J(,Aj)/ J(A“\).\ "~
ave 'Y ______________________________

A A
At A2 A3 A% A5 A8 Al A2 AS A* AS A8
NATO Lecture Series SCI-195 @RT 2008 55 NATO Lecture Series SCI-195 @RT 2008 56
—
(] . . B . .
= Las Vegas Randomized Algorithms o Discrete Bounding Set
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
» We aso have zero-sided (Las Vegas) randomized Consider random uncertainty A, a discrete bounding set
agorithms B, given pdf and performance function

m Las Vegas Randomized Algorithm (LVRA): Always

give the correct solution PO
m The solution obtained with a LVRA is probabilistic, so PO
“aways’ means with probability one e e o0 060 00 oo
R ) ) o o o o e o e o e o
= Running time may be different from one run to another e o 60 00 00 o0
. . e o o o e o o o e o
m We can study the average running time e 6 6 06 6 6 06 06 o o
e o o o o o o o o o
Al AZ AE A4 AS A(: A7 AB AQ AlO
NATO Lecture Series SCI-195 @RT 2008 57 NATO Lecture Series SCI-195 @RT 2008 58
—
0 h iewpoi e edientsf
et The Las Vegas Viewpoint Ryt Ingredientsfor RAs
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
m Consider discrete random variables m Assumethat A is random with pdf f,(A) with support 8,
= The sample space is discrete and MN possible choices m Accuracy ¢« (0,1) and confidence 8 (0,1) be assigned
can be made . .
) m Performance function for analysis and level
= Inthe binary case we have 2V ! !
m Finding maximum requires ordering the 2N choices
m LasVegas can be used for ordering real numbers
J=J(8) Y
m Examplee Randomized Quick Sort for sorting red
numbers (classical in computer science)
NATO Lecture Series SCI-195 @RT 2008 59 NATO Lecture Series SCI-195 @RT 2008 60
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IENIT-CNR

Randomized Algorithms for Analysis

m Two classes of randomized algorithms for probabilistic
robust performance analysis

m P1: Performance verification (compute p,)
m P2: Worst-case performance (compute J,,.,,)

m Both are based on uncertainty randomization of A

m Bounds on the sample size are obtained

[  — — O —  — i)

7
.EFCNJR Randomized Algorithms - 2

[ f —  E— o B — i i n  w a
m We estimate p, by means of arandomized algorithm

m First, we generate N i.i.d. samples
AL A2 . AN € B,

according to the density f,

m Weevauate J(AY), J(A?), ..., J(AN)

m Construct an indicator function

|(Ai): 1 IfJ(A).S}/
0 otherwise
= Anestimate of p, isthe empirical probability

8 = 130 (4) 2 Nooos
pN_Ni;I(A)_ N

where Ny,oq i the number of samples such that J(A) <y

NATO Lecture Series SCI-195 @RT 2008 61 NATO Lecture Series SCI-195 @RT 2008 62
= R

3 Empirical Probabilit C A Réliable Estimat
IENT-CNR mpl n 0 1 y IEIIT-CNR I e Imate

[  — — O —  — i)

[  — — i o o o o o |
m Theempirical probability isareliable estimate if

b, — Py =IPr{I@) <y}-pyl<e
m Find the minimum N such that
Prilp, - pu|<ef21-6

where £€(0,1) and 5 (0,1)

NATO Lecture Series SCI-195 @RT 2008 63 NATO Lecture Series SCI-195 @RT 2008 64
—

0 6

o Chernoff Bound!!! o= Comparison Between Bounds
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
m Forany £€(0,1) and 6 (0,1), if

5 -
N > 1095 \
282 8 \ Bernoulli
Bienayme
then % 6F \ Chernoff -
Prilp, - py|<ef=1-06 g \
£ 4 \
EIY \
\
2p \\
\
. \\\\
10° e IO';; 107"
[1] H. Chernoff (1952) Gonfidence and Accuracy
NATO Lecture Series SCI-195 @RT 2008 65 NATO Lecture Series SCI-195 @RT 2008 66
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=
;,-Q Chernoff Bound

IENT-CNR
I — — —  —  — -

m Remark: Chernoff bound improves upon other bounds
such as Bernoulli (Law of Large Numbers)

m Dependence on 1/dislogarithmic
m Dependence on 1/¢is quadratic

e 01% | 0.1% | 05% | 0.5%
1-6 | 999% | 99.5% | 99.9% | 99.5%
N |[3.910° | 3.0-106 | 1.6:106 | 1.2-10

=
.EFCNJR Computational Complexity of RAs
[ :  — — i o o o o o |

m RAsareefficient (polynomial-time) because

1. Random sample generation of A can be performed in
polynomial-time

2. Cost associated with the evaluation of J(A) for fixed
Al'is polynomial-time

3. Sample size is polynomial in the problem size and
probabilistic levels eand &

IENT-CNR
[  — — O —  — i)

m Random number generation (RNG): Linear and
nonlinear methods for uniform generation in [0,1) such
as Fibonacci, feedback shift register, BBS, MT, ...

m Non-uniform univariate random variables. Suitable
functional transformations (e.g., the inversion method)

m The problem is much harder: Multivariate generation of
samples of A with pdf f,(A) and support 8,

m |t can be resolved in polynomial-time

NATO Lecture Series SCI-195 @RT 2008 67 NATO Lecture Series SCI-195 @RT 2008 68
,;,—_' /‘[—_jl y

i . f . -
L 1. Random Sample Generation —J 2. Cost of Checking Stability

[  — — i o o o o o |

m Consider a polynomial
p(s,a)=a,+as+--+a,s"
m To check left half plane stability we can use the Routh
test. The number of multiplications needed is

2 n*-1

r1—for neven for nodd

m The number of divisions and additions is equal to this
number
m We conclude that checking stability is O(n?)

IENT-CNR
[  — — O —  — i)

m Chernoff bound is independent on the size of 8B,,, on
the structure D on the number of blocks, on the pdf

fA(A)
m It dependsonlyon d and €

= Same comments can be made for other bounds such as
Bernoulli

NATO Lecture Series SCI-195 @RT 2008 69 NATO Lecture Series SCI-195 (@RT 2008 70
= _ /fjé -
. 3. Bounds on the Sample Size L Worst-Case Performance

NATO Lecture Series SCI-195 @RT 2008 1

IEIT-CNR
[  — — i o o o o o |

m Recall that

Joax = Qgi(J(A)

m Generate N i.i.d. samples
AL A2 . AN € B,
according to the density f,

= Compute the empirical maximum
J max J(Al)

max =
i=1,....N

NATO Lecture Series SCI-195 @RT 2008
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@ & -
.= Worst-Case Bound (Log-over-Log)! = Comparison and Comments
[  — — O —  — i) [  — — i o o o o o |

m For any £€(0,1) and 6 (0,1), if

m Number of samplesis much smaller than Chernoff

N 2% m Bound is a specific instance of the fpras (fully
logs%; polynomial randomized approximated scheme) theory

then m Dependence on 1/¢isbasically linear (Iogizej

Pripr{a(a) > 3y J<ef>1-6

5 0.1% 0.1% 0.5% 0.5% | 0.01% | 0.001%
1-8 | 99.9% | 99.5% | 99.9% | 99.5% | 99.99% |99.999%
N ]6.91-10%|5.30-103 | 1.38-10° | 1.06:10% | 9.21-10*| 1.16-10°

[1] R. Tempo, E. W. Bai and F. Dabbene (1996)

NATO Lecture Series SCI-195 @RT 2008 3 NATO Lecture Series SCI-195 @RT 2008 74
= =
€ i i . Confidence Interval
= Volumetric Interpretation — onriaence Intervals
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
= Inthe case of f,(A) uniform, we have » The Chernoff and worst-case bounds can be computed a-
~ priori and provide an explicit functional relation
pr{J(A)NN}:MAm) NZ N
vol(8,,) =N(& 9)
m Therefore m The sample size obtained with the confidence intervalsis
not explicit

Pr{Pr{J ()> ‘]N}S 8}21_ g m Given §(0,1), upper and lower confidence intervals p_
. ) h th
is equivalent to andp, are s pré?tpLg p,<pf=1-8

Privol(A,, )< evol (8, )}21-6

NATO Lecture Series SCI-195 @RT 2008 Il NATO Lecture Series SCI-195 @RT 2008 76

= Confidence Intervals - 2 o Confidence Intervals - 3
[ e — [ w—  — = n i) | [ f —  E— e B — i i n  w a
m The probabilities p, and p, can be computed a o MNNSEERESEENES 2
posteriori when the value of Ny, is known, solving i 8 e 774
equations of the type o T T T I T f/ 7
07— g 9, /
& (N N-k P ! ~ 57 74
2| A=) =4 ynnupa ; g drm
k=N gooq _z os FI— f 4 % 7/\/—%4’
New (N 1oL GG raaunn
> pa-p)t =g, 7SS ArS
&k 0 oo araa e
. 5=0.05 N//742 0T
with é_"'%:é‘ o1 é?‘/ ﬁ,J] |
5 1 INRENEN
o ol 02 035 ,“,,i;. ﬁaﬁlbmss 07 08 pyo.s 10
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Q Statistical Learning Theory

[ e — [ w—  — = n i) |
m The Chernoff Bound studies the problem
Prilp, - pu|<e}21-6
wherep, = Pr{J(4) <y}
m Performance function J is fixed

m Statistical Learning Theory computes bounds on the
sample size for the problem

Pr{Pr(3(A)<y)- /<& VIe J}21-6
where J isagiven class of functions

&

IENT-CNR

V C and P-dimension(12]

 — — i o o o o o |

m Statistical Learning Theory aims at studying uniform
Law of Large Numbers

m The bounds obtained depend on quantities called VC-
dimension (if J is a binary valued function), or P-
dimension (if J isacontinuous valued function)

m VC and P-dimension are measures of the problem
complexity

[1] M. Vidyasagar (1997)
[2] E.D. Sontag (1998)

r/;: /r_—l y
€] Choice of the Distribution - 1 o) Choice of the Distribution - 2

IENT-CNR
[  — — O —  — i)

m The probability Pr{a € s}
depends on f,(A)

m |t may vary between 0
and 1 depending on the

IENT-CNR

 — — i o o o o o |

m The bounds discussed are independent on the choice
of the distribution but for computing Pr{J(A) <y} we
need to know the distribution f,(A)

m Some research has been done in order to find the
worst-case distribution in acertain class!

Paf f5(4) m Uniform distribution is the worst-case if a certain
target is convex and centrally symmetric
[1] B. R. Barmish and C. M. Lagoa (1997)
NATO Lecture Series SCI-195 @RT 2008 81 NATO Lecture Series SCI-195 @RT 2008 82
T . N )
. Choice of the Distribution - 3 -

IENT-CNR
[  — — O —  — i)

= Minimax properties of the uniform distribution have
been studied™

[1] E. W. Ba, R. Tempo and M. Fu (1998)

NATO Lecture Series SCI-195 @RT 2008 83

IENT-CNR

 — — i o o o o o |

Probabilistic Robust Synthesis

NATO Lecture Series SCI-195 @RT 2008 84
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(=
‘E-‘f—c;L Analysis vs Design with Uncertainty

[ e — [ w—  — = n i) |
m Starting point: Worst-case analysis versus design
= Consider aninterval family p(s,g), ge 8,={ qe R"||qll.<1}
m Analysis problem:
— Check if p(s,g) is stable for al ge B,
Answer: Kharitonov Theorem

m Design Problem:
— Does there exist age B, such that p(s,q) is stable?
Answer: Unknown in general

NATO Lecture Series SCI-195 @RT 2008 s

&

IENT-CNR

Synthesis Paradigm

 — — i o o o o o |

L=,

Te= 0

m Design the parameterized controller K, to guarantee
stability and performance

NATO Lecture Series SCI-195 @RT 2008 86

€] Synthesis Performance Function

IENT-CNR
[  — — O —  — i)

m Recall that the parameterized controller is K,

m We replace J(A) with a synthesis performance function

J=J(A0)

where 6 € O represents the controller parameters to be
determined and their bounding set

NATO Lecture Series SCI-195 @RT 2008 87

)

IENT-CNR

Randomized Algorithms for Synthesis

 — — i o o o o o |

m Two classes of RAsfor probabilistic synthesis
= Average performance synthesig!l

m Based on expected value minimization

m Use of Statistical Learning Theory results

m Very genera problems can be handled

m Existing bounds are very conservative and controller
randomization is required

m Ongoing research aiming at major reduction of sample
size
[1] M. Vidyasagar (1998)

NATO Lecture Series SCI-195 @RT 2008 88

‘E‘%NJR Randomized Algorithms for Synthesis
‘ I I COICIIooon

= Robust performance synthesigl

m Problem reformulation as robust feasibility
m Only convex problems can be handled
m Finite-time convergence with probability one is obtained

[1]B. Polyak and R. Tempo (2001)

NATO Lecture Series SCI-195 @RT 2008 89

=
| Robust Performance Synthesis

IEIT-CNR
 — — i o o o o o |

m Uncertainty randomization of A in 8,
m Convex optimization to design the controller K(s)

(=]
_

d P ( S) e
” ]
K(s)
NATO Lecture Series SCI-195 @RT 2008 90
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©
\E.:\IT-CNR
[ I — — —  —  — -

RAsfor Optimal Control (LQR)

.EFCNJR Uncertain Systemsin State Space

[ f —  E— o B — i i n  w a
m We consider a state space description of the uncertain
system

X(t) = A(A)x(t) + Bu(t)
with x(0)=x,; XeR™ ueR™, Ae B,

m For example, A(A) is an interval matrix with bounded
entries a; <a; <a

IENT-CNR
[  — — O —  — i)

= We consider interval uncertainty A (i.e. when ae 8,))

m That is, a, rangesin theinterval for all i, k
|3 - @ 1< Wy
where g, are nominal values and w;, are weights
m Definethe N = 2% vertex matrices AL, A2,..., AN
A =ay Wy or &y =ay -W
fordli, k=12, ...,n

NATO Lecture Series SCI-195 @RT 2008 91 NATO Lecture Series SCI-195 @RT 2008 92
= —

T . M .
¢ Interval and Vertex Matrices C Common Lyapunov Functions

IEIT-CNR
[  — — i o o o o o |

m Given matrices A*, W and feedback K, find a common
quadratic Lyapunov function Q > O for the system

Xt)=(A+BK) x(t) foradl Ae A
m Find Q> 0 suchthat
L(Q, A) = (A+BK)TQ+ Q (A+BK) <0 foradl Ae A
m Equivaently, find Q > 0 such that
Aok L(Q, A) <0 fordl Ae A

IENT-CNR
[  — — O —  — i)

m Quadratic Lyapunov stability analysis and synthesis of
interval systems are NP-hard problems

m |n principle, they can be solved in one-shot with convex
optimization, but the number of constraints is
exponential

m We can use relaxation (eg. w2 TheoremlY) or
randomization

[1] Yu. Nesterov (1997)

NATO Lecture Series SCI-195 @RT 2008 95

NATO Lecture Series SCI-195 @RT 2008 93 NATO Lecture Series SCI-195 (@RT 2008 94
© 6
—  Lyapunov Stability of Interval Systems — Vertex Solution

IEIT-CNR
[  — — i o o o o o |

= Due to convexity, it suffices to study L(Q, A) < 0 for
all vertex matricest]

m Question: Do we really need to check all the vertex
matrices (N = 219)?

[1] H.P. Horisberger, P.R. Belanger (1976)

NATO Lecture Series SCI-195 @RT 2008 96

4B - 16

RTO-EN-SCI-195





Randomized Algorithms for Systems
and Control: Theory and Applications

S
‘E"if—c;L Vertex Reduction

[ e — [ w—  — = n i) |

m Answer: It suffices to check “only” a subset of 22
vertex matrices!!

m Thisis gtill exponential (the problem is NP-hard), but
it leads to a major computational improvement for
medium size problems (e.g. n = 8 or 10)

m For example, for n=8, N is of the order 10° (instead of
1019)

[1] T. Alamo, R. Tempo, D. Rodriguez, E.F. Camacho (2007)

=
< Diagonal Matrices and Generalizations

IENT-CNR
[  — E— — — — o

m Transform the original problem from full square
matrices A to diagonal matricesZ e R2v2n

m |t suffices to check the vertices of Z

m Extensions for L,-gain minimization and other related
LMI problems

m Generalizations for multiaffine interval systems
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riJ LasV Randomized Algorith /EJ Probabilistic Soluti
as Vegas Randomiz gorithm obabilistic Solution

[ e — [ w—  — = n i) |
= We may perform randomization of the N = 27 vertices
(in the worst case)

m |f we select the vertices in random order according to a
given pdf, we haveaLVRA

[ f —  E— o B — i i n  w a
m Randomly generate Al,..., AN. Then, check if the
Lyapunov eguation
AQ+ QA) <0
is feasible for i=1,...,N and find a common solution
Q=Q">0
m Critical problem: Even if N is relatively smdll, thisis a
hard computational problem
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Tl tial Algorith L] Defiriti
IEIIT-CNR wuer] I gorl m IENIT-CNR I nl Ion

[ e — [ w—  — = n i) |
m Key point: Sequentia algorithm which deals with one
constraint at each step

m At step k we have
Phase 1: Uncertainty randomization of A
Phase 2: Gradient algorithm and projection

m Fina result: Find a solution Q=QT >0 with probability
onein afinite number of steps

NATO Lecture Series SCI-195 @RT 2008 101

[  — — i o o o o o |
= Let & bean Euclidean space

&, ={A: A" eR",

A- Zai}

ik=1

and C be the cone of positive semi-definite matrices

c={Ac &,:A>0}
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‘Eﬁf—c;]n Projection on a Cone
[ e — [ w—  — = n i) |
m For any real symmetric matrix A we define the

projection [A]*e C as

t— i _
[Al = argmin|A- X

m The projection can be computed through the eigenvalue
decomposition A=TATT

m Then
(A =TAT
where A;*=max {A; ,0}

=
.QEJR Phase 1. Uncertainty Randomization

[ f —  E— o B — i i n  w a
m Uncertainty randomization: Generate Ake B,

m Then, for guaranteed cost we obtain the Lyapunov
equation

A(AQ+QAT (A <0

and a scalar function
QA9 =| M@Qal'|
where || - || is the Frobenius norm
= We can also take the maximum eigenvalue of V(Q,AX)
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= Matrix Vaued Function — Phase 2: Gradient Algorithm
[ I E— — — — -y il [ ) I I— — O — — o w aj}
m Define amatrix valued function n Wewrite
V(QA) =A&)Q+QA (4 Qo [Q“- 1o AN if v(Q“,4)>0
Q- otherwise

where 9, is the subgradient and the stepsize u< is

o VQ &)+ r]ag v A
ot Al

and r>0 is a parameter
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L) Closed-form Gradient Computation L) Theorem!™
IEIIT-CNR O 0 er] 0 pu 0 IENT-CNR m ern

[ e — [ w—  — = n i) |
= The function v(Q,A¥) is convex in Q and its subgradient
can be easily computed in a closed form

NATO Lecture Series SCI-195 @RT 2008 107

[ f —  E— o B — i i n  w a
m Assumption: Every open subset of 8B,, has positive
measure

m Theorem: A solution Q, if it exists, is found in a finite
number of steps with probability one

m |dea of proof: The distance of QK from the solution set
decreases at each correction step

[1] B.T. Polyak and R. Tempo (2001)
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- 1 e -
IEIIT-CNR EXarT]pI d ] IEIIT-CNR EXarT]pI e 2
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
m We study a multivariable example for the design of a m The state variables are
controller for the lateral motion of an aircraft. —x, bank angle
m Themodel consists of four states and two inputs — X, derivative of bank angle
— X3 Sidedlip angle
o 1 0 0 0 0 — X, jaw rate
0 L, Ly L 0 -391 m The control inputs are
XO= o Y, “1 PO o0 o MO — u, rudder deflection
v B g 1
Ny(%) Ny Ng+NY, NN, -253 031 — u, aileron deflection
[1] B.D.O. Anderson and J.B. Moore (1971)
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(r M
‘E'HNJR Example- 3 .E'FCNJR Example- 4
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
= Nominal  values: L,=-293, Lg=-475 L=0.78, m Sequentia agorithm:
g/V:0086, YB:-O.ll, NBZOJ., Np:'0.042, NB:2601’ — Initia p0| nt QO rand0m|y selected
N=029 _ — 800 random matrices A
m Perturbed matrix A(A): each parameter can take valuesin — The algorithm converged to
arange of +15% of the nominal value
® Quadratic stability (y=0): take R=I and S=0.01I 0.7560 -0.0843 0.1645 0.7338
» Remark: A(A) is multiaffine in the uncertain parameters: o=l 0.0843 1.0927 0.7020 0.4452
quadratic  stability can be ascertained solving 0.1645 0.7020 0.7798 0.7382
simultaneously 2°=512 LMIs 07338 04452 0.7382 1.2162
NATO Lecture Series SCI-195 @RT 2008 11 NATO Lecture Series SCI-195 @RT 2008 112
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] Example - 5 c
IEIIT-CNR arnp e IENT-CNR
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
m The corresponding controller
K = g o[ 386191 -43731 431284 -49.9567
- |-2.8814 -10.1758 10.2370 -0.4954
satisfies all the 512 vertex LMIs and therefore it isalso a
quadratic stabilizing controller in a deterministic sense .
m The optimal LQ controller computed on the nominal Extensions
plant satisfies only 240 vertex LMIs
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= Related Literature and Extensions
[ e — [ w—  — = n i) |
m  Minimization of a measure of violation for problems

that are not strictly feasiblelt]

= Uncertainty in the control matrix, B=B(A), Ae B,,
We take the feedback law
u=YQx
where Y and Q=QT >0 are design variables

[1] B.R. Barmish and P. Shcherbakov (1999)

il
— Related Literature
[ f —  E— o B — i i n  w a
m Related literature on optimization and adaptive control
with linear constraintg.234

m Stochastic approximation algorithms have been widely
studied in the stochastic control and optimization
literaturel6.7]

[1] S. Agmon (1954)

[2] T.S. Motzkin and 1.J. Schoenberg (1954)

[3] B.T. Polyak (1964)

[4] V.A. Bondarko and V.A. Y akubovich (1992)

[6] H.3. Kushner and G.G. Yin (2003)
[7] 3.C. Spall (2003)

[ e — [ w—  — = n i) |
m Design of common Lyapunov functions for switched
systemd !
= From common to piecewise Lyapunov functiong?
m Ellipsoida algorithm instead of gradient algorithml®!
m Stopping rule which provides the number of steps4l

= Other agorithms have been recently proposed!>-l
[1] D. Liberzon and R. Tempo (2004)
[2] H. Ishii, T. Basar and R. Tempo (2005)
[3] S. Kanev, B. De Schutter and M. Verhaegen (2002)
[4] Y. Oishi and H. Kimura (2003)
[5] Y. Fujisski and Y . Oishi (2007)
[6] T. Alamo, R. Tempo, D. R. Ramirez and E. F. Camacho (2007)
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L Subsequent Research L) Optimization Problems™
gt sequent Researcl = ptimization Problem

[ f —  E— o B — i i n  w a
m Extensions to optimization problems

m Consider convex function f(x) and function g(x.4)
convex in x for fixed A

m Semi-infinite (nonlinear) programming problem
min f(x)
gx.4) <Oforal de 8
m Reformulation as stochastic optimization
m Drawback: Convergence results are only asymptotic

[4] V. B. Tadic, S. P. Meyn and R. Tempo (2003)

IENT-CNR
[  — — O —  — i)

m The scenario approach for convex problemd!

m Non-sequential  method which provides a one-shot
solution for general convex problems

m Randomization of A e 8B and solution of a single convex
optimization problem

m Derivation of a bound on the sample sizell

= A new improved bound based on a pack-based strategy(?

[1] G. Calafiore and M. Campi (2004)
[2] T. Alamo, R. Tempo and E.F. Camacho (2007)
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ol 6
: Scenario Approach o Convex Semi-Infinite Optimization

NATO Lecture Series SCI-195 @RT 2008 119

[ f —  E— o B — i i n  w a
m The semi-infinite optimization problemis

minc’@ subjectto f(9, 4) <0 foral de B

wheref(0, 4) <Oisconvexindforal 4e 8

m We assume that this problem is either unfeasible or, if
feasible, it attains a unique solution for all 4 € B (this
assumption is technical and may be removed)

m Weassumethat ¢ ® C R"
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S
‘E"'}f—c;L Scenario Problem

[ e — [ w—  — = n i) |

m Using randomization, we construct a scenario problem

m Taking random samples 4,i = 1, 2, ..., N, we construct
f(6, 4)<0, i=1,2,...,N

and

mincTd subjectto f(, 4)<0, i=1,2,...,N

=
.E;CNJR Theorem!d

[  — — i o o o o o |
m Theorem: For any £€(0,1) and 5€(0,1), if

N > [2/e log(1/é) + 2n + 2n/e log (&) |
then, with probability no smaller than 1- &

- either the scenario problem is unfeasible and then also
the semi-infinite optimization problem is unfeasible

- or, theAscenario problem is feasible, then its optimal
solution g, satisfies
Pr{ 4e 8:16,4>0}<¢

[1] G. Calafiore and M. Campi (2004)

[ e — [ w—  — = n i) |
m A new improved bound (based on a so-called pack-
based strategy) has been recently obtained

N > [2/e log(1/26) +2n + 2n/e log 4 |
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ol 0
— 1 e

IENT-CNR A NaN I mpl’oved Bound[ ] IEIT-CNR

[  — — i o o o o o |

IENT-CNR
[  — — O —  — i)

m RACT: Randomized Algorithms Control Toolbox for
Matlab

m RACT has been developed at IEIIT-CNR and at the
Institute for Control Sciences-RAS, based on a bilateral
international project

= Members of the project
Andrey Tremba (Main Developer and Maintainer)
Giuseppe Calafiore
Fabrizio Dabbene
Elena Gryazina
Boris Polyak (Co-Principal Investigator)
Pavel Shcherbakov
Roberto Tempo (Co-Principal Investigator)
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m The main difference with the previous bound is that the
factor RA CT
2n/e log (2/¢)
isreplaced with
2n/e log 4
[1] T. Alamo, R. Tempo and E.F. Camacho (2007)
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o= =
(r N
¢ RACT | RACT

IEIT-CNR
[  — — i o o o o o |

m Main features

m Define a variety of uncertain objects: scalar, vector and
matrix uncertainties, with different pdfs

m Easy and fast sampling of uncertain objects of amost
any type

m Randomized algorithms for probabilistic performance
verification and probabilistic worst-case performance

m Randomized algorithms for feasibility of uncertain LMIs
using stochastic gradient, elipsoid or cutting plane
methods (Y ALMIP needed)
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IENT-CNR
[  — — O —  — i)

Probabilistic Control of
Mini-UAVSY

[4] L. Lorefice, B. Pralio and R. Tempo (2007)
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0 T Application of RA
IEIIT-CNR IEI\T-CI\IR pp Icatlon O S
e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
m Randomized agorithms have been developed for
various specific applications
. . . m Control of flexible structures
Applications of Randomized B _
Al gorithms m Stability and robustness of high speed networks
m Stability of quantized sampled-data systems
m Brushless DC motors
m Control design of Mini UAV
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= =N Italian National Project
] L i i
— for Fire Prevention

IENT-CNR

f —  E— o B — i i n  w a
m  This activity is supported by the Italian Ministry for
Research within the National Project
Sudy and development of a real-time land control and
monitoring system for fire prevention
m  Five research groups are involved together with a
government agency for fire surveillance and patrol
located in Sicily
m The aerid platform is based on the MicroHawk
configuration, developed at the Aerospace Engineering
Department, Politecnico di Torino, Italy
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=

Tl MHZ1000 Platform - 1

[  — — O —  — i)
m Platform features

- wingspan 3.28 ft (1 m)

- total weight 3.3 1b (1.5 kg)

!
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)

IENT-CNR M H 1000 PI aform = 2

[ f —  E— o B — i i n  w a
m Main on-board equipment
- various sensors and two cameras (color and infrared)
m DC motor
m Remote piloting and autonomous flight
m Flight endurance of about 40 min
= Flight envelope
- min/max velocity: 33 ft/s (10 m/s) — 66 ft/s (17 m/s)
- average velocity: 43 ft/s (14 m/s)
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. - & Bes
I asic on-board Systems
= Flight Envelope (Limits) — Sy
[ I E— — O — — -y il [ ) I I— — O — — o w aj}
) ) . Aerodynamic constraint (red) = minimum flight
Wing loading effect > total weight speed (stall effect) DC motor: Hacker B20-15L (4:1) receiver: Schulze Alphas4ow
B Propulsive constraint (blu) > maximum flight = weight: 589 " weight: 1359
Propeller sizing effect speed = dimensions: @ 20 x 40 mm = dimensions: 52 X 21 X 13 mm
= Kv: 3700 rpmivolt = 8 channels
velocity: 33 ft/s (10 m/s) — 66 ft/s (17 m/s)

controller: Hacker Master Series 18-B-Flight

servo: Graupner C1081 (2x)
= weight: 219

= weight: 139
» dimensions: 33 X 23 X 7 mm

= current drain: 18 A

» dimensions: 23 X 9 X 21 mm
= torque: 12 Nem

battery: Kokam 2000HD (3x)

= weight: 160 g

= dimensions: 79 X 42 X 25 mm
= capacity: 2000 mAh

@ Prototype Manufacturing - 1 GEJ Prototype Manufacturing - 2
[

 — — O —  — i)

) I I— — O — — o w aj}

. working nsruments
_Ilflmg surfaces outline

= =
—a, ——i
v fuselage reference

[oegac ] 5

NATO Lecture Series SCI-195

@ Prototype Manufacturing - 3 GEJ State Space Model
‘ IEIIT-CNR O ooon ‘ IEIT-CNR

| o e o o o
prototype

m State space formulation obtained by linearization of the
full (12 coupled nonlinear ODE) model
X(t) = A(A) x(t) + B(A) u(t)
u(t) =- Kx(t)

where x = [V, o, g, g7 (V flight speed, o angle of
attack, g and @ pitch rate and angle), A uncertainty

m Consider longitudinal plane dynamics stabilization

m Control u isthe symmetrical elevon deflection

easy construction
rapid manufacturing

bad model reproducibility

inaccurate geometry

NATO Lecture Series SCI-195 @RT 2008
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) Uncertainty Description - 1

IENT-CNR
[ I — — —  —  — -

m We consider structured parameter uncertainties affecting
plant and flight conditions, and aerodynamic database

m Uncertainty vector A =[4,,..., gl where g€ [4, §']

m Key point: There is no explicit relation between state
space matrices A and B and uncertainty A

m Thisisdueto the fact that state space system is obtained
through linearization and off-line flight simulator

m The only techniques which could be used in this case are
simulation-based which lead to randomized algorithms

7
.EFCNJR Uncertainty Description - 2

[ f —  E— o B — i i n  w a

= We consider random uncertainty A =[4,,..., Sl T

m The pdf is ether uniform (for plant and flight
conditions) or Gaussian (for aerodynamic database
uncertainties)

m Flight conditions uncertainties need to take into account
large variations on physical parameters

m Uncertainties for aerodynamic data are related to
experimental measurement or round-off errors

[  — — O —  — i)

P —

Standard deviation is experimentally computed from the vel ocity

NATO Lecture Series SCI-195 @RT 2008 143
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(Tl ] = J
-— Plant and Flight Condition Uncertainties = Aerodynamic Database Uncertainties
\ ) s s s s s e 1 \ I I ooan
parameter pdf | & % Py g # parameter | paf g [
flight speed [ft/s] U |4265 (15 |3625 (4905 |1 G G -001215 | 0.00040 8
y C, 1 G 030651 | 0.00500 |9
altitude [ft] u (16404 [+100 |0 32808 |2
Cul] G 002401 |0.00040 |10
mass [Ib] U |331 +10 |298 3.64 3 Cyy lrad] |G -0.20435 0.00650 11
wingspan [ft] U |328 +5 [312 3.44 4 Cpolrad” |G -1.49462 | 0.05000 12
Cp lrad?t] |G 076882 | 0.01000 |13
mean aero chord [ft] U |175 +5 167 1.85 5 -
Cy [rad] |c 017072 |0.00540 |14
wing surface [ft?] u [561 [+10 |[5.06 618 |6 C, [rady |G 141136 |0.02200 |15
-1 -
moment of inertia[lbft?] (U |1.34 +10 |1.21 1.48 7 Gy [radh |G 0.94853 0.01500 16
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= Standard Deviation and Velocity o Critical Parameters and Matrices

[ f —  E— o B — i i n  w a

m We select flight speed (4;) and take off mass (J;) as
critical parameters

m Flight speed is taken as critical parameter to optimize
gain scheduling issues

m Take off mass is a key parameter in mission profile
definition

m We define critical matrices

At AZ A® A* B! BZ B® B!

m They are constructed setting d,, d;to the extreme values

o, 04,65, 6t and dl theremaining 6 areequal to g
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.— Phase 1: Random Gain Synthesis (RGS)

[ e — [ w—  — = n i) |
m Critical parameters are flight speed and take off mass

m Specification property
S, ={K: A, — B.K satisfies the specs below}

0 e[4060]radls  (epe[0.509]
Loy €[0.1,0.3] Awg <+ 45%

Wy €[1.0,1.5] rad/s
Ay < = 20%

where @ and ¢ are undamped natural frequency and
damping ratio of the characteristic modes; & and oy
denote short period and phugoid mode
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=
i
J Volume of the Good Set

[ e — [ w—  — = i n i |
m Define abounding set B of gains K

B={K:ke[k k' i=1,...4}
m Define the volume of the good set
Vol go0q = fA dK

7
L Specs in the Complex Plane

IENT-CNR
[  — E— — — — o

kL R 4
‘ /_Q.‘ »
(,.I—j‘ Y
IE’ENJR Randomized Algorithm 1 (RGS)

[ IC 1 Oooon
= Uniform pdf for controller e
gainsK in given intervals :
m Accuracy and confidence
e€=4-10%and § =3 -10*

= Number of random
samples is computed with

where A = { KeBn Sl} “Log-over-Log” Bound r 1| o |
Vol is simply the volume of the h tangle B obtaning N =200,000 | |
m Vol issimply the volume of the hyperrectangle = Weobtained 5 gains ki | v i
satisfying specification ! | } i
property S, i [peccason 5 foiment |
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= Randomized Algorithm 1 (RGS) o Random Gain Set
[ _ I — — w— — — - -’y n )| [ f —  E— o B — i i n  w a
Given ¢, § € (0,1), RGS returns the set of gains {K%,...,K$}
satisfying S,
1. Compute N using the Log-over-log Bound; ganset | Ky Ky Ky Ko
2. For fixed j=1,2,...,N, generate uniformly the gain random matrix Ki e B; K1 0.00044023 |0.09465000 |0.01577400 |-0.00473510
3. Set C=0;
4. For fixed i=1,2,3,4, compute the closed-loop matrix K2 0.00021450 |0.09581200 |0.01555500 |-0.00323510
AJ(K) = Al - B K
-ifKie S, set C=C+H1; K3 0.00054999 |0.09430800 |0.01548200 |-0.00486340
- otherwise, set C=C;
5 End; K4 0.00010855 |0.09183200 |0.01530000 |-0.00404380
6. If C=4, return the gain Kj;
7. :et dl =j+landreturnto Step 2; K5 0.00039238 |0.09482700 |0.01609300 |-0.00417340
8 En
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(q.l}_’J Phase 2: Random Stability Robustness
\E.\IT-CNR A nal yS S (RSRA)

[  — — O —  — i)
m TakeK,,,q = K obtained in Phase 1

m Randomize A according to the given pdf and take N
random samples Al

m Specification property

S,={A: A(A) —B(A) K,ang Satisfies the specs of S;}

m Computation of the empirical probability of stability Py,

il
— Empirical Probability
\ ) | s s o s s
m Consider fixed gain K4
m Define the probability
Pree=k P(A)dA
whereC ={AeB N S,} and p(A) isthe given pdf
m Then, weintroduce a*“success’ indicator function
1(A)=1ifAleS,
or 1(A)) = 0 otherwise
m Theempirical probability for S,is given by
pN = Ngood/N
where Nyqoq iS equal to the number of successes
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= Randomized Algorithm 2 (RSRA) — Randomized Algorithm 2 (RSRA)
\ ) s o s s s s 1 \ | e e s o Y
m TakeK 4 from Phase 1 o Givene, 5e (0,1), RSRA returns the empirical probability Py
m Accuracy and confidence T [ that S, is satisfied for a gain K,y provided by Algorithm 1
e=5=00145 A _ .
a Number of random - ! — | 1. Compute N using the Chernoff Bound,;

samples is computed with
Chernoff Bound obtaining
N =5,000

= Empirical probability is
defined using an indicator

2. Generate N random vectors Al e B according to the given pdf;
3. For fixed j=1,2,...,N, compute the closed-loop matrix
_ Aq(A)) = AAY) - BANK zng;
-if Ay(A) € Sy, set 1(A) =1,
- otherwise, set 1(A)) = 0;

. 4. End; N
function O R 5. Return the empirical probability Py
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r.?]; J Empirical Probability of Stability /?5‘
iyl for Phase 2 IE’FCNJR Probability Degradation Function
[ e — [ w—  — = n i) | [ f —  E— o I — i i n w a
m Flight condition uncertainties are multiplied by the
amplification factor p > 0 keeping the nominal value
gain set empirical probability constant
Kt 88.56% sdepld, s8] fori=1,2,...,7
K2 vy = No uncertai ntyiarfects the aerpdynamm database, i.e.
=& fori=8,9,...,16
K3 89.31% m For fixed pe[0,1.5] we compute the empirical
KA 93.86% probability for different gain setsK'
m The plot empirical probability vs p is the probability
K® 85.14% degradation function
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((F; . Probability Degradation Function ,;r—:’ )
‘E""E:L for Phase 2 — Root Locus Plot for Phase 2
[ e — [ w—  — = n i) | [ f —  E— o B — i i n  w a
i
{ kL
i .
) Root locus for K2 (left) and K* (right)
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ABSTRACT

This paper discusses a powerful new application of the Quantitative Feedback Theory (QFT) to a class of
problems which are becoming more and more prevalent and may involve fractals or a class of distributed
parameter systems. In Part I the predicament of interest is posed within the context of identification/
classification of network congestion and its relationship to fractal objects. A review of five constituent
disciplines is then conducted to provide the requisite background information. In Part II, the general QFT
problem is briefly reviewed. Finally, in Part Ill, the well-known diffusion problem is analyzed several
different ways to provide a common thread between the Parts I and Il presented. The diffusion problem
involves many similar issues that occur inside the network congestion problem, the fractals concept, and can
also be formulated within a QFT framework.

1.0 INTRODUCTION

Quantitative Feedback Theory is an area of controller design that has wide applicability because of its
simplicity and intuitive nature yet can deal with issues such as robust stability, target tracking, and disturbance
rejection. In this paper, uses of QFT to better understand how to analyze and assess the performance of
complex networks and systems from nature and in other applications will be conducted. In many cases this
may be characterized as distributed parameter systems. The goal is to better comprehend how such schemes
work. For example, it is desired to better quantify how to objectively measure performance, vulnerability, and
other attributes that occur in such intricate network systems. For many of these entities, including those in the
military, a useful measure of performance is the flow of information through such networks. Vulnerability can
then be defined as the sensitivity to flow. The presumption is that a poorly performing network is congested
and the flow is slow. A better performing system would have a higher rate of flow. Since flow performance is
measured in units of bits/second for information systems, the flow rate times time provides the total number of
bits going through the network. This also has analogies to discrete event systems. One can then view the
overall task in terms of the bits or discrete events required to actually complete the mission in minimum time.
Another way to examine this concept is via the expected time to complete the overall mission being calculated
as the ratio of the fixed number of bits divided by the flow rate in bits/second.

Networks are ubiquitous as noted in numerous applications such as electric power grids, financial
systems, railroad tracks, water distribution systems, food and medicine allocation procedures, etc. which are
co-located and complex in nature. Also, information systems, email systems and nature’s way of managing
physiology can be characterized by multifaceted networks. On the other hand, some networks can be very
destructive. For example, a model of a counter improvised explosive device (IED) network exists for a
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successful attack on American forces. The goal for the friendly forces would be, in this case, to take such a
network down or cause it to have a high congestion. Another example of an undesirable distributed system
would be the well-known sexual network involving the spread of disease such as in HIV. In this case the goal
would be to make the flow minimal through the entity resulting in a maximally congested structure. This
paradigm represents the reduction of the spread of disease because the flow is minimal. Figure (1) shows a
possible visual rendering of a network system of interest that may be presented to a decision maker. In areas
where the flow is fast (high bits/sec) it is rendered green. In other areas the flow is slower (yellow) or even
more slower (orange) and perhaps completely congested (red color). It is noted in Figure (1) that the areas of
higher spectral wavelength have more feedback loops and appear more intricate. When looking at a complex
display, this visual rendering adds value to decision makers who immediately need to know, spatially, where
the congestion area may be located.

Outputs

Figure (1) — The Original Network-Centric Distributed System

When controlling complex systems such as in distributed networks, traditional control theory methods
may require some modification. For example, linear feedback theory is mainly concerned with transfer
functions, which are devised as ratios of outputs to inputs of systems, using as a basis a sine wave time
function. The sine wave function has the property that all its derivatives exist and are bounded. Thus the sine
wave is a C* function. On the opposite spectrum of continuity, a C° function termed the Weierstrass function
is introduced herein which has the unique property that it is forever continuous and nowhere differentiable.
Figure (2) shows a comparison between these two extreme basis functions (a C” function versus a C°
function). It is demonstrated later that the C° time function (Weierstrass) is also a fractal object enjoying
certain optimality properties that may be leveraged in good control system design if flow performance is
important. It seems plausible that QFT theory can then be used to analyze objects that may have as a basis
function the Weierstrass-like functions as well as those characterized by sine waves. The next section will
elaborate on the requisite background of these fractal objects and to develop a framework to analyze them
within the context of Quantitative Feedback Theory.
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Figure (2a) — A sine wave — A function of the type C*

Figure (2b) — The Weierstrass function of the type C°

To determine visual renderings such as in Figure (1), it is shown in the sequel that the analysis of network
performance can be related to the intersection of five areas: optimization theory, graph theory, information
theory, fractional calculus, and bioinspired design (fractals). The next section will discuss these five areas,
individually, in more detail in the Part I presentation on fractals and bioinspired design.

2.0 PART I- FRACTALS AND BIOINSPIRED DESIGN

Part I of this paper will examine certain related areas involving fractal objects of nature. To better
understand how different disciplines interact to shed light on the congested network flow problem, Figure (3)
shows the intersection of the five areas of interest that will be discussed, all of which have some relationship
to the problem of understanding performance and vulnerability of complex networks.

To summarize, the five areas to be discussed include (1) Bioinspired or fractals, (2) The Fractional
Calculus, (3) Information Theory, (4) Graph Theory, and (5) Optimization of a network system. An
application from the US military is then worked to show how flow calculations and sensitivity could be
determined in a brute force sense. From such an analysis, a robustness paradigm can be determined. With this
problem numerically solved, a QFT formulation that can deal with the control of these complex networks is
synthesized. The first area to be discussed is termed bioinspired or fractals and raises issues to be addressed in
the remainder of this paper.
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Optimization

Figure (3) — Five Pertinent Areas to Understand Network Analysis
2.1 Bioinspired or Fractals

From Figure (3), the first of the five areas to be discussed involves bioinspired design or fractals.
Fractals are nature’s way of structuring a number of biological entities. Figure (4) portrays some of the better
known fractal visual images. Certain fractals can be shown to have dynamics that satisfy the diffusion
equation. It follows that there exists a fractional differentiable equation to characterize the flow of these types
of systems in nature. To further motivate the approach taken here, Figure (5) shows the optimal diffusion of
oxygen in the human lung or the upward diffusion of water in trees. This begs the question on how trees
transport water from the roots to the branches and, in a similar manner, why the lung diffuses oxygen in a
manner where a fractional dimension comes into play? It can be shown in Figure (5) that the architecture
governing optimal diffusion among the constituent branches satisfies the following relationship:

(d)'=(d2) "+ (dy) (M

where y = 2.5 for oxygen absorption and is not an integer. This was noted over 500 years ago by Leonardo
da Vinci [22]. If y were an integer representation, such as in equation (1), it would be considered a Euclidean
space (y = 1, 2, or 3). However, if y is not an integer, this is termed a non-Euclidean space, which is
characteristic of fractal objects. The term “fractal” is derived from the Latin word “fractus” which means
“broken” or “fractured.” It will be demonstrated that a fractal is scale free (having a self-similar property).
Such entities are also forever continuous and nowhere differentiable. For some other example fractals, they
may have infinite area and finite volume. In other situations, fractals could have an infinite circumference but
finite area. In both cases the higher dimension is finite, but the next lower dimension is not. This has
advantages in nature where the goal, for the example of the lung, is that a finite volume exists for the lung, but
the distribution (or flow) of oxygen is proportional to the area of the lung surface, which is to be maximized.
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Hence, nature selects the fractal architecture for improving flow performance. This provides an optimal
distribution system for the flow variable (oxygen, water, blood, etc.), which is desired. Finally, this viewpoint
provides a non Euclidean geometric method to view the world, which is vastly understudied. It should be
emphasized that fractals are not minimum energy designs. Rather, they maximize flow properties which
motivates their study in complex networks where performance is very much related to flow characteristics.

Figure (4) — Four Classical Fractal Objects as Visual Renderings

Oxygen Diffusion

d;
—/ d,
d;
d,
d2 d Water Diffusion

Figure (5) — The Optimal Distribution Problem from Nature (Bioinspired Design)
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In the study of fractals, originally from B. Mandelbrot [22] the question was raised, “How long is the coastline
of Britain?” When measuring the coastline of Britain by a ruler that constantly decreases in size, the logarithm
of the total coastal length plotted versus the reciprocal of the ruler length shows a straight line on a log-log
plot (similar to the top plot in Figure (6)). This demonstrates the power law or “scale free effect.” The slope of
the line in this log-log plot gives rise to the Hausdorff dimension, which may be a non integer. Two examples
are now worked to show how this fractional dimension occurs which makes the study of such systems non
Euclidian. The first fractal object discussed is the Koch Snowflake which has a fractional dimension of
1.26185... Such a figure is very interesting because it has an infinite circumference and a finite area. In figure
(6), the Hausdorff dimension (Hausdorff-Besicovich) D can be defined via:

(Total Length) = L" 2)

where L is the unit basis length and the (Total Length) is the measurement variable (perimeter for objects in a
two dimensional framework).

Log(total
length)

D = slope = _10g(4)
log(3)
—p
Log(1/g)

Fractal Example 1— The Koch Snowflake D = 1.26185.....

Log(total

length) 4

Log(1/¢)

Fractal Example 2— The Cantor Set, D = 0.63092....

Figure (6) — The Scale Free Effect Demonstrating Self Similarity
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2.1a The Koch Snowflake Fractal

In Figure (7) a description on how to synthesize the Koch snowflake is presented. A line of unity length is
divided into 3 parts. For the middle part, an equilateral triangle is then constructed. The total length of the
object then increases to 4 units or (4/3)" where n is the number of times the operation is repeated. Figure (8)
starts with an equilateral triangle, as a basis, and repeats the operation on each side indefinitely.

Figure (7) — The Preliminary Construction of the Koch Snowflake

Figure (8) portrays various versions of the Koch Snowflake as n—oo starting with an equilateral triangle. By
comparing the total perimeter = (4/3)" as n—>o0 demonstrates that the perimeter is unbounded. What is

AN . L
ri h - i
/ M, Y ¢

\l‘ #a \.".
A J
.\J_,’
FL L
POATNE
7 g 2

& A [

A S A
e b, et
&A LA
Finite

Area

Figure (8) — The Koch Snowflake as n — o

interesting is that the total perimeter is unbounded but the enclosed area of the fractal figure is finite, since the
entire object in Figure (8) is bounded within a circle as indicated, the area still remains finite. Returning to

RTO-EN-SCI-195 5A -7





Quantitative Biofractual Feedback - Part | %?
Overview - Biofractals ORGANIZATION

Figure (6), the top diagram is the log of the total length (perimeter) versus log (1/€), where ¢ is the ruler
length. On a log-log plot, a line of positive slope (Hausdorff dimension of D = 1.26185.. = [log(4)]/[log(3)]) is
greater than one which implies the total perimeter diverges to infinity as n—oo. The second fractal object of
interest will have a vanishingly small perimeter. From the perspective of having a derivative, a tangent to the
limiting diagram in Figure (8) would be forever discontinuous indicating a lack of a derivative.

2.1b The Cantor Set Fractal

The second classical fractal considered is the Cantor set or “Cantor Dust” as noted by Mandelbrot.
This object has a fractional dimension of 0.63092... and has the interesting property that the set of deleted
points have a Lebesgue measure of 1.0 for an initial interval of length unity. The second fractal set introduced
here has a total final length with a Lebesgue measure of 0. Figure (9) shows the Cantor set developed with

I It (I ] I 1l
1 1 1 (1
i I (NI (NI

Figure (9) — The Cantor Set as a Fractal Object

the following simple set of rules: The top line in Figure (9) is presumed to have an original length of unity.
The middle third of this line is then removed. The total length is then (2/3) times the original line. The process
is then repeated with the middle third removed from the lines in the second row in Figure (9). The process is
then repeated on the third row, on the fourth row, etc. The overall length becomes (2/3)" and as n—oo the
overall length — 0. This resulting set is the “Cantor Dust” as described by Mandelbrot. Referring back to
Figure (6), the lower diagram plots the total length versus the reciprocal ruler length (1/¢) on a log-log scale.
On this log-log plot, a line of negative slope (Hausdorff dimension of D = 0.63092.. = [log(2)]/[log(3)]) is less
than one which implies the total perimeter converges to zero as n increases. It is said the deleted points have a
Lebesgue measure of 1.0 and the remaining points (Cantor dust) have a Lebesgue measure of 0. For
completeness, a description of how to measure the fractal length, Hausdorff dimension, and other attributes is
briefly outlined.
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2.1c The Box or Disk Covering Method to Evaluate the Measurement Variable

Fractals also occur in numerous applications in real time data series such as in physiological data, and
it is desired to characterize the Hausdorff dimension by empirical means. Hence, the discussion of fractals
should also include measurement of the elusive perimeter or length through a box or disk covering
methodology. Figure (10) shows how this is accomplished for the Koch snowflake. By inserting disks or
boxes around the fractal object, the total length can be determined by summing the disk lengths.

Figure (10) — The Box/Disk Length Counting Method as Applied to the Koch Snowflake Fractal

To show the further applicability of the material presented up to this point, it should be noted that the
scale free property of visual fractals can be viewed as a visual image is drilled down (magnify a portion of the
image). The magnified image is similar to the original image no matter what degree that portion of the fractal
is increased in size. Thus for the Koch snowflake fractal of Figure (8) as the final fractal is magnified at
higher and higher powers of amplification, the original fractal shape remains the same.

The fractal objects presented so far have been spatial in a sense but they also may represent temporal
data. For time series data, this property is sometimes termed “statistical self similarity”, referring to the real
time domain attributes of the information. For example, for real time data, Leland, et al. [20], in Figure (11) is
a plot of frequency of messages versus time on the Internet in a dynamic sense, as the time scale decreases
logarithmically (for sampling times of AT = 100, 10, 1, 0.1, and 0.01 seconds). Drilling down on any plot
(magnifying by changing the AT by a factor of 1/10) yields a time series with a similar shape, which is very
analogous to the spatial fractals presented previously. In Figure (12) are data from another study on the
Internet, Crovella and Bestavros [6] in which scale free plots were obtained from World Wide Web traffic.
These results also extend to a number of physiological systems. In particular, West et al. [7, 35], when
plotting the individual heartbeat variability versus time, the graph shows this same statistical self similar
property. In Figure (13) from [35], as the magnification of the time series is increased, the same pattern
emerges. The box/disk counting method in Figure (10) is ideal for determining the Hausdorff dimension of
these types of time series data and classifying the type of fractal that is in the data. To determine the Hausdorff

RTO-EN-SCI-195 5A -9





Quantitative Biofractual Feedback - Part |
Overview - Biofractals ORGANIZATION

dimension, for physiological data, the total length of a time series is first determined as in Figure (10). A plot
is then constructed with the log of the regressed total length versus the log of the reciprocal ruler length. The
slope of this line is the empirical derived Hausdorff dimension.

From [6]
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Figure (11) — A Time Series Fractal — Internet Traffic ~ Figure (12) from [6] Showing Scale Free Time Fractals

Heartbeat Intervals

100 200 300 400 500
Interval Number

The time seres of eartbeat inervals of a healhy young adult male i shown. s clear
ion i the time interval between beats is relatively modest, but certainly not negligible.

From [35]

Figure (13) — Physiological Data — Variation of the Time Interval Between Heartbeats
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2.2 The Fractional Calculus

The second important topic to relate the five areas of interest in Part I of this paper is the Fractional
Calculus, Oldman and Spanier [25]. Over 310 years ago, the mathematician L’Hopital asked Leibniz, the
inventor of the notation in equation (3) (y(?) is the output variable and u(?) is the input variable of a physical
system) the following question: “Suppose n were not an integer?”

40 _ ()
dt"
The response by Leibniz indicated that such a notion was possible, may lead to controversy, but also may add
value in new discoveries. Prior and modern work in this area has shown that n may be irrational 7=+v2 or even
complex n=+-1 and have some utility. A brief motivation on why this field has attracted new attention in
modern times is presented next.

2.2a Two Motivations for Modern Studies in the Fractional Calculus

The first motivation for using fractional calculus is related to new research in Materials. In the last 5-
10 years, a typical literature search in the areas of fractional calculus shows hundreds of recent hits in the
Physics and Materials areas. The motivation for this renewed interest in this field, which also has achieved a
high level of rigor, is due to applications in composite materials. In Figure (14) is a picture of a composite
material composed of multi layers of different constituent materials. The Bode plot for a transfer function of
some output to input variable has a slope which of the form s™ where n is clearly not an integer.

10Log4q(Power Gain)

Slope = s(112)

Db a O %

Log of frequency

Figure (14) — Composite Materials and a Bode Plot

When composite materials are constructed, there is no reason why the Bode plot slope should be an integer

RTO-EN-SCI-195 5A-11





Quantitative Biofractual Feedback - Part | %?
Overview - Biofractals ORGANIZATION

power (positive or negative) of the Laplace transform variable s. To capture the real time dynamics of the
response of such materials in the time domain, it will now be required to have fractional differentiation
properties (treating the Laplace transform operator in the sense of a derivative operator).

The second reason why the fractional calculus has achieved a new interest is due to the ability of
fractional derivatives to discern the scale free property already discussed for fractal objects. This property is
presented in equation (4) without proof but will be discussed shortly:

Scale Free Property of a Fractional Derivative:

d'f(bx) _,, d*f(b)
TICT @

9

In equation (4), the fractal parameter is the term “4” and the term “¢” need not be an integer. This
means the fractional derivative is valid over all relative scales and the dynamics remain intact, but only
change by a constant factor. This has analogies to the fractal objects in which by drilling down on visual
objects, the same figure consistently appears. To show this is equivalent to a power law effect, Moffat, [23]
the following definition is noted: “A power law f(x) = x* has the property that the relative change in:

JRY) o (5)
()
is independent of x.” This has the same meaning as equation (4) because the function f{x) lacks a
characteristic scale (this is termed “scale free” or “scale invariant™) since it does not depend on x. This is
illustrated with an example. Substituting (ky) into f(y) = ) yields the following steps:

Sky) _ ()" _ e Y £
S» oy e

Again, from equation (6), since the right hand side does not depend on x or y, this shows the lack of
characteristic scale and demonstrates that power law functions have independence from the x or y scale
which has been illustrated for the fractal objects previously considered. It is now appropriate at this point in
time to introduce the Weierstrass function.

(6)

2.2b —The Weierstrass Function — A Fractal Time Series — Forever Continuous -Nowhere Differentiable

So far fractal objects have been identified in a spatial and temporal sense in terms of visualizations.
Fractal objects also satisfy fractional differential equations. As noted previously, the fractal objects have the
attribute that they may be forever continuous and nowhere differentiable. It is appropriate to now introduce
the fundamental basis functions for fractals, which has analogies to the sine wave for Euclidean dimensional
systems, but has applicability to non Euclidean systems. As originally synthesized by K. Weierstrass in 1872
and presented to the German Academy of Science, equation (7) describes the first version of the Weierstrass
function which was proclaimed to be forever continuous but never differentiable at any point.

f(x)= ia” cos(b" 7x) 7

where 0 <a <1, b is a positive integer and ab > 1 + (3/2)n (the original and conservative conditions specified
by Weierstrass). The existence of a function that was forever continuous but nowhere differentiable provided
a culture shock to the mathematicians at that time, where it was presumed that such a function could never be
constructed. Figure (15) shows a plot of a typical Weierstrass function and the same scale free properties
appear, as with fractals. This is seen as magnification, of any portion of the curve, reveals the original curve
all over again at any level of amplification.
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1

.

Figure (15) — The Weierstrass Function — A Scale-free Time Series

It is important to explain the modus operandi of how K. Weierstrass originally synthesized this function and
how it can be used in future applications involving the analysis of systems that have a scale-free property. To
understand how a function can be synthesized which is forever continuous but never differentiable, consider
the power series representations in equation (8):

= 1
DX =——=ltx+xx o (8)
n=0 l_x

It is obvious that the series converges if and only if |x| < 1. This can be viewed within the framework of a
radius of convergence in Figure (16). Thus x could be positive, negative or even a complex number and the
series in equation (8) will converge if the magnitude of x lies within the unit circle in Figure (16). What
Weierstrass did to the function f{x) in equation (7) was to takes its derivative as follows:

f'(x) — Z_a”b”(ﬂ)sin(bnﬂX) ©)

Since the constant factor © can be taken outside the summation in equation (9), requiring |a|<1 can be shown
to guarantee convergence of f(x) in equation (7), but specifying the product terms |a b| > 1 in equation (9) puts
each term outside the radius of convergence of the power series for f’(x). Thus f(x) is well defined but /(x)
will always diverge. Hence a function has been created which is forever continuous (since f(x) is only
composed of C” functions of the sine and cosine nature) but /’(x) can never be finite because the series in
equation (9) will always diverge. What is most interesting is that the fundamental Weierstrass function in
equation (7) starts with C* functions (cosine wave) but ends up with a C’time series. A brief description of the
fractional calculus methods is presented next with its relationship to the prior work.
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Convergence IFF | x| <1

Figure (16) — Radius of Convergence for a Power Series

2.2¢ — A Brief Introduction to the Fractional Calculus

Since brevity must be the style here, only the salient points with regard to Fractional Calculus are
presented with limited rigor. The first step is to define the Gamma function which permits the definition of the
factorial function to be generalized to non integers:

Step 1: Define the Gamma Function: I'(z)= I e u”du, (10)
0

Thus it can be shown that: ra=1 (11)

By integration of parts, it then follows: [(z+1) =zI(2), (12)

The key relationship between a factorial function and the Gamma function now results:

I'(z+1)=2z, (13)
But z does not have to be an integer in equation (10), for example let z = 2 resulting in the following:

r(%) =z (14)

Thus a methodology now exists (via equation (13)) to express factorials of fractional quantities. The second
step is to consider fractional derivatives of powers of x”, for example, where m is an integer:
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Step 2: Develop Fractional Derivatives for x™:

d m m—1
Starti ith: —X =mx 15
arting wi It (15)
If fwere an integer, it would follow that: a’r m! n—pp
T _ |x (16)
dx (m—p)!

To generalize this to the case that #may not be an integer would imply from equation (13):
d? .,  T(m+1) .
ey Tl (a”
dx I(m—-pF+1)

This is a valid definition for £ not an integer, e.g. the following fractional derivative can be easily obtained:

1
2 1 1
d* ,_ Ta+h) 2 4 )

L 1
dx? ra-—-+1 V7
2
Now suppose a function f;(x) is represented in a power series in x”, i.e.
q
ﬁ(x)zZan +b,x" (19)

n=0

Then the fractional derivatives of f;(x) can be calculated (term by term) using equation (17) and the series has
well defined terms. If g—c0 in equation (19), the series would converge if the terms «, and b, fall within the
radius of convergence as specified in Figure (16). The next step is to generalize this concept to functions that
are related to .

Step 3: Develop Fractional Derivatives for e*:

Following the discussion in equations (15-17), define the derivative operator D" as follows:

d v
D’ = (20)
dx”
Then for ¢“, the following relationship exists if v is an integer or non integer.
d 4
Dveax — eax — aVeClX (21)
dx’

Now suppose a function f3(x) can be represented as a power series in ¢ as follows:

£ = a, +he 22)
n=0

It then follows that the function f5(x) can be differentiated term by term using the relationship in equation (21).
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As before, if g—>c0 in equation (22), the series would converge if the terms a,, b, and ¢, fall within the region
of convergence as specified in Figure (16). Finally these methods can be even further generalized to include
all possible trigonometric functions.

Step 4: Develop Fractional Derivatives for ei—‘gg

Using the well-known Euler relationship (i is a complex number):

e’ = cos(6) +isin(0) (23)
And the inverse relationships between the trigonometric functions, e.g.:
0, -io
e’ +e
cos(6) = — (24)

Then for any series f3(x) that can be represented by a Fourier series description such as:
a I .
fi(x)= 70 + Y a, cos(nx) + b, sin(nx) (25)
n=0

Using the relationships in equations (21, 24-25) has a well defined fractional derivative. Again if g—>o in
equation (25), the series would converge under appropriate conditions.

Finally it is noted that since f;(x), f>(x), and f3(x) represent most common functions, the fractional derivatives
have wide applicability. Incidentally, for the Weierstrass function (defined in equation (7)), the fractional
derivatives could also be calculated within an infinite series framework using equation (7). This is a strange
situation where the Weierstrass function cannot have a derivative but the fractional derivatives may have an
analytical representation in terms of an infinite series, but the well defined series would have a divergence
problem.

It should also be noted that the fractional calculus now has a rigorous approach to optimization as
presented in [1,2]. The next area to be discussed is related to information theory.

2.3 Information Theory

The next topic (area 3 from Figure (3)) considered involves information-theoretic methods. This has
value in the study of flows in complex networks because there is a simple framework between network
structures and developing the information flow quantities [28, 29, 31, 34]. From its early history, in 1948, C.
Shannon [33] developed a theory of how information can be computed between sources and received signals.
Figure (17) represents how the information channels are modelled for the network science problem considered
in this paper. One particular variable of interest is the mutual information variable ({/(x;y) in Figure (17)),
which is defined as the reduction in uncertainty in an input object by observing an output object. Mutual
information is interesting because it provides a flow rate (bits/second) which is also amenable to the study of
performance in graphs and networks. Another important variable that also provides performance evaluation is
the relative information distance variable Dy. These variables are defined as follows:

H(x) = The input uncertainty to the channel (26)
H(y) = The output uncertainty of the channel. 27
H(x/y) = Equivocation lost to the environment. (28)
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(29)

H(y/x) = Spurious uncertainty from the environment
(30)

I(x;y) = Mutual information transmitted

H(x 7 y) = Lost
Information =
Equivocation

H) = H(y) =
Input Output
Int " [(x;y)= Mutual _
nformation Information . Informaion

H(y/x) = Noise or

Spurious Information

Figure (17) — The Classic Information Channel and Constituent Quantities

More specifically, the details of equations (26-30) can be better described by letting p(.) represent the
probability of an event. For an information channel with input symbol set x ¢ X, of size n, and received
symbols y € Y at the output set of size ¢ (¢ may not equal »), the following entropy (# (.)) relationships can be

defined:

HE) = gp(x,-nogz(l/p(x,-)) G1)
Hy) - gp(yjnogz(l/p(y,-)) (32)
ey = p(y)log,(/ px.y,) (3)
Hew) = 3 p()log, (1 p(x,13,) 64)
and How = S p,y)log, (1 p(y, %) (35)

l’]
It can then be shown to be true (Cover & Thomas [5]) that:
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Ix:y) = HE) + H(y) - H(x.y) (36)
where the mutual information /(x,y) satisfies (which is appropriate as a flow variable in networks):
I(x;y) 20 (37)
Finally, another key variable that is useful is the relative information distance Dy defined as follows:
Dr= H(x/y)+H(y/x) = H(x) + H(y)— 21(x,y) (38)
where Dy also has a similar property, as in equation (37):
Dr >0 (39)

There are special properties and advantages that variable Dy provides over I(x,y) which are known in the
literature [5] and restated here without proof:

Property 1: Dy satisfies the requisite properties of a metric; however /(x;y) is only a positive measure.
Please see [30] for a counter example where /(x,y) fails as a metric.

Property 2: The relative information distance metric Dy, is the complement of /(x,y),(cf. [31]) i.e.

Dyp(x;9)=1(x;y) or I(x;y)=Dg(x;y) (40)

The utility of using information theory constructs to evaluate performance in complex networks can be
summarized by the following four salient points:

(P-1) The Units of I(x;y) or Dg(x;v):

The units of I(x;y) and Dg(x,y) are both bits/second. Using /(x,y), the total bits would be the product term
(I(x;y) *AT) where AT is the task completion time. Thus to complete the total bits through a system, it would
take, on average, AT seconds as a measure of task performance. This definition can also be applied to Dy, but
it is not as lucid.

(P-2) Minimum Time Corresponds to Maximum I(x:;v) and Vice Versa:
From the previous point, the critical time to complete a task can now be written:
T— Bits 1)
1(x;y)
Thus if /(x,y) is maximized, and the bits are fixed, then the critical time is minimized. Thus a minimum time
scenario could be characterized as a maximization of the mutual information /(x,y) flow rate. Also from
equation (41), to maximize the time to complete a task, then the goal would be to minimize /(x,y).

(P-3) The Analogy to Discrete Event Systems
If the completion of the mission requires a number of discrete event tasks to be accomplished, then equation
(41) may be modelled via:
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T Total Task Events
I1(x;y)

(42)

If bits and events can be related, /(x,;y) may be interpreted as having units of events/second and from equation
(42), the maximization of /(x;y) will provide optimal minimum time performance. The minimization of /(x,y)
will provide worst case maximum time performance, which may be the desired outcome for a hostile network.

(P-4) Optimal Flow Performance and an Attack Paradigm to Congest a Network

From equation (42) and the prior discussion on adversarial networks, the strategy that produces the minimal
I(x;y) provides a paradigm and strategy to attack a network or reduce its efficacy. One can view the nodes,
such as in Figure (1) as control variables to be manipulated to adjust the overall flow vector (set of network
flows) that will adjust the overall mutual information flowing through the network.

The fourth area of interest from Figure (3) refers to Graph theory, which is pertinent to better
understand the architecture of networks which has a considerable influence on performance, vulnerability, and
constraints in complex distributed systems.

2.4 Graph Theory

Graph theory is fourth area of discussion from Figure (3) which relates to the characteristics of the
architecture of complex systems. The distinction is first made here between a random graph and a scale free
graph. Many modern graphs tend to have an architecture similar to scale free graphs (“the rich get richer
philosophy”) and they are compared here to the random graph architecture. Of course, other types of graph
structures exist but they are not elaborated on in this paper.

2.4a — The Architecture of a Random Graph

A random graph or Erdos-Rényi graph [18] can be constructed by having approximately the same
number of links between the nodes. A simple example is the land highway system in the USA where the
major cities have about the same number of links (major highways) between each major city (left plot in
Figure (18) from [18]). In Figure (18) the term random graph means that the distribution of the number of
links (x axis) follows a normal curve with the mean of the density as the most common number of links
between nodes. This framework is sometimes called a thin tail distribution.

2.4b — The Architecture of a Scale-free Graph

A scale free graph means that a power law relationship would exist for the same plot as in Figure (18)
for the random graph (number of nodes with k links versus number of links). This is typical of the airline
routes, as displayed in Figure (18) on the right most plot. In this case there are many nodes with a small
amount of connections and a few key nodes with many connections, which is typical of airline routes with
central hubs. There are many common networks that are considered to have a scale-free architecture such as
the Internet as displayed in Figure (19). In this instance, as new links are added, the most highly connected
nodes more likely gain additional links, which is the “rich get richer” concept. This framework is sometimes
called a fat tail distribution because on a linear plot such as Figure (18) on the right, the tail is much higher to
the right as compared to the random graph case. Figure (20) shows additional evidence of the scale free
property of the Internet, Faloutsos, Faloutsos, and Faloutsos [10]. A short discussion on different types of
vulnerability of the various graphs is pertinent.
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2.4b.1 Vulnerability Aspects of the Different Graph Structures

Vulnerability has different interpretations with respect to the two types of graphs previously
discussed, which is also dependent on the type of network attack. For example, for a random graph, it is less
vulnerable to a focused attack on any one node in comparison to a scale—free graph. For the scale free graph,
however, the focused attack is much more effective if it is directed against a highly connected node. If the

Random Scale Free

Bell Curve Power Law Distribution

Very many nodes
‘Most nodes have with only a few links

the same number of links

A few hubs with

highl
No highly large number of links

connected nodes

Number of nodes with % links
Number of nodes with & links

Figure (19) — The Internet — A Scale-free Graph
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1 10 100

Figure (20) — Evidence of the Internet being Scale-free in Structure

type of attack is random (a node is selected at random), then the scale-free graph is less vulnerable. This is
because, on the average, the nodes with the fewest connections, will more frequently be attacked (there are
many more of these nodes), which has a reduced effect. For the random graph and the random attack, all
nodes are equally probable of being compromised and the overall effect on the network’s performance will be
about the same. A short discussion on the constraint relationships that may arise for the flows through a
network also arise from graph theory constructs and the architecture employed.

2.4c.1 Constraint Relationships That Exist in Graph Theory

Figure (21) displays the concept of a “cut set” that occurs in Graph Theory. The cut set is used in

% Currents = 0 into a node.

Figure (21) — Kirchoff’s Law in Circuits and Networks
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electrical circuit theory and the top diagram shows the analogy to the Kirchoff’s current laws in which the
sum of currents into a node must sum to zero. It is a statement that flows cannot be created or destroyed and
they must be accounted for. A cut set is a closed curve. All flows that enter a cut set must leave the cut set
unless a source or sink of flows resides inside the cut set. If a source or sink falls within a cut set, then the sum
of the flows is adjusted, accordingly, to include the values of the source or sink.

The fifth and last topic mentioned in Part I discusses an example of a network which could be worked
via a brute force computational method. It demonstrates the ability to identify sensitivity and performance
using a computationally intelligent method.

2.5 Optimization of a Network System

An example is now worked regarding a well-known air-logistics network in US Air Force
applications. The problem is formulated in terms of graph theoretic means with the unknown vector of flows
to be determined. This is equivalent to using the nodes to manipulate the flows and this begs the question of
what set of flows maximizes the overall network performance and also what other set of flows may minimize
the overall network’s performance? Using principals from Graph Theory, such as Kirchoff’s Law, a set of
constraints is determined from the cut set laws (application of Kirchoff’s Law). A sensitivity function is
defined in the sequel as the rate of change of cut set flow to the total network’s mutual information flow.
Using genetic algorithms in a computational performance study, the flow vectors are then determined which
maximize and minimize the overall total network’s mutual information flow. The sensitivity function is then
easily calculated for any nodes or sets of nodes through the cut set. The sensitivity of the different nodes is
determined and examined.

First, a description of an air logistics system is presented, Lyons, Repperger, and Seyba, et al. [21,
31, 32]. The flow performance optimization is conducted on an air logistics model by utilizing genetic
algorithms [26,27].

2.5a — The Air Logistics System

The air logistics system considered in this paper represents all the tasks required to refresh an aircraft
after it has landed. This includes removing the passengers and cargo, cleaning the aircraft, uploading new
cargo and passengers in the proper sequence. The five key players in Figure (22) are the ATOF (the overall
coordinator), the PS (passenger services), the CS (cargo services), FS (fleet services), and RS (ramp services).
Each of these players has key roles that have to occur in a proper time sequence. The goal of this optimization
study is to determine the optimum communications between the key players. The flow arrows are the
communications. In Figure (22) is the architecture of the minimum possible communications scenario where
the ATOF only talks back and forth individually with each of the other four players. The goal is to find the
optimum amount of communications. Too little or too much communications may not be appropriate. In
Figure (23) is the opposite extreme where all players could talk with each other, whether or not it is necessary.
The first step is to define the initial architecture between the two extremes of Figure (22) and Figure (23).

2.5b — The Architecture Issue

The first step is to define a reasonable architecture (number of flow arrows to be obtained) with too
few links (Figure (22)) and, perhaps, too many links (Figure (23)) which are to be optimized for overall
network performance. Links refer to communications between nodes. Studies were run with human subjects
(Lyons [21] , Repperger, et al. [30, 31], Seyba, et al. [32],) to determine the initial architecture. Figure (24) is
the finally selected architecture which seemed to evolve from the study with human subjects indicating that
certain types of communications were very pertinent, yet other types of communication were probably not
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necessary. There are now 15 unknown flows [f}, f5, ..., fi5] in Figure (24) that need to be determined. It is
noted that the vector f, represents an exogenous input/output flow of aircraft through the network and acts

like a forcing function. For example five aircraft could arrive every hour, so f; would be the input and output
of the network in terms of £, = 5 aircraft/hour.

Case 2 — Full Spam
Communications

Case 1-Only
Communications
Through the ATOF

(Air Teminal
Operations Flight

.
Figure (22) — The Air Logistics Figure (23) — The Air Logistics System
System — Minimum Communications Maximum Communications

fie

fis e

Figure (24) — The Air Logistics System — The Final Architecture Selected

2.5¢ — Formulating the Optimization Problem — Find the Flow Vector

In Figure (24), the 15 flows [f},..,f;5] need to be determined. From the architecture selected in Figure
(24), certain architecture constraints must exist on these 15 flows. Using Kirchoff’s Law with a cut set around
each of the five nodes, the following constraint equations result:
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ATOF: fi+ fatfitfot+fs = fi+tfitfs+fr + 1 (43)
PS: Jutfi = fotfotfi2 (44)
RS: fis+ frtfot fi3 = fiotfs (45)
FS: Jotfiztfs = fut fistfat i (46)
CS: fitfi = fistfs (47)

The optimization problem can now be formulated as follows:

Given that the flow f, is fixed and constant, find the optimal flow vector [f;, f5 ..., fi5] that satisfies the
constraints in equations (43-47) and optimizes a cost function based on the mutual information through the
overall network of Figure (24). The two optimization problems are specified for the cost function J;:

Ji = I(x,y) of the network in Figure (24) for f, fixed (48)

Optimization Problem 1: Find the optimal vector [fia, fou ..., fi5.] t0 maximize J; subject to the constraint
equations (43-47) and a fixed f..

Optimization Problem 2: Find the optimal vector [f;s, fo....,f155] t0 minimize J; subject to the constraint
equations (43-47) and a fixed f,.

A computational approach will be employed to obtain the solutions to the two optimization problems posed
above.

2.5¢ — Formulating the Genetic Algorithm (GA) Approach to Find the Optimal Flow Vectors

The formulation of the GA problem consists of 3 steps:

Step 1: Generation of the Chromosome

From Figure (24) , there are 15 possible flows to be optimized. However, from equations (43-47), there are 5

constraints (4 of which are independent). The remaining 11 flows represent the set of flows that needs to be
determined.

Step 2: The Fitness Function:
From equation (48), the calculated overall network’s mutual information (/(x,;y)) is the fitness function,
determined from the network in Figure (24) subjected to the five constraint equations (43-47).

Step 3: Initial Conditions on the Flow Variables

In the initiation of the optimization procedure, an admissible set of flow parameters is required. After some
work, the following initial conditions on the flow variables were selected, which satisfy the constraints in
equations (43-47): f1=3, =1, =2, f1=2, fs=2, fs=4, /=3, fs=3,f0 =1, fio=3, fu=1, f12=2, fi3
:1,ﬁ4 :3,ﬁ5 =1.

Some other issues in this computational study involve the construction of the chromosomes to identify
each flow f;. Since there are 11 unknown flows, the granularity of the flow variable will be determined by the
number of bits in each chromosome. Since the maximum flow could be as much as 7 units, as seen in the
initial conditions set, a 3 bit word (presuming integers for flow variables /; < 7 was assumed). Figure (25)
displays a class of possible chromosomes for the 11 independent flow variables that must be determined.
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j=1, ..., 11 free chromosomes

3 bit word for each chromosome.

011
200 1

=110 1

Figure (25) — Construction of the Chromosomes for each flow.

2.5.c.1 Computational Complexity of the Simulation

From Figure (25), each flow can take on up to eight possible values (2°). Since there are 11 unknown
flows, the total number of possible combinations is 8'' which is prohibitive to determine in a computational
sense. Thus a combinatorial nightmare is quickly discovered (NP-complete problem) beyond the capability of
most practical computers. Hence genetic algorithms were selected to address this problem.

2.5.¢.2 Criteria for the Fitness Pool

A pool of 20 chromosomes of the optimum J; values is developed. This is termed the “elite pool.”
Two types of optimum J; values are determined (largest /(x,y) or lowest /(x,;y)) on two different computer
simulations. New individual chromosomes are created from the elite pool by using the standard GA operations
of crossover (to preserve good qualities) and mutation (to include diversity). The ratio of mutation to
crossover operation was 1/6, which is a little higher than the typical standard in the literature.

2.5.c.3 Convergence Criteria and Computation Time

The “elite pool” is initially filled up with 20 identical flows based on the admissible initial conditions.
As new chromosomes are created, the fitness function value is calculated. The 20 individuals in the elite pool
are then rank ordered in terms of fitness. If the new chromosome has a level of fitness better than the least
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optimal member of the elite pool, the new chromosome replaces the former member of the elite pool. This
process is continued until either the elite pool converges to the same flow values or if a fixed number of
iterations are reached (e.g. 10,000 iterations). The most fit members (with the optimal J; values) are
considered as the final members of the pool and represent the optimum solution for that amount of
computational effort. Two separate computer simulations were conducted to see the difference in the
optimum solutions of minimum or maximum flow rate (minimum or maximum /(x,y)) values.

2.5.c.4 — Results and Discussion

Figures (26) and (27) portray a statistic related to the mutual information (/(x,;y)) versus entry number
into the elite pool for the case of maximization and minimization of mutual information. From an efficiency
point of view, it took 168 hours of computation time on a personal computer for each plot, thus this is a brute
force approach. The ratio of best to worst case mutual information flow shows over a 400% difference in
overall network performance.

49,320 runs, saving

45,883 runs, saving

235 in the fitness pool. 113 in the fitness pool.

L L L L
0 50 100 150 200 250

Figure (26) — Maximization of J, the Figure (27) — Minimization of J;, the
Mutual Information of equation (48). Mutual Information of equation (48)

2.5.c.5 — The Vulnerability/Sensitivity Definition

The last remaining portion of this study is to develop a measure of vulnerability/sensitivity of a
network. It was seen in the prior section that over a 400% change in network performance can be achieved by
modulating the flow vector [f;,..., fis]. To derive a measure of sensitivity of performance of a network,
consider an arbitrary cut set around some nodes in a network as depicted in Figure (28):

Kirchhoff's Law and Cut sets
Maximum MI Flow Minimal MI Flow

——_——— o
s -~ s
N N

— — _./ S
] Network \ ] Network ¥
— — \ ]
L — P
- ~ - -

- - -

Cut set: flows in = flows out Cut set: flows in = flows out
=1 unit

Figure (28) — A Framework for Defining Network Sensitivity/Vulnerability
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In Figure (28), the cut set on the left indicates a set of nodes that are evaluated when the overall network has a
maximum level of mutual information flow /(x,y). For the network on the left, let 7; represent the cut set flow
(sum of the flows into and out of that particular cut set) and ¥, represent the total mutual information flow in
the overall network (W;=I;(x,y)). For the same physical cut set on the right, when the overall mutual
information /5(x,y) is minimized, let 7, be the new cut set flow and W, the new level of mutual information. If
definitions are made of the form:

AT = T]'Tz (49)
and AW =W,—W, =1L(xy)— L(xy) (50)
Then an appropriate definition of sensitivity/vulnerability is provided by Sy’ defined as follows:
AT
.7 OoTW
s, =lim-L =22 51
w

For the following reasons:

(1) AW is never zero using the genetic algorithm procedure in which the optimization is not complete
until two different levels of mutual information are obtained.

(2) From Figure (28), if a cut set of nodes has low sensitivity (near zero in magnitude) between the
extreme conditions of maximum and minimum overall mutual information flow, these nodes cannot
be important in the causality of the network. Conversely, if the cut set of nodes has a large change in
cut set flow between the maximum and minimum mutual information flow conditions, then these
candidate nodes are more causal and the presumption is that they directly affect the vulnerability.

2.5.¢c.6 — The Vulnerability/Sensitivity Results

Using the definition of sensitivity/vulnerability in equation (51), the absolute value of Sy’ from
equation (51) was calculated for 10 optimizations of the network in Figure (24). A cut set around the most
connected node (ATOF) was evaluated versus a lesser connected node (PS). The hypothesis, as usually occurs
in graph theory investigations, is that the more highly connected node (ATOF) is probably more vulnerable
than a lesser connected node (PS). This is also consistent with the discussion on vulnerability with respect to
scale free networks. Figure (29), [31], shows the results of this simulation. It demonstrates that in using this
sensitivity measure the consistent result that more intricate nodes are probably more vulnerable or sensitive.

This concludes the Part I work with respect to bioinspired design and fractals. Next , QFT is discussed.

3.0 REVIEW OF THE QUANTITATIVE FEEDBACK THEORY

As an introduction to Part 2 of this paper, the history of the birth of QFT (quantitative feedback
theory) is brought to light. Starting with the work in the early 1960’s, I. Horowitz developed seminal works
originating from the 1970’s to introduce the QFT method [13, 14, 15] . It has been now applied in the areas of
flight control, power systems, unmanned air vehicles, and in numerous other applications Houpis, et al.
[16,17 ]. A review of work from modern data bases indicated a wide range of important applications [3, 4, 8,
9,11, 12,19, 24, 36, 37]. The basics of how QFT is applied are discussed to convert the problem of sensitivity
of plant variations and robust control to a method amenable to the classical control area will first be presented.
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Figure (29) — Results of the 5 Sensitivity Simulations

3.1 Some Basics of QFT

Figure (30) shows the basic three-degree-of freedom QFT design problem. The controller is C(s)

Figure (30) — The QFT Design Problem Formulation

which needs to be determined, the plant P(s) is specified, the input is R(s) with output Y(s), and the input
disturbances D; and D, affect the tracking error performance. The three requirements for QFT design are
robust stability, reference tracking and disturbance rejection, which are quantified in control theory terms.
To specify these requirements more concisely, from Figure (30) define the loop gain L(s) as follows:
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L(s)=C(s) P(s) (52)
Then the closed loop transfer function (no disturbances) between the output Y(s) and R(s) is specified via:
Y(s) _T(s) = F(s)L(s) _ Output (53)
R(s) 1+ L(s) Input

From classical control theory (Houpis, et al. [17]), the sensitivity of the closed loop transfer function 7(s) to
the plant variations P(s) can be specified via:

or
_r __1
SO=3 =T L) (54)
P

Then the three main requirements of QFT can be specified via:
(1) Robust Stability: (closed loop Robust Stability):

L(s)
1+ L(s)

=7 (55)

This provides a constraint on the peak magnitude of the closed loop frequency response.

(2) Reference Tracking: Let T and Ty be the lower and upper transfer function, then the requirement is
that:

ITL(o) < T} @) | < Tu(o)| (56)

(3) Disturbance Rejection: For closed loop tracking error, a weighting function W(jw) is selected such
that:

I
1+ L(jo)| W(jo)

(57)

It is noted that the three conditions above refer to a special class of plants P ¢ {P;}. For the two types of
disturbances in Figure (30) (the plant input disturbance D; and the plant output disturbance D,), they are
specified via the following two transfer functions:

The transfer function between the plant input disturbance D; and Y which is provided via:

_Y(jo) _ P(e) (58)
D(jo) 1+L(jo)

di

and the transfer function between the plant output disturbance D, and Y is given by:
_Y(o) 1

_ - (59)
D,(jo) 1+L(jw)

do

Then the two disturbance rejection conditions can be specified via:
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| Tdi |S Bdi (6())
| T,, 1< By, (61)

where By and By, are frequency dependent functions that can be specified apriori.

This brief description of the QFT is sufficient at this point in time. The methodology will be applied
to a diffusion problem when placed within the context of a closed loop control system problem. It is helpful to
review the history of the heat equation.

4.0 THE COMMON PROBLEM TO BE STUDIED — THE DIFFUSION EQUATION

Figure (31) displays a version of the classical heat equation. Let u(x,#) represent the temperature

W/\

L

u(x,0) = f(x)

u0)=0 §ff fff f f fu(Ll:D X

X=0 XL

Figure (31) — A Classical Heat or Diffusion Problem

distribution in a cylindrical bar of finite length L oriented along the x-axis and perfectly insulated
laterally. The assumption is that the heat flow is only in the x direction. The temperature u(x,?) satisfies:

o’u(x,1) _ L ou(x,t)

o’ ot (62)
with initial condition: u(x,0) = f{x) (63)
and boundary conditions: u(0,t) =0 =u(L,t) vt>0 (64)
where a of equation (62) satisfies: a’ = % (65)

and the thermal conductivity is , c is the specific heat with ¢ as the linear density (mass/ unit length).

Before formulating the QFT problem, it is instructive to review the solution of equation (62) by three
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different approaches.
4.1a Solution of the Diffusion Equation via the Fourier Method
The first solution follows the separation of variable approach, as introduced by J. Fourier.
Assume: u(x,t)=Xx)T () (66)

where X(x) and 7(?) are assumed to be separate functions, which have to be determined.
Substituting equation (66) into equation (62) yields:

@’ X(N)T(1)=T(0)X" (x) (67)
Which implies: azT(t) = X(x) = constant=- A (68)
I(ry X(x)

This must be a constant since it cannot depend on either ¢ or x.

Hence: T(t)=—(A/a*)T(¢) (69)
Which implies: T(t)=Ae” ™ (70)
and: X' (x) = —AX (x) (7
Thus: X(x)=8B sin(\/zx) +C cos(ﬁx) (72)
But from the boundary condition: u(0t)=0=C=0 (73)
From the second boundary condition: u(L,t) =0Vt = \/_ = % (74)
Hence each u;(x,?) satisfies: u(x,0)=T, ()X, (x) (75)
and u(x,?) is the result of the summation of the u;(x,?) terms.  u(x,t) = Zui (x,1) (76)
= _onme, 0
Which implies: u(x,1) = Z;Dn (sin(==) e ) (77)
2 f nm
The Fourier coefficient D, satisfies: Dn= ZJ- f(x) sin[T)dx (78)
0

And the infinite series in equation (77) can be shown to converge under appropriate conditions.
The second approach to solve the heat equation will be through Laplace transforms.

4.1b Solution of the Diffusion Equation via the Laplace Transform Method

A slightly modified example will be considered. Let the temperature variable u(x,y) satisfy:
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O’u(x,t) _ ou(x,r) (79)
ox’ ot
with initial conditions. u(x,0) = f(x) (80)
The boundary conditions are replaced by: u(x,t) bounded for >0, and - 0 <x < . (81)
Recall, the Laplace Transform of a function g(?) is specified via: G(s) = L[g(¢)] = j g(t)e™dt (82)
0
which is permitted under the following conditions: e gt)KM <o (83)

For this distributed system, the following definition is then appropriate for the Laplace transform of u(x,?):

o0

U(x,s)= Ie"su(x, t)dt (84)
0
Laplace transforming the time derivative term in equation (79) yields:
ojze_’s Z—L;dt =sU(x,s)—u(x,0) = s Uxs)-f(x) (85)
0
using the initial condition f{x) from equation (80). If the spatial terms Z—Z and ZTZL; are bounded and

continuous, it then follows that: . o 22U
e —dLZl t=—
ox ox (86)

S

The Laplace transform operator is then applied to the entire equation (79) resulting in:

o*U
Ox>

L{@_u_@} =sU(x,s)— f(x)—

Now treating f{x) as a forcing function, equation (87) can be solved as an equation in x as follows:

1 +00 7[ -
U(x,5)=—= [ e " f(y)dy (88)
2s L
To find u(x,t), it is now required to obtain the inverse Laplace transform of equation (88):

u(x,t) =L Ux,s) ] (89)

1 i = s[x=y|
or: uGry) = L7 m_f: Yt (y)dy} (90)

This can be accomplished by integration in the complex plane [25] which can be obtained as follows:

u(x,t) = ﬁ je—(x—y)z/mf(y)dy 1)
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A third way to look at the solution of the heat equation is through a fractional calculus framework.

4.1c¢ Solution of the Diffusion Equation via the Fractional Calculus Method

The methods of the Heaviside Operational Calculus can be outlined in the following. Starting with the
i i fthe h ion:
appropriate version of the heat equation %y (x.1) _ ou(x, 1)

(92)
ox’ ot
With initial condition: u(x,0) =f{x) 93)
and boundary conditions: u(0,t) =0 =u(L,t) (94)
If the time derivative in (92) is replaced by the derivative operator: P =§ (95)
t

And treating p as a constant yields one of two possible ways to solve the resulting equation in the space
variable x:

8214 2
ﬁ =a pu (96)
Solving (96) in terms of x yields: u(x,t)y=Ae ™ " Be®' 97)

But B must equal zero from the boundary conditions in equation (94) resulting in:
u,(x,t) = e_”x”]/zuo (98)

Again using an infinite series, u(x,z) can be expressed:

0 _ax n
u(x,t)=u,+ Z ( n') p""u, (99)
n=l1 .

And the positive, integer, powers in (99) can be replaced by the exponent term e“. The fractional powers
describe an infinite series fractional differential equation. The solution of (99) can be shown to converge to:

21
u(x,t) =u, 24 J-e_ézdf

NEXS (100)

Alternatively, equation (96) could be solved for u(x,?) directly in terms of p having square root terms which
provides a different means of characterizing the diffusion equation within the context of a fractional
differential equation.

To conclude this paper, the diffusion equation is now formulated within the context of a QFT control
problem to bring these constituent areas together in a single application.
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5.0 THE DIFFUSION EQUATION VIEWED WITHIN THE CONTEXT OF QFT

As a common thread to the prior areas presented, a classical thermal regulation problem is examined
to show similarities of the heat control problem to the QFT method. Figure (32) provides a formulation to the
heat control problem which is amenable to a QFT analysis.

up(t) + -~ er(t) |Controller|qt)

Plant =P

Ao, heater

Thermal sensors

Figure (32) — A Heat Control Problem

In Figure (32) the variables of interest are defined via: up(?) is the desired temperature (the presumption is that
a spatial slice has been taken in the distributed system (x = constant), and u,(?) is the actual temperature). The
temperature error er(?) is the difference between the desired temperature up(?) and the actual temperature u,(?),
which is obtained from the temperature sensors in Figure (32). The thermodynamic heat equation governing
the relationship between the actual temperature u,(2) and the heat input ¢; is described by:

du,
C et (101)
Where the thermal resistance Rr is related to gy as follows:
ull
©=R, (102)

and from a units perspective, the above variables have the following physical dimensions:

All u;(?) variables have units of degrees centigrade.

The thermal capacitance C in equation (101) has units of kilo-calories/ degree centigrade.
The ¢;terms in equations (101-102) have units of kilo-calories / second

The thermal resistance Ry has units of degrees centigrade seconds / kilo calories.

To derive the equations of motion of the plant, equation (101) can be written:

5A - 34 RTO-EN-SCI-195





Quantitative Biofractual Feedback - Part |
Overview - Biofractals

du
C—+qg =g. (103)
dt qO i
Substituting for g, of equation (102) yields: p
cHMa y Ma _ q;
dt R, (104)
du,
Multiply through by Ry yields: R,C g T4 = Ry g, (105)

Laplace transforming with zero initial conditions yields the transfer function to describe the plant dynamics:

u,s) R
0.(s) 1+(R,C)s (106)

Thus the controller is to be designed is for a first order plant dynamics: To recapitulate a list of the design
goals, a QFT controller is specified as follows:

OFT Design Goals:

L
Goal 1: For stability it is required that the closed loop system  7'(s) = oL to be stable.

Goal 2: For Tracking Specifications, the prefilter F(s) in Figure (30) is designed to satisfy:

T < |Fljo) T(a)| <|Tu(jo) (107)
For specified upper (Ty(jw) and lower (T;.(jw)) bounds on the tracking performance specifications.
Goal 3: For disturbance rejection, it is desired to reject disturbances via max |Tp;,(fw)| < |Mpi(j @)

P

Where for the input disturbance D; in Figure (30): b1 (108)
+
1

And for the output disturbance D, in Figure (30): Ty = L (109)
+

QFT Design Procedure:

In the QFT Design procedure, the following five step process is then employed:
Step 1: Using the Nichols chart find the admissible set of plant templates P ¢ {P;}.

Step 2: From the Nichols chart, generate the performance bounds: Lg(s) = Py(s) G(s).
Step 3: For loop shaping, now add poles and zero to Lo(s). This is now called l_,o(s) .

Step 4: Design the Prefilter F to keep |7.| <| F T'| <|Ty| from equation (107).
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Step 5: Finally, to design the final controller, select G(s) to satisfy:

G(s) 212)07(5)) (110)

5.1 Designing the Final QFT Control System:

When comparing Figure (32) to the proposed QFT controller, Figure (33a) results. It indicates that the
controller needs an output that feeds into a plant network consisting of flow variables. The plant becomes the
network system of interest. The appropriate controller output should have units related to flow/unit time such
mutual information /(x;y) which is bits/sec. For the input to the controller, a difference signal between an
actual output and a desired output should be compared. Since the plant dynamics are first order (some
integration occurs), one would suspect a viable output of the plant should be related to the integral of the
I(x;y) value. From the prior discussion in section (2.3) of this paper, a proper output variable could be either
bits or events. From this discussion, the bottom plot in Figure (33b) shows such a possible scenario. The input
error to the controller may be an error with units of bits or events, which is consistent with the output of the
plant dynamics. The input to the plant dynamics (output of the controller) should have units similar to mutual
information.

Controller 4, Plant oy

System ;,? —
L»O4-| controller|—-| i |>—>

Figure (33a) — The Structure of the Proposed QFT Controller

M1 flow

Events/bits,
Events/bitsp + e

_— ——| controller | ——

Figure (33b) — The Final Proposed QFT Controller
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6.0 CONCLUSIONS

A problem involving network performance, vulnerability, and other issues is studied under various
contexts. In Figure (33b) the final controller architecture is proposed that would also be amenable to QFT
analysis. It is noted that the role of the controller is to have an error signal input in terms of bits or events and
manipulate the mutual information flow output. Recall from section (2.5.c.4) this was precisely the procedure
followed when designing the controller via the maximum and minimum mutual information flow. By
adjusting the flow vectors, is equivalent to manipulating the knobs in the network, such as in Figure (1).
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ABSTRACT

Development of a new revolutionary quantitative biofractal control methodology for the creation and efficient
use of new organic bio-inspired devices using quantitative feedback theory (QFT) will be the focus of this
lecture. The non-integer methodology will be addressed in the form of a quantitative biofractal controller
architecture, which incorporates ontogentic and epigenetic scalable mechanisms for interconnectivity
parameter weightings, morphability and dimensional scalability in the development of nonlinear sensor
models and methodology. Quantitative feedback for biofractal devices requires that a higher temporal and/or
spectral models become available at the system level to implement a precision, low power, low weight
integrated real-time sensor for mobile platforms applications such as unmanned air vehicles, emerging
optical communication and application of organic device applications for multifunctional low power sensor
for optical and RF.

Why biofractal? Biofractal involves the used of organic devices, where power, size and cost are the driving
metrics for the use of this new technology. Organic devices couples the multiphysics effects of ionics and
electronics, with feedback involving additional complicating factors using fractal quantitative feedback
technique in areas of multiple signal carriers and fragility.

(1) Multiple signal carriers. We will explore the use of organic ionic flow devices for biofractal
modelling. In contrast, digital electronics employs only one signal carrier, i.e., the electron. Current
and voltage signals are simply different views of electron flow. Even the positive “hole”” flow found
in semiconductors consists simply of electrons moving in reverse, and may be modelled as such. lonic
devices, however, will employ multiple signal types. In addition to electric and light signals, there are
ions and molecules that serve as signals by participating in chemical reactions. Such species have
unique behavior that varies with chemical context. Unlike electrons, they must maintain their unique
multiphysics identities when modelled.

(2) Fragility. Organic devices are less robust than semiconductors, able to endure fewer environmental
extremes. This fragility can translate into less reliability, and necessitate redundancy, dimensional
scalability and error-correction techniques on a scale greater than in silicon processing. Such
introduced complexity requires the application of QFT’s robustness.

The advantage of using QFT is the ability to synthesize the fractional control circuits targeting nonlinear
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sensors and devices. But controllability is really the problem area in the biofractal controller design in terms
of reliability, lack of CAD tools, and robust performance issues. So, the QFT robust design methodology
needs to be enhanced for simulation ,modelling and synthesis of robust *“scalable” biofractal feedback
designs. The envisioned robust biofractal circuit design methodology involves the decomposition of the
performance specifications into the basic Op-Amp building blocks, such as an integrator and summer,
correlated to fractal elements. The inherent basic elements used for the Op-Amp building blocks will be both
novel organic transistors and silicon devices. Novel organics have good potential for development of unique
multi-signal logic devices that don’t rely on conventional electronic designs. Compared to the electrons and
holes in their semiconductor counterparts, organic transistors utilize charge carriers such as electrolytes to
conduct a signal. This provides the potential for custom biofractal logic built around device chemistry that
can lead to reduced complexity in intricate logic implementations.

1.0 INTRODUCTION

Stop thinking that the universe is best described by integer derivatives, it is not. Even Newton’s law, can be
decomposed into fractal components. The overall advantage is that fractal transfer functions can characterize
complex nonlinear dynamics, with only a few parameters in contrast to integer expressions, that even with
10X or more parameters, still do not fully model the physical phenomena The 1970’s started research in ionic
chemical sensors, know as CHEMFETS. It was with the realization that the use of half-order derivatives and
integrals led to the formation of 3-D physical geometric designs that could be modelled in a closed form
solution. These half-order fractal expressions required only a parametric gain constant variation between
rectangular and spherical coordinates which were more functional and less complex then Fick’s laws of
diffusion [1]. The difficult implementation aspects for noninteger fractals have been known for over a hundred
years. Isaac Newton was said to get headaches thinking about the 3-body problem (Sun, Moon, and Earth).
There are several reasons for the 3D modelling, and hence the complexity of the calculations. First, is in
attempting to increase the accuracy and complexity of the representations of the physical conservation laws.
For example, in chemical models, increasing the number of chemical species considered increases the number
of dependent variables. The obvious need for increased independent variables comes from the need to
represent the sensor phenomena in two and three spatial dimensions. However, even higher dimensional
problems arise when the independent variables are not the spatial coordinates but are various state
descriptions; such as higher-dimensional problems are common in physics and chemistry. Unfortunately, the
direct applications of numerical methods that work well in one or two dimensions often are not usable in three
dimensions. Therefore, increasing the degrees of freedom related to 3D modelling, requires non-integer
derivation, where it has already been used to correctly model the diffusion phenomenon of magnetic field in
electrical machines [2] which is a physical phenomenon similar to one found in the electrochemical devices.
The resulting parameters of such non-integer order models have a close link with the physical characteristics
of the system and are precise, having less number of parameters and being valid on a wide frequency range.
Moreover, this method is very useful for the optimal real-time control of scaleable sensors, if dimensional
analysis technigues are used in the models.

1.1 Fractal Control Feedback

The first mention of the interest of considering a fractal differential operator in a feedback loop, though
without mention of the term "fractal”, was made by Bode [3], and later in more comprehensive way in [4]. A
key problem in the design of a feedback amplifier was to come up with a feedback loop so that the
performance of the closed loop was invariant to changes in the amplifier gain. Bode presented an elegant
solution to this robust design problem, which he called the ideal cutoff characteristic. Bode's idea to stabilize
control, by the use of loop shaping to design controllers that are insensitive to gain variations was later
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generalized by Horowitz to systems that are insensitive to gain and phase variations of the plant, culminating
in the Quantitative Feedback Theory method [5].

1.2 Dimensional Analysis for Biofractal Models (Buckingham‘s Theorem)

It’s important to develop scalable performance biofractal models for complex multiphysics systems.
Dimensional analysis[6,8] provides the key to insight for telling us how the numerical value of a quantity
changes when the basic units of measurement are subjected to prescribed changes. It has been very successful
for fluidic modelling, and thus will be an invaluable tool for the “scalable” biofractal models and organic ionic
devices. It has its beginnings with Maxwell (1871), the Scottish physicist who used symbols of the type [F],
[M], [L], [T], [#] to denote force, mass, length, time, and temperature, respectively. The dimensions of these

physical quantities can be manipulated algebraically and the results can be interpreted to provide information
about the physical processes involved in the scaling process. The fundamental theorem of dimensional analysis
is: If an equation is dimensionally homogenous it can be reduced to a relationship among a complete set of
dimensionless products of the system variables, or also know as Buckingham’s Theorem. The dimensionless
products are called IT terms. These terms do not depend on the fundamental units of measurement. The set of
dimensionless products is complete when each product is independent and any other dimensionless product that
can be formed from the variables is a product of the pi terms in the set. This proposes the following questions
of: How many dimensionless products form a complete set? How are the dimensionless products formed?
These questions will be answered by looking at the following two examples (Sections 1.2.1-1.2.3).

1.2.1 Microfluidic Scaling Example [8,12]

To give some insight to dimensionless products, lets consider a microfluidic example[8]. The first step is to list
all the variables that are involved in the phenomenon. Suppose the drag force, F, on a smooth body, in a stream
of incompressible fluid with a relative velocity, v, body diameter, D, mass density of fluid, o, and viscosity of

fluid, v, is to be found. So, we have the variables F, v, D, p, v. The dimensionless term will have the form:
7 =F2’D°piye (1.1)

where the literal constants a to e must be determined.

Since 7z is dimensionless, then:

a+d+e=0

(1.2
a+b+c—-3d-e=0-2a-b-e=0

This set of equations must be solved. Any solution of these equations will result in a dimensionless II term.
From matrix algebra, the number of independent solutions of a set of simultaneous equations equals the
number of variables for the equation set minus the rank of the coefficient matrix. The coefficient matrix
becomes: (It is the array of numbers which multiply the variables a, b, ¢, d and e.)

1 0 0 1 1
[c]= 1 1 1 -3 -1
-2 -1 0 0 -1

(1.3)
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The rank of a matrix is defined as the order of the largest non-zero determinant that can be constructed from
the rows and columns of the matrix. For the dimension matrix of this example, one of the 10 possible 3x3

determinants is
0 0 1
{ - 1} (1.4)

Therefore, the rank of the matrix is 3. Applying the rule stated above: The number of independent solutions
equals the number of system variables, 5, minus the rank of the dimension matrix, 3. This gives two II
terms. The other three are expressed in terms of the other two, which are called excess variables.

a=-d-e

b=-2a-e=2d+2e-e=2d+e (15

c=3d+e—-a-b=2d+e

Values can be chosen for d and a to solve for a, b and c. It makes it simple to choose d=1 and e=0, resulting
in a=-1, b=2, and c=2; then choose d=0 and e=1, a=1, b=1, and c=1. These two sets of values can now be
substituted back, resulting in two independent IT terms.

7, =F?D?p’

1.6
7, =Fv'D'p* 9
7, = VDP
T, Vv

7, is actually the familiar Reynolds number. Any two of these three II terms is a complete set. 7z, could be

selected for calculation of the drag force as a function of the object’s diameter, velocity, and liquid density.
75 could determine the conditions at which nonlinear flow past the object would exist.

1.2.2 Equivalent Half-Order Fractal Example[9]

Many biofractal algorithms and processes are modelled using LC and RC circuits. lonic flow, which is
involved in the modelling of proton exchange membrane fuel cells (PEMFC) may work as a powerful tool in
the development and widespread testing of alternative energy sources in the next decade [9], where biofractal
controllers will be used to control these complex systems. The dynamic model of PEMFC, is taken from the
work of Iftikhar, 2006 [9], where the originality of which lays on the use of non-integer derivatives to model
diffusion phenomena. The biofractal model has the advantage of having least number of parameters while
being valid on a wide frequency range and allows simulating an accurate dynamic response of the PEMFC. In
the Iftukhar model, the fuel cell is represented by an equivalent circuit, whose components are identified with
the experimental technique of electrochemical impedance spectroscopy (EIS), and its overall relevance is
validated by comparing model simulations and laboratory experiments. The dynamic response derived from
this fractional model is studied and validated experimentally using dimensional analysis, as shown in the next
section.
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Figure 1.1 a)Proton Exchange Membrane Fuel Cell (PEMFC)[9] b) Equivalent Electrical Circuit for Modelling PEMFC[9]

In Figure 1.1, the total impedance of the electrode is [9] given by the half-order fractal transfer function as

1

1 ~eff
Zp(5) + 'T'r"dl

Zelecredals) =
n

Zals) = Ru + Zwils) = R +M
& = Wi = N q\.-'"]-l-—.ﬂ}

And Ry is the charge transfer resistance, taken at the stationary operating point.

o B
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ol -
@ 1% ¥ |
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87 B 40-
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Fig. 1.2 Comparison of Electrode impedance, analytical expression (----), classical model using 20 RC cells (—), fractional model (- -
-). (a) Variation of gain of impedance. (b) Variation of phase. [9]

1.2.3 Creating Scalable Dynamic Models Example[8,12]

To effectively model the dynamics of nonlinear systems, we need to form fractal expressions that are scalable,
this is done by using Dimensional Analysis on the dynamic expressions. Looking at the LC circuit for
“scalability, it is necessary to determine how the instantaneous current of a series LC circuit is influenced by
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the voltage, inductance, and capacitance. The coefficient matrix is:

Variable C L E
kg -1 1 1

m -2 2 2

S 4 -2 -3

A 2 -2 -1

Table 1.1: Coefficient Matrix for LC Circuit

R O O O -
O = O O ~

Columns 3, 4 and 5 of rows 1,3 and 4 form a non-zero determinant. The rank of the matrix is three and the
number of IT terms is two. Choosing a and b as the excess variables, then c, d, and e become:

c=+4+a->b
d=-a+b (1.8)
e=-a->b
The solution matrix becomes:
\Variable C L E i t

T 1 0 -1 -1 -1
T, 0o 1 -1 1 -1
Table 1.2: Solution Matrix for LC Circuit

Li . . . .
Then 7« =E, 7, =—, and likewise . = |71 = E(E). This gives the maximum current I, as a
TP Et 3 7, L

scalable, and is similar to the results obtained form the conservation-of-energy principle, where 1=v /% .

Or, another term is generated if 7, = %/ﬁ = /% .t » Where classically, the angular frequency @, is
1772

known to be /L . Identical to the results obtained by classical network analysis[10].
LC
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1.2.4 Dimensional Formula, Symbols and Units [8]

Quantity, Symbol Dimensional Formula
Kinematic Quantities

Time Interval, t [T]
Velocity, v [LTH

Quantities in Mechanics

Mass, m [M]
Force, F [MLT?]
Density, p ML?]
Viscosity, V [L*T7]

Electrical Quantities

Charge, Q [Q]
Current, | [QTH
Voltage, V [ML*T?Q™]
Electric Field, E [MLT?QY
Resistance, R [ML*T'Q?]
Capacitance, C [MTL?T?Q7
Inductance, L [ML2Q?

Table 1.3. Dimensional Formula, Symbols and Units

1.3 Using Experimental Data for Integer Modelling Nonlinear Polynomial Devices — Case
Example: Tunnel Diode

Many times, we do not have the complete models for nonlinear devices, but we do have experimental
measurements. The tunnel diode is an example where we use a nonlinear polynomial expression to model the
device for simulation. As shown in this example, the polynomial expression becomes a high order transfer
function. This example shows that why we wish to use fractal expressions to simplify the modelling and
simulation.

The tunnel diode is a transconductance two-terminal, pn junction device that has a negative resistance region
in its current versus voltage characteristic. We have seen that dimensional analysis allows us to express
mathematical equations in the form of dimensionless parameters, but what happens in the case where a
physical phenomena is not described by exact mathematical equations? Take for instance, the characterization
of the tunnel diode, which for a SPICE simulation (GTD POLY(1)) is described by the following polynomial
expression:

I(V)=-3.95510115972848E-17
+1.80727308405845E-01*C*V
-2.93646217292003E+00*C*V"2
+4.12669748472374E+01*V/3
-6.09649516869413E+02*V"™4
+6.08207899870511E+03*V"5
-3.73459336478768E+04*V"6

RTO-EN-SCI-195 5B -7






Quantitative Biofractal Feedback Part Il =
“Devices, Scalability & Robust Control” OREANTZATION

+1.44146702315112E+05*V"7 (1.9
-3.53021176453665E+05* V8
+5.34093436084762E+05*V"9
-4.56234076434067E+05*V~10
+1.68527934888894E+05*V/ 11

Experimentally, the tunnel diode polynomial expression may be adjusted, by the use of MAPLE, with the
insertion of the parameter C. As shown in Fig. 1.3, just the slight variation of C from .99 to 1.01, results in
significant variations in the transconductance model of the tunnel diode.

Current
Negative Resistance
Region

0.99

m BarameteeVariat
a2 W DS“—*—r—.-_J_ arame ariation

0.4 o]
Voltage 0.£1.01

Figure 1.3 Tunnel Diode V-1 Characteristics

2.0 Nonlinear Novel Organic Transistors [13]

Novel organic transistors have good potential for development of unique logic devices that don’t rely on
conventional electronic designs. Compared to the electrons and holes in their semiconductor counterparts,
organic transistors utilize charge carriers such as electrolytes to conduct a signal. This provides the potential
for custom logic built around device chemistry that can lead to reduced complexity in intricate logic
implementations. This organic transistor technology is truly the target for the development of the biofractal
methodology, therefore this example has in-depth detail and explanations.
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2.1 Alkaline-Acid-Alkaline (LSL) Transistor [13]

Some previous researchers in the literature have attempted to incorporate organic components in
semiconductor devices by using a polymer as either the gating material of a transistor, or as the semiconductor
medium [13]-[17]. These devices show transistor activity, however, they can require voltages on the order of
50-100 V to operate [15]-[16]. Additionally, fabrication of these devices requires techniques that are friendly
towards organic materials, which can limit additional processing of the device, due to the multitude of strong
solvents and high temperatures used in traditional semiconductor device fabrication.

Development of a simple organic electrolyte diode and transistor has been shown in literature utilizing
acid/alkaline chemistry. The design has acid and alkaline source chambers separated by a polymer gel. The
gel allows diffusion of the electrolytes between the source chambers, but not convection. As described in
previous work, the electrolyte transistors have either an acid-alkaline-acid (SLS) or an alkaline-acid-alkaline
(LSL) configuration, which both have unique device characteristics. According to the literature, the SLS
electrolyte transistor is a stable, amplifying device, while the LSL transistor exhibits nonlinear output current
characteristics. The research performed thus far on the electrolyte transistor has been experimental
measurements of steady state current values, which can take hundreds of seconds to reach [18]-[20]. So far the
question of rapid transient response has not been fully explored, which is the real issue when developing novel
transistors.

The LSL transistor appears to have interesting nonlinear characteristics that have the potential to lead to more
rapid switching times. This example focuses on examining the complex dynamic response of the LSL
polymer-electrolyte transistor (PET), utilizing the modelling program COMSOL Multiphysics. In the near
future, we will incorporate the biofractal models.

To reduce confusion, the word “base” will refer to the middle acidic region of the PET, while the word
alkaline will be used to reference an electrolyte of the composition BOH.

2.2 Model Definition

The polymer-electrolyte transistor has a physical design similar to a basic bipolar junction transistor. In the
PET, three separate source regions of ions are connected by a polymer gel. This gel acts as a medium through
which the ions are allowed to diffuse, but there is no direct convective path between the three source regions
[18]-[19].

Figure 1 depicts the basic function of the PET, showing the device biased such that VE>VB>VC. The ionic
species present are the alkaline BOH and the acidic HA, where B” is a cation and A" is an anion. With the
voltage potentials as depicted, the EB region is forward biased and the BC region is reverse biased. In a
forward-biased junction, the anion and cation flow into the middle region, and allow for ionic current to flow.
A reverse-biased junction is one where the H* and OH™ ions flow into the junction and recombine, leaving
very few ions to conduct a signal [18]. With the cation flow from the emitter, though, there will be a cation
concentration in the BC junction that will contribute to the total current.

2.3 Governing Equations

lonic diffusion in the PET is described by Fick’s first law of diffusion for each ionic species. This
combined with the flow of ions under an electric field produces the electrokinetic flow equation, where the

RTO-EN-SCI-195 5B -9





Quantitative Biofractal Feedback Part Il éa?
“Devices, Scalability & Robust Control” ORGANIZATION

first term governs diffusive flux, and the second term governs ionic flux under an electric field:
V.(-DVc—-zumFcVV)=R (2.1)

Where D is the diffusion coefficient (m?s), c is the concentration of the given ionic species (mol/m3), z is the
charge number (unitless), , is the ionic mobility (mol/m's), F is Faraday’s constant (C/mol), V is the electric
potential (V), and R is the reaction, or source, term (mol/m*s).

When initially determining the system of equations to govern this system, the equation for current
flow due to electrons in a semiconductor material was investigated. In a semiconductor device, flux due to
diffusion and drift is shown below:

J =0gDnVn+qunE  (2.2)

E B C
e | -+
B .,:_L A B—>
<—oOoH Hit—>|<——OH’
[ [
VBE YCB

Figure 2.1. A basic PET schematic showing electrolyte migration through the emitter “E”, base “B”, and collector “C” under the
effect of a voltage potential.

Where J is the flux of electrons (A/m?), q is the elementary charge (C), n the density of electrons (1/cm®), E
the electric field (V/m), and all other units the same as equation (1) [21]. Interestingly, manipulation of this
equation to apply to electrolytes moving under an electric field, where the units of flux are mol/m?s,
simplifies to the equation system of equation (1).

To set up the voltage potentials in the system, the conductive media DC application is used. The governing
equation for this system, shown below, is simply Ohm’s law in differential equation form:

-V-d(eVV)=dQ; (2.3)
Where d is the thickness (m), is the conductivity (S/m), V is the voltage (V), and Q; is the current (A'm®).
2.4 Methods

The model created in COMSOL Multiphysics consists of three source regions of electrolytes, separated by
a polymer, shown in figure 1.4.2. As modelled in 2D, the device is 4.5 mm long in the x-direction, by 2.3 mm
wide in the y-direction. The top portion of figure 2 is the actual model built in COMSOL, including the mesh.
There is a denser mesh in the regions where H" and OH™ recombine, due to the very high value of the reaction
coefficient associated with their recombination. This high constant in the source term leads to large
oscillations in concentration when the mesh is not fine enough, which produces singularities when modelling.
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OTAN

Thus the mesh is more refined in areas where recombination occurs.

In the bottom half of figure 2, the different regions are color coded to more clearly show the different
regions of the device. The emitter and collector are both colored green to depict the source of the alkaline
electrolyte, BOH. Shown in blue, the base region is the source of the acidic electrolyte, HA. The polymer gel
plug is shown in orange, with enlarged areas in the three source regions due to expected gel swelling [5]. The
electrodes that set up the voltage potentials are shown in silver, with one for each source region. All
concentration and voltage sources are defined along the external boundary of the individual region, while bulk
properties such as diffusion coefficients are defined along the subdomain.

Parameters from literature were chosen such that the acidic solution had the properties of HCI, and the
alkaline solution KOH [9]. These values were picked due to their previous use in literature [18]-[19]. The
properties of the modelled gel were determined from comparing diffusivity and mobility measured in
literature for various electrolytes in polymer gels [13]. Concentrations and bias voltage ranges were chosen for
values expected to be used during testing of a fabricated PET.

Multiple simulations were run for: i) varied salt electrolyte concentration added to the base, ii) different
values of alkaline concentration (i.e. “doping”) in the emitter, iii) varied levels of the voltage VE, and iv)
varied levels of the voltage VB. Simulations for (i) were performed for steady state values of ionic current
using transient simulations run until a constant steady-state behavior was observed. For (ii)-(iv), transient
responses for 2 s, with samples taken every 0.5 ms, were modelled to observe the times required to switch the
device on, which will be important when using the PET for logic applications.

Figure 2.2. PET model showing the mesh in COMSOL (top) and the different regions colored for clarity (bottom).

2.5 Results & Discussion
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Multiple simulations were run to obtain each set of data shown in this work. Convergence time to
reach steady state depended on both the applied voltage, as well as the concentrations of the alkaline and
acidic sources, but was on the order of tens to hundreds of seconds. Although this may seem like a long time,
literature has shown that the time to reach steady state is proportional to the square of the depth of the
diffusion region [20]. This implies that shrinking the device by about one order of magnitude will result in
times to reach steady state of a few seconds or less.

2.5.1 Varied Electrolyte in the Base Region

Injection of charge carriers into the base region of the PET results in a noticeable change in the steady
state currents. This was accomplished by adding additional salt electrolyte concentration to the base region,
and observing its effect on the total current change from initial to steady state. VVoltage values in the device
were held constant at VE =3.5V, VB =2.0V, and VC = 0V.

b)

Figure 2.3. On top, results for initial value of steady state diffusion for (a) concentration H* color scale and OH™ height scale, (b)
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concentration B* color scale and A height scale. On bottom, results for steady-state value of electrokinetic flow for (c) concentration
H* color scale and OH™ height scale, (d) concentration B* color scale and A height scale.
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Figure 2.4. Steady-state current plot for the different regions of the device versus an increase in the concentration of salt electrolyte
added to the base region of the PET.

From figure 4, the currents through the BC region of the device grow more positive with the increase of
additional salt, while the currents in the EB region become more negative. This makes sense, given the
voltage bias of the device, since the anion would flow towards the more positive emitter region and the cation
would flow towards the more negative collector region. Depending on specific device chemistry, this property
of the PET to add additional charge carriers to specific regions can be exploited to modify logic and switching
points of the device, and is relatively simple to accomplish.

2.5.2 Emitter Region “Doping”

In BJTs, the emitter is typically doped more heavily with charge carriers than the collector, to allow for a very
small diffusion region through the base [24]. This increases the speed of the device, since diffusion of charge carriers
through the base is a speed-limiting factor.

The concentration of the alkaline source in the emitter of the PET was varied from 0.1 M to 0.4 M, and the transient
current response of the device was plotted for the BC and the EB channel. From figures 5 and 6, the currents show an
inverse relationship to the increased emitter doping. For increasing doping values, the BC channel current becomes more
negative, while the EB channel current grows more positive.
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Figure 2.5. Plot of current in the BC channel versus time for different concentration doping of the alkaline source at the emitter.
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Figure 2.6. Plot of current in the EB channel versus time for different concentration doping of the alkaline source at the emitter.

From figures 2.5 and 2.6, specific device characteristics can be modified. To obtain a maximum positive
current through both the EB and BC channel, an emitter doping between 0.2 M and 0.3 M would be ideal.
Choosing a concentration in that range would produce a current profile most similar to a conventional BJT in
the active mode. Because of the variable nature in the PET currents for different emitter doping values, a large
degree of customizability is available without loss in function.
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2.5.3 VE Modulation

With the PET voltage biased in common collector mode, such that VE>VB>VC=0 V, an increase in VEC above
0 V should result in an increase in current through the device, while a decrease in VEC below 0 V should lead to
decreased currents. This is observed in figure 7, where more negative values of VE show a decrease in the current
through the device. Although there is a residual amount of leakage current, the device exhibits transistor-like behavior,
where increasing VE causes a greater flux of ions through the device.

2.5.4 VB Modulation

Similar to modulating VE, modulating VB should increase the currents in the device for values of VB > VC,
while values of VB < VC should decrease the currents to a small value. This is seen from the results in figure 8, where
values of VB < 0 show a very small current even at a time point of 2 s, whereas for VB > 0, a large increase in current is
seen for increasing values of VB.

From figures 7 and 8, the PET shows good potential for use as an organic transistor. The ability to regulate the
amount of current through the device in a manner similar to a BJT allows for a starting point in studying the possible
interconnects between multiple PETSs to create a logic function.

IBC ws. WE for WB=2.0%, C=0% for Different Times
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Figure 2.7. Plot of current through BC channel versus varying VE over different values of time from 0.01 sto 2 s.

This example has shown the use of COMSOL Multiphysics to model the complex chemical system of
the polymer-electrolyte transistor. The PET is a good candidate for novel logic applications, due to its
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transistor-like characteristics. By carefully selecting the acid/base chemistry and the composition of the
polymer, specific logic can be built in to the chemistry of the device, rather than the structure. This will lead to
a new domain of organic transistor design, where the transistor no longer has to mimic its semiconductor
counterpart, but will operate based on new methods of logic that work well in the chemical domain.
Additionally, use of multiphysics modelling applications will allow for rapid prototyping of specific device
chemistry and composition, which will save time and money in the production and testing of new devices.

3.0 Half Order Fractal Element [24]

In section 2, the three dimensional diffusion equation was solved for the organic device. The one dimensional
diffusion equation, leads to the implementation of a half order fractal element. The half order element (semi-
infinite lossy line (Hartley and Lorenzo (1998)))[25] is based on the one-dimensional diffusion equation,
Equation 3.1.

a v
dx’

av _
9: ¢
(3.1)

which is depicted by a ladder of discrete resistors and capacitors as an element in Figure 3.1 a), with the
impedance solution described by

d_u: .
o(0)=rda i s 0,0)
3.2)

and as a transfer function circuit element in Figure 3.2 b) with the Laplace expression, as given in Equation
3.3

1‘ 5} R 1/
(3.3)
T B
I__
|_
|_ R ve ir
Q Vi _._" v Vo
! —
vit) =
a) b)

Figure 3.1 Half Order Fractal implemented as an element in a) and transfer function circuit element in b)
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4.0 Fractal Order Controllers

Fractal order algorithms have been successfully used in PID controllers since 1961 as noninteger integrals
[26], and more recently in 1991, [27] studied the fractal order algorithms for the control of dynamic systems,
showing the superior performance of the CRONE (Commande Robuste d'Ordre Non Entier) method involving
the fractal order transfer functions. Recently, Quantitative Feedback Theory has successfully been used to
implement fractal order controllers, which will be the focus of Section 4.1.

The advantage of QFT is in its control for both magnitude and phase characteristics. For background
information, we will define the PID controller.

In defining the PID controllers, from Wikipedia, the free encyclopedia, it’s explained as the following:

Wikipedia Definition: A proportional-integral-derivative controller (PID controller) is a generic control loop
feedback mechanism widely used in industrial control systems. A PID controller attempts to correct the error
between a measured process variable and a desired setpoint by calculating and then outputting a corrective action
that can adjust the process accordingly.

The PID controller calculation (algorithm) involves three separate parameters; the Proportional, the Integral and
Derivative values. The Proportional value determines the reaction to the current error, the Integral determines
the reaction based on the sum of recent errors and the Derivative determines the reaction to the rate at which the
error has been changing. The weighted sum of these three actions is used to adjust the process via a control
element such as the position of a control valve or the power supply of a heating element.

By "tuning" the three constants in the PID controller algorithm the PID can provide control action designed for
specific process requirements. The response of the controller can be described in terms of the responsiveness of
the controller to an error, the degree to which the controller overshoots the setpoint and the degree of system
oscillation. Note that the use of the PID algorithm for control does not guarantee optimal control of the system or
system stability.

> P er(.')

—Setpoint + Error -» I K‘je( r)dt Output —e
L1

A A

de(t
D Kd-—-——-:}

4.1 Overview of the QFT Design Technique (Incorporating the Op-Amp Component)

The QFT design technique, developed by I.M. Horowitz [5,6,7] in 1972, and extended by C.H. Houpis
[8,9,10] for continuous and discrete systems, provides the necessary methodology in the design of a robust
compensator for the analog-digital subcircuit. QFT provides a robust design methodology for synthesizing a
compensator controller for a control system containing a plant P having structured parametric uncertainty. The
robustness is achieved by satisfying a desired set of performance specifications and minimizing the effect of
device noise (disturbance). Shown in Fig. 4.1(a) is the QFT feedback structure composed of the compensator,
G(s), the prefilter, F(s), and the uncertain plant P(s).
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The transfer function of a linear time-invariant (LTI) Op-Amp (Section 3. Half-Order Fractal for Figure
3.1b) is of the form (See Fig. 4.1):
P(s) = K(s—2z1)...(s— zw) 1)
(s—p1)...(s— pn)
where n > w and assuming the nondominant poles and zeros of the transfer function are at a high frequency
and outside the desired bandwidth. The region of uncertainty in parameter space can be described by a set of
LTI plants, i.e.:

P(s)=Pj(s) where j=1,2,...,J 4.2)

where J represents the number of LTI plants that describe the boundary of the region of plant parameter
uncertainty. The models can be reduced to the simple form shown in Fig. 4.1(b) since the nondominant pole
and zeros lie outside the bandwidth of concern.

Disturbance, d

R el Q9 9|V
Prefilter - Conpensator Op-Ap

(a) QFT Feedback Structure

1

Ka
s(s+a)

(b) Op Amp (Plant) Uncertainty Bounds for Dominant Pole
Figure 4.1: (a) QFT Feedback Structure, (b) Op Amp (Plant) Uncertainty Bounds for Dominant Pole

Referring to Fig.4.1(a), a multiple-input single-output (MISO) control system, the output y(t):

y(0)=yr(t) + ya(t) (4.3)
is required to track the command input r(t) and to reject the disturbance input d(t). A MISO control system
requires the design of a cascade compensator G(s) and of an input prefilter F(s). The compensator and

prefilter are designed so that the Op-Amp output response y(t) = y(t) always lies between the upper Try and
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the lower Tg,_ desired time responses and their corresponding frequency domain, respectively, bounds of Fig.
4.1 irrespective of the parametric uncertainty and where the effects of the disturbance on the output is

negligible, i.e., yg(t) < ap, where «a p is the peak value of the disturbance response. The disturbance bound

for a unit step input, where d(t)=u.1(t), is denoted as Tp=a p. Finally the prefilter must be designed to
provide the desired tracking of the command input r(t) by the output y(t).

To facilitate the QFT design, two types of control ratios are developed from Fig. 4.1: a tracking transfer
function Ty(s) and a disturbance transfer function Ty(s). Therefore, the object is to guarantee that the tracking
control ratio Tgq;(s)=Yrj(s)/r(s) always lies between Try and Tr and Tgj(s) < a p for all Pjin P.

Considering the Op-Amp, robust performance may be achieved by internal or external compensation
techniques within the subcircuit. Internal compensation involves either the redesign of the subcircuit or
modification of device parameters and components. External compensation, can be performed, without
subcircuit modification by a compensator. That is, the defective Op-Amp can be replaced by a commercial
off-the-shelf (COTS) Op-Amp without affecting the robust performance of the analog-digital subcircuits. A
strong advantage of the external compensation technique is that existing subcircuit designs can be reused in
synthesis, providing a methodology for designing complex, large scale analog-digital systems. The QFT
design resulted in the following compensator and prefilter transfer functions.

21
G(s) = 4 x10 (5:50_0,000) : (4.4)
S(s+9.0x10° + j1.2x10°)
13
F(s) = 3.6x10 (4.5)

s+3.6x10°+ j4.8x10°

Figure 4.2, shows the QFT Compensator, Filter and Plant structure of a typical commercial off-the-shelf
741 Op-Amp consisting of bipolar npn/pnp transistors. Various combinations of npn/pnp device parameters,
along with variations in the frequency compensator capacitor element CC, were simulated using an inverting
741 Op-Amp configuration with TOTAL-SPICE. Robust performance may be achieved by internal or
external compensation techniques within the subcircuit. Internal compensation involves either the redesign of
the subcircuit or modification of device parameters and components. External compensation, can be
performed, without subcircuit modification by a compensator.

The Op-Amp component is used for circuit design without affecting the robust performance of the fractal
circuits designs in Figure 3.1. A strong advantage of the external compensation technigue is that existing
subcircuit designs can be reused in synthesis, providing a methodology for designing complex, large scale
fractal simulation systems.
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Figure 4.2. Robust Op-Amp Design using Total-Spice
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Figure 4.3. Uncompensated Op-Amp Design, shows nonlinear output variations due to component
variations (Simulated with Total-Spice)
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Figure 4.4 Robust Op-Amp Design (Simulated with Total-Spice)

4.2 QFT Design of a Fractal Controller [28]

The fractal controller adopted in CRONE, is the use of fractal controllers for minimizing the search space by
using a minimum number of parameters, while still displaying a full frequency behavior. This idea has been
used by [28] in previous works for automatic loop shaping in QFT, by using some fractal controller structures
including CRONE and second order fractal structures. The purpose of section is to apply QFT for the tuning
of a fractional PID controller (PIADII) of the form [28]:

C(s)=K,(1+K,s™* +Kys")  (4.6)

where A, u are the orders of the fractional integral and derivative, respectively, in Equation 4.6. The

objective is to take advantage of fractal orders in the controller C(s) and fulfill different design specifications
for a set of plants describing biofractal devices, such as the organic device described in Section 2.
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Figure 4.5 QFT Feedback Structure used for the Fractal Controller {28}

From reference [28], “Loop shaping problem in QFT is a key design step, and it consists on the shaping of
the open loop gain function to a set of restrictions (or boundaries) given by the design specifications and the
(uncertain) model of the plant. Although this step has been traditionally performed by hand, the use of
CACSD tools (e. g. the QFT Matlab Toolbox), has made the manual loop shaping much more simple [28].
Another possibility as indicated in [28], is to use evolutionary algorithms, able to face nonlinear and
nonconvex optimization problems as adopted in [29] and [30]. All these approaches have used rational integer
controllers, where a low order controller gives a poor result in the control of nonlinear systems. Therefore, a
very high order rational controllers needs to be used to obtain a close to optimal solution, or a fractal
controller. This is a main drawback of the standard QFT automatic loop shaping techniques, since the
resulting optimization problem is considerably harder as the number of parameters (directly related with the
controller order) is increased, therefore the C(s) controller used in this example is Equation 3.6 and applied to
the plant G(s)”.

The plant is a liquid level system, and by experimental identification the transfer function model is of the form

(4.1)

where, in addition, parameters k and T have interval uncertainty, given by k € [2,9.8] and T € [380sec, 1200
sec]. The results of this implementation [28] is shown for both an integer (L=0) and noninteger (L=5)
controller
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Figure 4.6 Bode diagram of the nominal open loop for a) L=0 sec and b) L=5 sec [28]
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Figure 4.9 Step response of the controlled system for a) L=0 sec and b) L=5 sec for different values of 7 [28]

5.0 Summary

5.1 Enhance existing QFT approaches. For traditional electronics, fractal controllers bogs down with system
complexity. Existing algorithms cannot keep pace with the exponential growth in state-space with system size
of the three dimensional diffusion problems for the micro-organic biofractal systems. Yet if novel organic
device capabilities such as ionic flux devices are enabled, then QFT may be able to “bootstrap” its own
robustness by determining the parameters of the fractal control algorithms into geometry independent
parametric search regions [31] that are both robust and power efficient.

5.2 Invent new QFT approaches. If successful, one must then ask if this approach meets micro system
control needs, and if the micro system would be able to formulate its control requirements using biofractals,
which are scaled by dimensional analysis. Dimensional Analysis can be applied to the electrical circuit
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controller (solid-state implementation), a microfluidic sensor device and an organic biofractal system [32].
The dimensionless products can determined, and identified to classical similar results, indicating the
effectiveness of Buckingham parameters in the scaling of nonlinear devices. In fabrication of organic devices,
the material parameters depend on the electric and magnetic fields, where the Maxwell’s equations become
nonlinear, and dimensional analysis may become a valuable tool. This is similar to the situation in the
nonlinear fluid dynamics example (Section 4), where the Reynolds number plays a significant part, and is an
actual IT parameter. Since the system QFT topology is viewed as a form of transfer functions, parametric
algebraic solutions within the frequency domain, can be generated in the form of Buckingham IT parameters
related to the fractal components for future systems such as micro sensory distributed systems.
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Since the late 1990�s, has developed, amongst many of the NATO countries, a strong interest in  developing Micro Unmanned Air Vehicles (UAV�s) in enhancing the situation awareness on the battlefield in order to improve the accuracy of weapons targeting, and to aid war fighters in the pursuit of tacticasl missions on the ground.  It is the desire to develop a viable cost-effective overall system design for accomplishing this goal. For example, future Unmanned Air Vehicle (UAV) concepts in concert with autonomous guidance and control operational scenarios significantly increase the regional functionality, while opening the design trade (performance specifications) space compared to existing military systems.  The complexity of future NANO UAV�s control systems require that control system design engineers must, at the onset of the design process, be aware of the essential aspects involved in achieving a successful and a practical control system design and be aware of the associated computer computational requirements..  That is: factors such as functional requirements, performance specifications, dynamic model(s), control authority allocation, control system design, simulations, engineering visualization, interactive simulation, hardware-in-the-loop simulation/implementation, and system test. This lecture series is an excellent forum to present state-of-the-art system, design method, and the computational concepts on some or all of these factors.
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