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A B S T R A C T

A s imu la to r fo r an undersea ROV ( remote ly opera ted veh ic le ) , i f
accu ra te enough , i s an impo r tan t a l t e rna t i ve t o t he use o f a rea l
veh ic le fo r the t ra ina ing o f human opera to rs and the tes t i ng o f new
c o n t r o l m e t h o d s .

T h e g o a l o f t h i s t h e s i s i s t o p r o v i d e a f r a m e w o r k f o r f u t u r e
d e v e l o p m e n t s i n u n d e r w a t e r v e h i c l e s i m u l a t i o n . T h e s i m u l a t o r,
implemented on a PDF 11/34, is comprised of four modules working in
pa ra l l e l : a dynam ic mode l o f t he veh i c l e , a s t a t i c mode l f o r t he
shape and tens ion o f the te ther, a g raph ics d isp lay, and an
env i ronmen t emu la to r. The g raph i cs p rog ram rep resen ts a s imp l i fied
e n v i r o n m e n t w i t h h i d d e n f a c e r e m o v a l , w i t h a t l e a s t t w o
images/second. The environment is composed of an offshore structure
(4 co lumns and 4 t ransverse ba rs ) , a p ipe - l i ne , and a we l lhead . Tne
env i r onmen t emu la to r de tec t s and s i gna l s t he co l l i s i on w i t h t he
e l e m e n t s o f t h e e n v i r o n m e n t .

The modular concept ion of th is program al lows easy change wi th in the
modules, and inexpensive implementat ion on a mul t i microcomputer
s y s t e m .
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C H A P T E R 1

I N T R O D U C T I O N

The use of underwater reaotely operated vehicles (ROV) In place of

divers or Banned submarines Is becoming more widespread. The divers,

though much more skilled than a remotely operated set - vehicle and

manipulators-, tend to be replaced for economic and safety reasons, as
well as for depth limitations. The high costs and long delays for manned

submarine Interventions preclude their use whenever a close human observer

Is no t abso lu te l y necessa ry.

For these reasons, the number of remotely operated vehicles Is

steadily Increasing, and their specifications have to be Improved In order
to achieve the performance previously attained by divers.

As a consequence, ROV simulators have become an Important alternative

to the use of a real vehicle for the training of human operators and the

testing of new engineering designs. An English consultant company has

actually launched a survey among ROV users and builders to define the

potent ia l In terest (Apr i l 1985) .

Because the number of ROV's Is Increasing, new pilots will have to be
trained (by 1990 an estimated 700 will be needed). This represents a

considerable undertaking given that It takes about 100 hours for a pilot
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to become proficient. Presently some companies are beginning to offer

prepared seaspace for pilot training with real vehicles, independently of
the weather or the sea conditions (e.g. NUTEC In a Norwegian fiord, or

International Underwater Contractor in Houston, references 4, 14).

New control methods and new operating Ideas such as 'supervisory

control' proposed by Sheridan and Ferrell (ref. 11), will have to be

developed. In order to enhance the capabilities of the vehicle and
fac i l i ta te the task of the p i lo ts .

The availability of a new generation of fast micro-computers will

allow us to create reasonably accurate and economically efficient
Interactive simulators compared to the current operating cost of an ROV,

uti l ized for teaching and testing.

The goal of my thesis Is to provide a framework for future

development in the Interactive simulation of an underwater vehicle. The
first utilizations should be primarily the design by another team of a

heading and depth controller using sliding control, to be installed on the
Man-Machine Systems Lab ROV, and secondly, a sensitization to the piloting
problems for the team working on this ROV.

The simulator is implemented on a PDF 11/34, and is designed as 4

nodules running In parallel: 1) a dynamic model of the vehicle. 2) a

static model for the shape and tension of the tether (If needed), 3) a

graphics display, and 4) an environment emulator. This nodularity enables

easy mod i fica t i on , t es t , and Imp rovemen t o f t he d i f f e ren t t asks .

The first module generates the 6 degree-of-freedom dynamics for real

tine use. Appropriate differential equations are currently available In

t h e l i t e r a t u r e I n g e n e r a l f o r m .
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For a tethered vehicle, an optional nodule can be used to conpute in
real tine an estimate of the tether reactions depending on the positions
of the ROV relative to the surface ship. The model for the umbilical is
based on an iterative computation of the flow drag on rigid cylinder
e l e m e n t s .

The original graphics program is able to represent a simplified
environment with hidden face removal, perspective effect and shade, with a

minimum of 2 images per second. The display Is generated on a simple color

screen without any specific hardware functions except polygon filling. The

simulator world Is composed of an offshore structure (4 columns and 4

transverse bars), a pipe-line, and a well head as a cube.

The environment emulator takes care of the Interaction between the

vehicle and the world by detecting and signalling collisions with the

e n v i r o n m e n t .

These 4 modules are orchestrated by a main routine. This routine can

simulate the different problems Inherent In Information transmission

between the ROV and the surface ship, such as delays for untethered

vehicles. The display of the Information can be modified to study its
impact on piloting.

Finally, a future Implementation of this kind of simulator on a multi-

microcomputer system Is suggested. Such an application would fit perfectly
with the modular concept of this program. The graphic display presented
proves the feasibility of such an Implementation with an Inexpensive
g r a p h i c u n i t .
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C H A P T E R 2

A DYNAMIC MODEL FOR THE ROV

2 . 1 I n t r o d u c t i o n .

An essential part of a vehicle simulator is i ts dynamic simulation.

T h e p r e c i s i o n o f t h e n u m e r i c a l m o d e l w i l l r e s u l t i n a s i m u l a t i o n

reflecting closely the real motion of the vehicle. This precision is
achieved when the forces utilized in the model represent precisely enough

the forces really involved. The first part of this chapter summarizes both

the method used to obtain the basic dynamic equations of a body moving

with 6 degree-of-freedom and the various assumptions which simplify the

final equations. Such equations are current ly avai lable in the l i terature

(ref. 1). The second part gets into the details more specific to an ROV,
and develops and explains the different choices and simplifications in the

r e p r e s e n t a t i o n o f t h e f o r c e s .

2.2 The 6 degree-of-freedom dvnamics for a solid body.

The center of gravity G of a body is usually chosen as the reference

point of its motion in a fixed system. In the case of a body underwater,
it is more Judicious to treat the dynamic equations by selecting a fixed

point P in the body which might be different from G. Usually this point is
taken as the center of the hydrodynamic forces application, if one can be

defined. Hence hydrodynamic moments can be fairly simplified.
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This point is in the sane vertical plane of symmetry of the vehicle,

as the center of gravity and the center of buoyancy.

The position of the ROV is thus represented by the coordinates X v 7
P >

in a galilean system (0,I,J,K). The axis (0,Z) points downward (fig 2.1).
A local system (P,l,J,k) linked to the body is defined from the

symmetries of the vehicle, (P,l) points forward, (P.k) points downward.

The position and the orientation of this system, from the previous one,
is determined by Xp»Yp,Zp and three angles ̂ ,̂ ,8, respectively yaw, pitch,
a n d r o l l ( fi g . 2 . 2 ) .

The instantaneous speed and rotation vectors for the point P in the local
system are represented as : U » u.l + v.J + w.ic and S = p.i + q.J + r.k

The equations of the dynamic give:

E(external forces on body) « n. d.({j + 3x5)
where is the vector from P to G (center of gravity) R̂  ox̂ i + ẑ ic
and m is the mass of the body, (ŷ  is supposed to be nullK
Assuming that the axes (l,j,k) are parallel to the inertia axes

(this is, to some extent, usually the case for an ROV), we get:
E(moments in G) = i(I'pl + I'qj + i»rk)

w i t h I . ,

i;- -■(xr2 + z 2)y * y

li- -m.xg'

(ljj,ly,l2
i n e r t i a r e l a t i v e t o P )

f r o m H u y g h e n s t h e o r e m

and E(moments in P) = E(moments in G) + mfi x d (U+SxR )
e f t ^

using the notation « u for (u,v,w,p,q,r), the final equations are:
d t
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« ".[(u - vr + wq) - Xg(q2+r2) + Zg(pr+ )̂]

Fy - ■.[(V + ur - wp) + Xg(pq+f) + Zg(qr-p)]
Fj =■.[(»- uq + VP) + XQ(pr-q) - ZQ(p2+q2)]

*x = ^xP + ®f - Ze(W-wp) - XQZQ(pq+v)]
\ ° ^ ®[zQ(u+qw-rv) - XQ(w+pv-qu) + XgZgCp^-r^)]
*z = ̂ ẑ  ̂  V x̂̂ P^ "*■ B[xQ(v+ru-pw) + x̂ ZgCrq-p)]

^X'Fy.Fg are the sub of the external forces on the body,
expressed in the systea (1,3,R),

^x'^'y'^'z moments around P In the same
s y s t e m .

The last set of equations Is relative to the moment given by a

development of the additional term: RgxECforces on the body). This
development Is useful to elaborate a control strategy since the force on

the body depend on the thrusters propulsion that we can control. However,

for a simulation purpose, after computing the external forces It Is valid

and much simpler to use them directly In the equations for the moment.

T h e r e f o r e w e h a v e :

"x + Zg.Py = I^p - I^qr + l^qr
"y + *G-^Z - ^G-^X = + lyG - ^ipr
"z - *G-^y " "IxPI * lyPI + "zP

( fo r more de ta i l s see append i x A . l )

2 . 3 A x i s t r a n s f o r m a t i o n s .

At this point some transformations are needed In order to go from one



- 1 6 -

s y s t e n t o t h e o t h e r .

(using c* as cos('#') and s^* as sln(V»), respectively for e,0)

T(»,«.e) » Mtrlx to pass form (l.j.g) to (I.j.k) is expressed

C ^ . C ^ S ^ . c ^ - 8 0

|y = c9.s0.se-s'#'.ce s'#'.s^.se+c^.ce c^.se . Y

Z C ' # » . S ^ . C 0 + S « < » . S 0 8 9 . C 0 . S 0 - C < ' . 8 0 0 ^ . 0 0 Z

This matrix and Its Inverse (transpose[T(<f>,^,0)]) are used to

transform some of the forces In the local system* and compute the motion

In the system (I,j,k).

We have also as shoim In figure 2.2: i » + elg.
Hence: p - -<^.s^ + 6

q - * ^ . c0 .s0 + ^ . ce

r » ♦ . c ^ . c e - ^ . s 0

O r : ' P = ( q . s 0 + r . c ^ ) / c 0

♦ = q.c0 - r.se

d = p + tan(^).(r.c0 + q.se)

(see appendix A.2 for details)

2.4 Forces Involved In the dvnamlc of a ROV.

The next step In the description of a model for a vehicle Is to detail

the external forces acting on the ROV. As explained In the Introduction of

this chapter, the accuracy of the model will be very dependent on their

precise formulations. Several, representations for underwater vehicles
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exlst In the literature (ref. 6, 7). These nodels are very complete and

thus very expensive in time of computation for real time purposes. They

also need a complete study in a towing tank to obtain all the coefficients

u t i l i zed . They a re open to ques t ion when these coe ffic ien ts a re no t

a v a i l a b l e o r a r e i n a c c u r a t e .

For these reasons, I chose to s impl i fy the representat ion of the

forces and only consider those we could fairly estimate or which have a

m e a s u r a b l e e f f e c t o n t h e d y n a m i c s r e s p o n s e o f t h e R O V. S o m e

simplifications can also be done in the representation, since for the

particular case of an ROV no variable surface such as rudder exists. Hence

t h e f o r c e s c o n s i d e r e d a r e :

a) the weight and the buoyancy,

b) "added mass" or the inertial force due to the acceleration of the

fl u i d ,

c ) d r a g f o r c e s ,

d ) t e t h e r r e a c t i o n s ,

e ) t h r u s t e r s .

The simplification made will be explained in each case.

2 . 4 . a W e i g h t a n d b u o v a n c v .

Expressed in the local system,

t h e g r a v i t y f o r c e i s : = n i g . £ + s e . c ^ . i + c e . k ]

the buoyancy is : - -p.Vol.[ -s^.i + se.c^.3 + ce.k ]

0 is the water density; Vol is the vehicle displacement.

For a neu t ra l buoyancy veh ic le mg = o .Vo l and F » 0 •
g r a b u o y
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However, since the cable tends to pull the ROV toward the surface, the
vehicle can be lested ( mg > o.Vol) to compensate for this additional,
force, and thus spare the vertical thrusters.

Knowing the respective position of the center of gravity G and the
center of buoyancy B from P (ft̂ o Xgl + ẑ J). we have for the moments:

*gra ' -ZQ.se.c^.l - (2^,.s0+XQ.ce)j + x^.se.c^'.k )
*buoy ° -P-Vol.{ -Zg.se.ĉ l ~ (2g.8̂ +Xg.ce)J + x̂ .sa.ĉ .ic >

2 . 4 . b " A d d e d m a s s " .

The acceleration of the fluid by the acceleration of the vehicle

creates an extra force proportional and opposite to the the motion

d i r e c t i o n s .

Thus we have to consider the force:

t -n„.u : v '• ""as-" '
and the nonent : ( - I J ; - I i ; - I i ]

2 . 4 . C T h e d r a g .

The drag will be dependent on the relative motion of the vehicle In

the water. This notion can be different from the set (u.v.w.p.q.r) In the
presence of current. Assuming the current velocity as VCx.VCy.VCz
expressed In the fixed system (i.j.ic) the relative speed Is then :

V C x
T C ^ ' . e . e ) . v c y

V C z
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The drag is usually expressed as a force proportional to the square of

the corresponding motion which gives a good approximation for speed

important enough. For a low speed however, the drag effect is
underestimated. By adding a term proportional to the motion, we can take

care o f the low speed drag ( re f . 2 ) .

Thus the force drag can be expressed as:

^drag ' ̂ "̂ uu*'"r''"r ' ̂ uu'"r̂ ^
1 O A

+ { - C . I v l . v - C . v ) 1* w ' r ' r w r ' * "

♦ ("CiL.|w_|.w. - C?„.w,)k
W W r ' r W W r

This expression is a simplification. I did not consider any lift

effect. For instance, a notion in i might create a force along k, or a
motion in J a force along i. A rotation along any axis night also create
a force. These effects have been neglected in the "drag" formulation. The

drags have been supposed also to be independent. For example, the drag due
to a motion in both i and 3 Is supposed to be equal to the sua of the

drag due to the independent notions. These lift effects are really
negligible compared to other effects, such as tether or thrusters, since
the shape of the vehicles modelled in this simulator are not especially

designed to produce any portance.

If we assume that there exists a point in the ROV where moments due to

(u,v,w) are null for any conditions, then we can select this point as the
reference point P of the vehicle. This asaunption is realistic, since the

point of application of the hydrodynanic forces will not vary much because
of the limited range of speed. Thus considering that particular point, we
obtain for the drag moment, neglecting also the hydrodynaraic coupling
e f f e c t s :



®drag ° (-cJp-lPl.P - Ĉ p.p)!
* (-cj,.|q|.q - c2q.q)3

<-cJ;p.|r|.r - Cpj..r)k
(Note: - These slapllfIcatlons do not suppress the cross-coupling effect

b e t w e e n t h e f fl o t l o n .

- A l s o t h e p o s i t i o n o f t h e p o i n t P h a s t o b e f o u n d i n t h e

v e h i c l e . )

2 . 4 . d T e t h e r r e a c t i o n s .

An approach to obtain the static force due to the tether in a given

current is presented in Chapter 3. With this reaction in the fixed systea,

th^ calculation of the forces and aoments in the local systea is only a
Ba t te r o f t r ans fo raa t i on and c ross p roduc t .

^Tether ^Xt' * ^YT^ * ^ZT^ local system we have:
t ' x T V f z T y ' 'X T ' Y T ^ Z TFyip ]

W i t h a t e t h e r fi x e d a t T w h e r e ^
.p = Xji + (the tether is

fixed on the syaaetry plane) the noaent is :

^Tether' "^T'^yT^ * ~ *T*PwTk^ . r y T i

2 . 4 . e T h r u s t e r a c t i o n s .

The associated forces will obviously depend on their position,

orientation, and power. In the configuration of the ROV aodelled in this
simulator (see Chapter 5), five thrusters are used and the force and

n o a e n t a r e :



^ T h r u s t e r s " ^
^Thrusters ^ "^3*^3 *

- [ (P2-Pi)^a2 -
^ * V 3 ^ ' ^

P. Is the propulsion due to the thruster 1, the x,. ,y, , ,z
^ I J k l fl u i

a re the use fu l coord ina tes o f the th rus te r pos i t ions to ge t the

f fl o m e n t ( fi g 2 . 3 ) .

figure 2 .3 : Pos i t i on o f the th rus te rs in the ROV mode l led ,

The propulsion of a thruster Is not exactly proportional to the

propeller rotation N controlled by the pilot but has dynamics such as:

P(t) = -P(t) + a.|N|.N
T

T I s a t i m e c o n s t a n t s o . S s e c o n d
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a I s a fi x e d c o e f fi c i e n t .

As we can see the tine constant Is fairly snail, allowing us to

simplify the thruster dynamics to be proportional to the pilot connand.

2 . 4 . f G e n e r a l r e m a r k o n t h e f o r c e s r e p r e s e n t a t i o n s .

The purpose of the model In this thesis Is to produce a reasonable

estimate of the dynamics of an ROV. Underwater vehicle dynamics present

usually more than 40 coefficients for modelling different hydrodynanlc

forces. As seen in the prev ious paragraphs, we hard ly ar r ive at th is

number In the model presented. Several reasons might Justify not worrying

a b o u t t h e t e r m s s i m p l i fi e d .

A s a fi r s t s t e p , t h e c o e f fi c i e n t s u t i l i z e d f o r t h e R O V m o d e l l e d

h a v e b e e n g u e s s e d f r o m a n e x t r a p o l a t i o n o f t h e o t h e r R O V ' s

c h a r a c t e r i s t i c s , s i n c e n o e x p e r i m e n t a l d a t a a r e a v a i l a b l e a t t h e m o m e n t .

Thus , some e r ro r s su re l y ex i s t f o r t hese es t ima te . As we w i l l see I n t he

next chapter, forces and moments due to the tether are Important and

cannot be computed exactly, which Is another source of error. Finally, the

dynamics of a small underwater vehicle, such as an ROV, Is subject to

external unsteady fluid motion such as turbulences, that the more complete

models can not take Into account. These effects might surpass the

prec is ion g iven by some soph is t i ca ted s imu la t ions .

2 .5 In tegra t ion cons idera t ion . The dynamic modu le o f the s imu la to r.

To obtain the motion of the vehicle the procedure Is straightforward:
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- T h e f o r c e s a n d m o n e n t s a r e e v a l u a t e d .

- f o r a ( u , v, w, p , q , r ) w e h a v e t o r e s o l v e

_ 2 2= + m.vr - D.wq + a.XgCq +r*') - b.Zq.

®' "®22)v " " -Zn-P + " .Xr - . r « F„ - + n.wp - D.XQ.pq - ffl.zg.qr
- B . XG-fl " * ■•"Q " ".vp - B.XQ.pr + n.ZgCp^+q )̂

f> - [ . Zg.Fy + (I^- Ii)qrJ/(Ii+l44)
4 = (My + Xg.F^ - Zg.F^ ̂  di- Ii)pr]/(I'+l55)
f = t - Xg.Fy * di- ippql/di+Igg)

The forces and the nonent are considered without the "added Basses"

a l r e a d y i n t h e e q u a t i o n s

To develop a control algorithn, we would have to develop the forces and

B o a e n t s f u n c t i o n s o f ( u , v . w , p , q , r , X , Y, Z . e , ^ ) t o o b t a i n a v e c t o r i a l

d i f f e r e n t i a l e q u a t i o n :

[aass^natrix] fj(^ development of the dynamic equations
H y d r o d y n a m i c f o r c e s w i t h o u t " a d d e d m a s s e s "

+ T h r u s t e r s

+ h ( X . Y , Z ) C a b l e

+ k ( ^ , e ) h y d r o s t a t :h y d r o s t a t i c f o r c e s

w i t h S _ - [ u v w p q r ] T

a n d a m a s s m a t r i x :
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f fl . Z .

0 0 0 m.ZQ 0

("♦"22) 0 -m.ZQ 0 a.XQ
0 "̂"■33) 0 e1

0

<V®G-*G) 0 < V l 4 4 ) 0 0

0 -m.XG 0 0

b.Xg 0 -"•^G-^G 0

The equations (1) & (2) can be integrated by several aethods like

R u n g e - K u t t a o r N e w t o n .

Runge-Kutta order 4 Is usually employed since it is more precise that
Newton. It is also more time consuming : 4 evaluations are needed instead

of one. Because the PDF 11/34 (see Chapter 5) served also for the other

modules, and because I needed real-time dynamics. I chose the Newton

m e t h o d :

A(t+At) « S(t) + lit).At.
The theoretical loss of precision with this method is compensated by a

smaller step of integration, since the loop time is less.

The listing of this module is presented in Appendix B.



C H A P T E R 3

STATIC FORCE DUE TO A TETHER IN A CURRENT

3 . 1 S t a t e m e n t o f t h e p r o b l e n .

The research on untehered vehicles Is nowadays very active, but only a

few ROV's are operating without an uwblllcal cord. A tether, at the

moment , I s s t i l l t he bes t manner to t ransmi t underwate r In fo rmat ion

(especially video) between the ROV and the surface ship and to provide

power fo r the propu ls ion and the d iverse too ls .

While the tether Is very convenient, the drag due to Its presence Is a

serious drawback. Its reactions are Important enough, so that some

practical research has been conducted (ref. 5, 12) or soon will be

conducted, e.g. Pr Trlantafyllou with the Sea Grant College Program. In

order to eva luate the fo rces Invo lved and take then In to account to

estimate more precisely the propulsion needs. These forces are both static

a n d d y n a m i c .

The forces acting on a cable can be modelled for static or dynamic

computations (ref. 1. 3. 8. 13) and the set of differential equations can
be Integrated from a set of Initial conditions, such as the tension and

the angle of the cable at one of Its extremity. However, no formulation

exists to obtain the tension and the angle of the extremities of a tether,
given only the relative positions of Its extremities and Its length. From
a set of differential equations, proposed by Antolne BLIEK (M.I.T. Ocean

Eng. Dept.), I found an algorithm to give. In real time, the extremity
tension, from the relative posit ion of the extremities.
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3 . 2 T h e d i f f e r e n t i a l e q u a t i o n s f o r a c a b l e .

The reference point Is (0.x .y) (fig. 3.1) . The star t ing point Is A.

a n d t h e a n g l e a I s n e g a t i v e .

At a point s on the cable: Q(a), P(a) are respectively the normal and

tangent ia l forces act ing on the cable at s . These forces are due to:

gravity, buoyancy, and current drag. At the equilibrium we have:

d T ( s ) » - P ( a )
■S.

T.da » - Q(a) where T(s) Is the tension at s (fig. 3.2).

The gravity Is -X.g.ds.J with \ linear mass of the tether, and
the buoyancy can be approximated by \).g.ds.3 with » linear volume of

the tether. This Is an approximation, since the previous force would be

the buoyancy of an element 'ds' separate from the others. The hydrostatic

pressure Is also Integrated with the element extremities (fig. 3.3).

The effect buoyancy-gravity Is thus : -U).3 with O) = (\ - \)).g

The tangential hydrodynamlc force can be expressed as:

-Lo.Cj.D. jV Î.V .̂ds
Where is a f r ic t ion coeff ic ient « O.OStt

0 I s t h e c a b l e d i a m e t e r .

I s t h e t a n g e n t i a l c u r r e n t s p e e d , r e l a t i v e t o t h e t e t h e r.

0 I s v o l u f fl l c m a s s o f t h e fl u i d .

T h e n o r m a l h y d r o d y n a m l c f o r c e I s :

-1,P.C„.D.|V„|.V„.<18
® normal drag coeff ic ient » 1.2 for speed current < 2m/s

I s t h e n o r m a l c u r r e n t s p e e d , r e l a t i v e t o t h e t e t h e r .



3 . 1 : A x e s s y s t e m f o r t h e c a b l e 3 . 2 : F o r c e s o n a n e l e n e n t d s

no mVcomVu O y \

Vt«.S£. Vt i c t w o a v T

figure 3.3: Hydrostatic pressure on an element ds of the cable.
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The d i f f e ren t i a l equa t i ons becone :

d T ( s ) = a ) . s l n ( a ) - | V | . V
d s 2 ^

T.^(8) => (i).co8(a) - ^.p.C .D.|V I .V
d s 2

and the deflection In x and y are to . (i+e).cos(a) and d .̂. (i+e).8ln(o),
d s d swith e =• T(s)/E and E the elasticity module of the cable,

c c

The speed current Is usually horizontal V«V(y). l and so:

V^aV.cos(a) and Vj^ = - V.sln(a)

The Integration of these equations will give from :

a) the position of the first extremity A, and

b) the orientation and the magnitude of the tension at that

e x t r e m i t y ,

the corresponding value for the other extremity B.

3 . 3 A s l m o l e 3 d i m e n s i o n a l c a s e .

These differential equations can be used after some modifications In

3 dimensions. The equations are however, more complicated.

When the cable Is neutrally buoyant and when the speed varies only

along one direction, for example ^ = V(y).l, then the problem becomes
bldlmenslonal. The plane to consider Is the plane passing through the

first extremity and defined by the tension vector at that point, and by
the current vector (fig 3.4).



Y

CaUc

figure 3.4: A s imple 3D case

7 Z

Figure 3.5 shows the shape variation of the cable with w = -0.5 N,
0.0 N, and 0.5 N, for a speed current of 0.75 n/s, a diameter of 0.035 m.
an initial tension of 200 N, and an initial angle of -20 degrees.

A
s - lo®

0.?

U s - O . S
(r., ® Uuojaiklrtfî ĉ  wc WottVA y,V o. vtv̂V )

fi g u r e s ^ V a r i a t i o n w i t h
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T h e a p p l i c a t i o n f o r t h e s i n u l a t o r f o l l o w s :

The relative position of the ROV to the surface ship is Xr,Yr,Zr in

The current is V = cos(B)i + 8in(B)j

xr a co8(B).Xr + sin(B).yr and yr - -sin(B).Xr + cos(B).Yr give the

relative position in the system defined with v ■ V/V, as:(v.vxK.ic).

To obtain the orientation v of the bidimensional plane from this

latter system, we have tang(Y)=yr/Zr. The bidimensional problem has then

a s d e s i r e d r e l a t i v e p o s i t i o n :

X » X T

Y « y"(yp^+Zr̂ )
Y and B will allow the final tension to retrsmsform into (i.j,K)

For the s inu la to r, in o rder to reduce the computa t ion t ine , the

Elast ic i ty module of the cable is supposed infini te, and the current is

a lso assumed cons tan t i n i n tens i t y.

3 . 4 I n t e g r a t i o n .

T h e d i f f e r e n t i a l e q u a t i o n s a r e i n t e g r a t e d o n s m a l l e l e m e n t s w i t h t h e

N e w t o n m e t h o d . T h e s t e p o f i n t e g r a t i o n i s g i v e n b y 1 / 5 0 o f t h e c a b l e

l e n g t h . A s m a l l e r s t e p c o u l d b e o b v i o u s l y c h o s e n , b u t w o u l d u s e m o r e

c o m p u t a t i o n t i m e . T h e b e s t a l t e r n a t i v e i s t o g e t a v a r i a b l e s t e p ,

e s p e c i a l l y w h e n t h e t e n s i o n g e t s v e r y s m a l l . To r e s o l v e t h e p r o b l e m o f

small tension in special condition (small T^^^ and small ajui). the
tens ion is low- l imi ted to 5 N. For the same reason the ang le is l im i ted to

-178 degrees. This avoids the cable going up, because of hav ing too large



steps in special conditions. Usually, these problems do not occur. The

step of 1/50 of the cable length Is a good compromise between precision
and computation time. Figure 3.6 shows the extremity differences between a

1/1000, 1/100, and 1/50 steps. The final tension at the end of the cable

varies by 3 percent only, which Is less than the precision we can expect
with such a computat ion.

\ooo^\loi \so

figure 3.6: Variation with the Step.

3.5 The algorithm to get the desired deflection.

The objective Is to compute the Initial tension T, , and Its
I n lorientation in a, so that we achieve a desired deflection X,y at

the other extremity of the cable B.

When the end Is reached then we know the tension at that extremity and
Its angle. Thus we know the reaction of the cable when the ROV is at that
p a r t i c u l a r p o s i t i o n .

Figure 3.7 displays the variation of the extremity obtained with
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different for a given Figure 3.8 shows the variation of the

e x t r e m i t y f o r d i f f e r e n t f o r a g i v e n

We can see that the variation in x with a, , Is monotonia. thus a
i n i

simple algorithm would fit to get the best a, , for a given T, ,. The
i n i i n i

best can be defined as the one min imiz ing the d is tance between the

e x t r e m i t y d e s i r e d a n d t h e o n e o b t a i n e d . T h u s t h e s e a r c h f o r t h e a I s a

min imum search . The d i rec t ion o f p rogress ion In a Is de te rmined f rom the

variation of distance to the target. In the algorithm developed, the

number of points for the search Is finite, and the set of points covers

the useful range of variat ion for the with the two last tr ies in

®ini ordered in the increasing direction, we can define a line which
w i l l g i v e t h e p o s i t i o n o f t h e d e s i r e d e x t r e m i t y r e l a t i v e t o t h e o n e

obtained. This position allows us to use a binary search for the tension

( fi g . 3 . 9 ) . T h e a l g o r i t h m i s t h u s :

X ,y I s t he des i red ex t rem i t y

x , y a r e t h e e x t r e m i t y f r o m c a l c u l a t i o n

1) -> T^^^ a Tj a starting tension
2) -> search for which minimizes (x-X)^+(y-Y)^
3) -> IF the distance is less than the tolerated error, a "solution" has

b e e n f o u n d

IFNOT order the two closest computed extremities with x Increasing

*l'yi * *2-^2 ^*2 ^ *1^
coBpute K - (yg-yjj'X - (x2-Xi)*Y + (Xg-y^-Xj.yg)

I F K > 0 I n c r e a s e t e n s i o n T . .
i n i

IF K < 0 decrease tension T, .
I n l

G O T O 2



a\c$̂

tS6^ .

m i s i

figure 3.7: Variation of the extreaity B with a for a given T.

- S *

- i s»

. 6 - B o '

• • .

•'ui s -

figure 3.8; Variation of the extreaity B with T. for a given
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v > O a f > l < i c y t « k 6 M i l

T^b

figure 3.9: Search for best angle and tension

The listing can be found in Appendix B

The tension nodification can be done on a binary search principle. The

precision will vary depending on the method to find the best for a

^ini* program the search in a is done for a discrete set, the
step between two trials is varying depending on a since a same step
var ia t ion do not g ive the sane deflect ion var ia t ion wi th for ins tance.

a = - 5 ® a n d a = - 3 0 ® .

The ROV is not moving very fast so a new search with the previous set

converges rapid ly. Two examples are g iven in figures 3.10 and 3.11.

3 . 6 S o m e n u m b e r s .

As I w ro te i n t he p rev i ous chap te r, t he f o r ce f r om the cab le can be

impor tan t and vary ing . Here a re some tens ion va lues ob ta ined fo r a cab le

o f 0 . 0 3 5 m o f d i a m e t e r , i n a c u r r e n t o f 0 . 7 5 m / s , f o r d i f f e r e n t r e l a t i v e



figure 3.10; Convergence froa a far set of Initial conditions

^ po&i ̂

figure 3.11; Convergence from a close set of initial conditions
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i

posi t ions between the points A and B ( i . e . t h e s h i p a n d t h e v e h i c l e ) , a n d
\

a c a b l e l e n g t h o f 1 5 0 b . - 1
X A - X B = O b ; Y A - Y B = 1 0 0 m ; = > T e n s i o n » 4 5 0 N

XA - XB = -70b ; YA - YB = 70m = > T e n s i o n s 3 5 0 N j
XA - XB = -95a ; YA - YB = -10a ; = > T e n s i o n s 2 0 0 N

X A - X B » 9 5 b ; Y A - Y B o - I Q B ; ® > T e n s i o n s 4 5 N

1

1

n
1

' n
{

«j

n

BIT,
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CHAPTER 4

A "3-DIMENSIONAL" (3-D) GRAPHIC DISPLAY FOR THE SIMULATOR

4.1 Reasons for a "3D" d isplay and reason for a coaputer solut ion.

The principal tool of ROV pilots, at the monent, is the video caaera

feed-back. Thus limiting a simulator to only the indicators of vehicle

position would have simplified the software but created a unrealistic

simulat ion relat ive to the information real ly avai lable for an ROV

s y s t e m .

Hence the problem was to generate a "3D" display of an environment.

"3D" here means the representation on a surface, of a 3-dimensional scene,
t h e e q u i v a l e n t o f a c a m e r a .

Two solutions exist in creating such images. The first one uses a TV

camera and a scale model, whereas the second is developed from a computer.

The former presents some advantages, when the model is carefully

A fiber optic camera mounted on a special support can generate very

realistic images. Electronics can be added to limit the field of view,
etc... Nevertheless the camera and its support, even small, limit the

moves to environments without structure. The model is also very often

untransportable and needs a specific room. This solution is mostly used
for simulators of manned submarines, where the piloting cabins, as well as

p o s s i b l e d e f e c t s , a r e m o d e l l e d .

The second solution is the method used for flight simulators and

provides a sufficient display with high-level color screens, though not as



- 3 8 -

fine as does a scale model. These displays have built-in processors to

take care of hidden face removal, shading, and perspective effect; they

give very soft sequencing Images. Their big drawback Is mainly their high
cost $80,000 (or more for the sophisticated ones). These displays are

conceived for general purposes. Thus the Idea of creating a lower-cost

computer generated Image, Is to use a standard display and develop a

specific software for the environment we want to represent. With a
standard color display, an alternative can be also to generate a finite

number of Images of the environment before the run. The picture represents

the environment watched by an outside observer. Then the vehicle Is drawn

as a wire frame moving on that Image (ref. 10). The observer can take a

finite number of places. This alternative represents a 3D scenery but Is

not what the pilots would get on a real system. The "best" solution Is to

show what the camera can see. Thus the Images have to be regenerated at

e v e r y s t e p .

I developed such software. The computer solution was chosen because of

the disadvantages of scale models (the Nan-Machine Systems Lab has a

camera support able to move with 5 degrees of freedom, reference 9). A

standard graphic display Is the constraint for budgetary reasons, since a

simulator has to stay within a relative cost compared to an ROV. We can

imagine that once the software has been developed for this kind of display
and a specific environment, a specific board can be built to only run the

d i s p l a y a l g o r i t h m s .
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4 . 2 S o f t w a r e d e v e l o o n e n t .

Once the above decisions were made, two choices were available for the

r e p r e s e n t a t i o n :

a ) W i r e f r a m e .

This avoids the problem of hidden surface removal but cannot

really simulate distance Impression or shading.

b) P i l led shapes.

This solution Is In fact not much more time consuming that the

previous one when the elements of the environment are well

defined. It also facilitates the comprehension of the scenery.

These two options were bound to the utilization of either an available

Megatek vector display (wireframe) or an available Lexldata raster display
(filled shape). The Megatek had a 3D graphic library based on parallel
projection and so, was not useful for 'Perspective 3D'. For both displays
all the computation had to be done with the ssuae algorithm. With an

appropriate algorithm a filled shape Is reduced mainly to 2, sometimes 1
or 3, surfaces. Eight points need to be computed to draw a paralleplpedlc
wireframe. As a consequence the Lexldata was designated with a fllled-

shape representation. This display has a built-in function to fill convex

p o l y g o n s .

4 . 2 . a P e r s p e c t i v e e f f e c t .

The perspective effect Is due to the projection through a point, on a

given surface, of the points In the space (fig. 4.1).
The explanation of the method Is directly applied to the simulation.
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Assume that the camera is fixed to the ROV for the moment (no pan or

t i l t ) . A point N in the space is referred by i ts coordinates in a fixed

system (0,l,j,K) as (X,Y,Z). The local system, including the point and
the plane of projection, is linked to the vehicle as (P,i,j,k). Let the

plane of projection be: x»a=>constant (figure 4.2) and P be the point of

p r o j e c t i o n ( s e e c h a p t e r 2 ) .

The coordinate of the point N in the ROV system are :

*1 , r*~*pl where (Xp,Yp,Zp) are the coordinatey = T( ' ^ , ^ .e ) . Y-Y^ P P P
2 Z - Z p o f P i n t h e fi x e d s y s t e m

The projected point is then given by:

^x' « a since it is in the plane of projection
\ y ' = y / x

Iz' - z/x

For our use this projection is very convenient. It conserves segments

and convex surfaces. Its effect is, of course, that the farther away an

object is the smaller it will be represented on the image.

But we need only to project a specific region of the space, the field

of view of the camera. Thus the projection has to be executed after a 3D

c l i p p i n g .

4 . 2 . b 3 D c l i p p i n g .

The clipping is the shortening of a segment or a surface relative to a

given domain (fig. 4.3). Clipping is most often used for 2D, however its

pr inc ip le can be adapted to a 3-dimensional case.
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In our case the spatial doraain Is limited by 4 planes whose

characteristics are defined by the field of view of the camera or the

ratio between the dimensions of the projection surface and Its distance to

the pro ject ion po in t (fig. 4 .4) .

With a projection surface: 2bx2b and a distance: a, the four planes
c a n t h e n b e r e p r e s e n t e d a s :

^i(x,y,z) = b.x - a.y = 0
PL2: fgCx.y.z) = b.x a.z - 0
PL3; fg(x,y.z) = b.x + a.y « 0
PL4: f^(x,y,z) ■ b.x - a.z - 0

These equations define 16 regions In the space. The one defined by all

fi(x,y,z) > 0 Is the region along x > 0 (fig. 4.4). This la the region
t h a t w e n e e d .

The basic element to draw the filled shapes Is a convex plane surface

defined by 4 points In the space. A specific subroutine (POLY see listing)
clips the polygon relative to the previous planes, to form the surface
(which Is also a polygon) Inside the desired space. The surface can then
be projected and Its projection stays within the limit of the projection
s u r f a c e .

4 . 2 . C H i d d e n f a c e r e m o v a l .

These three words In graphic software are siuionlmous of long time of

computation and complex algorithm. This Is Indeed, a very difficult

problem when dealing with volumes or surfaces of any shapes. In the

simulation, I chose a simple world of 3 main elements: 4 columns linked by
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4 bars for the offshore structure, 1 cube for the wellhead, and another

bar for the pipe-line (fig 4.5). Each elenent Is separate from the other,

so that a first sort allows one to know which one has to be drawn In

first . A specific algor l tha for each element Is then ut i l ized to sort the

f a c e s .

With filled shapes hidden surface removal Is greatly facilitated since

the only Information we need to know Is which surfaces are behind, and

which are In front. The one behind Is obviously generated first, and the

one following will cover the part of the previous one, that It hides, by
fi l l i n g .

To optimize the computation time, some surfaces, which are impossible

to see a re no t d isp layed a t a l l .

As I wrote before, the sorting of these surfaces. If not Impossible,

can be very time consuming for complex bodies.

The case of a cube Is very easy. The region around the cube can be

separated Into 9 parts (fig. 4.6). When the "camera" Is In a particular

position, only the corresponding surfaces are clipped and projected to get
the Images (fig. 4.7). The top of the cube Is displayed depending on the

a l t i t u d e .

For the offshore structure, s ince the body Is symmetr ical , a

®^*P^^^^catlon can be made, with an adequate parameterization of the

surface coordinates. The algorithm Is developed on the same principle as
the cube ( fig. 4.8, 4.9 & 4.10).
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figure 4.6; 9 areas around the cube to select the visible faces.

figure 4 .7 : Codv o f t he l ex lda ta sc reen .
The cube in perspect ive.
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fi g u r e 4 . 9 ; V i e w o f t h e o f f s h o r e s t r u c t u r e .



figure 4.10; View of the offshore structure.



- 4 9 -

4 . 2 . d S h a d i n g .

Shading is helpfull for a fllled-shape representation since it allows
the surfaces to be differentiated visually. But there is in fact, an

obligation to be able to difforientate between one surface fron another.

The surfaces of the shape are planes even after being clipped. After

transforaation of the coordinates into the caaera systea, it is thus

possible to calculate an orientation and find the angle between the noraal

surface and the axis of the camera. The filling color level of the surface

can then be adjusted to that angle. It is also possible to calculate the

distance of the caaera to the surface. The intensity of the color can be

modified depending on that distance. These data combined simulate the

l ight coming f ron the camera.

4 . 2 . e P a n a n d T i l t f o r t h e " c a m e r a " .

This is only a problem of system transformation. The camera is

supposed to be at C:(x=1.5, y»0, z«0) in the ROV. The pan is a rotation B

along an axis parallel to k, passing through C. Then the tilt is a
rotation a along the axis parallel to cosB.J-sinB.i. Thus a point M in

(0,i,j,K) is transformed in coordinates in the camera
s y s t e m b y :

c a 0 - s a c B s B 0
0 1 0 . - s B c 6 0 .
s a 0 c a 0 0 1

X - X
T(»,«,e). Y-yP

i . s
- 0

0



4.3 Improving the shapes and the representation. The capabilities.

The software written gives sone good results. However, there are many

ways to improve the images.

The Lexidata could use only 15 different grey levels (for more

explanation on that subject see Appendix B). A larger number may improve
t h e r e p r e s e n t a t i o n s l i g h t l y.

The grey level was calculated for the whole surface. By spreading the
surface in some smaller patches the effect of fading with distance would
be more sensible and would also facilitate the approach very near a
s u r f a c e .

Finally, the square columns, bars or pipe-line, may be replaced by
some more complex or more realistic shapes. The algorithm would not be

more complicated but the computation time would Increase in accordance

with the number of points added, mostly for the clipping time. For only
the offshore structure the clipping process takes .45 seconds per loop.

The software is implemented on a PDF 11/34. Its average time for a

floating point multiplication is 0.02 ms (there are not only
multiplications In the clipping program, but some array handling). The
average tine to display the environment In an unfavorable situation is

about 0.75 s, when the whole environment appears and is clipped in sone

parts (tine when only this nodule Is running).
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C H A P T E R 5

THE ENVIRONMENT EMULATOR

5 . 1 T h e r e a s o n s a n d t h e o b j e c t i v e .

A simulator has to reflect as well as possible the vehicle dynamics
and its different operating modes. For an ROV, the pilot has to compensate
for the cable, the current, the bottom level, the arm, and many other

things. A good simulator should recreate all these annoying effects.
The conception of this ROV simulator is modular, and thus one nodule

can have the specific task of complementing the dynamic model by detecting

any interactions with the environment and computing the different forces
and corresponding moments.

The detection is not so complicated, and is the only part written in

that simulator. The computation of the reaction forces, for instance when

the vehicle hits an element at a particular point, is much more complex
and requires a great sophistication to simulate as it really is (fig 5.1).

The environment emulator could eventually include an an arm, detect if

the arm is at the position to grab an object, and generate the change in
the ROV dynamic and static due to the object grabbed.

When the vehicle enters or turns around a structure, the cable might
rub some elements, where its shape and the extremity tension would

obviously be modified. This is especially the case when the pilot, through
inattention, makes a loop around a bar (fig. 5.2).
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5 . 2 C o l l i s i o n d e t e c t i o n s o f t w a r e .

The environment emulator of this simulator is limited compared to what
should be done eventually. The program is only able to detect (and signal)
any collision with an element of the environment. Hence, the vehicle is
not stopped when it hits something. A simple algorithm (without knowing
the force reactions) could have stopped it in (X,Y,Z) in a specific
direction, but the yaw would have necessitated more computations. The best
method in order to prevent the body from going through the structures

would be still the force reactions which should be included in the dynamic
model giving the motions. But this needs to be able to detect and compute
the data fast enough, so that they are taken into account immediately by
the system dynamic, and was not possible in this study.

For the detection, the ROV is now modelled as a rectangular solid and

includes neither roll nor pitch. The program is detailed below for the

collision with the cube representing the wellhead; the collisions with the
other elements of the environment are very similar. These are the

- The altitude is checked, if not within the cube range: no collision

if within the cube range: proceed further

R e f e r r i n g t o t h e fi g u r e 5 . 3 :

- If the center of the ROV is in area 1: no collision

- I f i ts center is in area 3: col l is ion

~ IT it is in area 2: need for more test:

The position of the 4 points of the ROV are computed.



- if either one of then is within the cube surface: collision.

- i f n o t p r o c e e d f u r t h e r

The 4 points of the ROV define 4 oriented lines f̂ (x,y). All the
inside points of the ROV are so, that f̂ (x,y) are all positive.
To know if one point of the cube is in the ROV. the f̂ (x,y) are
c a l c u l a t e d .

- i f t h e y a r e a l l p o s i t i v e : c o l l i s i o n .

- i f n o t : n o c o l l i s i o n .

- if no collision has been detected for the four corners of the cube

t h e n t h e R O V i s s a f e .

1

figure 5.3: Areas of collision around the cube (the wellhead)
The listing of this nodule can be found in Appendix B



CHAPTER 6

GENERAL CHARACTERISTICS, PILOTING THE SIMULATOR. THE LINK MODULE

6 . 1 G e n e r a l c h a r a c t e r l a t l c a .

6 . 1 . a T h e R O V m o d e l l e d .

This slBulatlon can be utilized for aany ROV's. propelled and oriented

by thrusters. Their characteristics have only to be specified In a data
file. The ROV aodelled for this study Is the one being redesigned by the
MMSL [Man-Machine Systens Lab] In cooperation with Sea Grant, originally
froB a RECON 5 built by Perry Oceanographlc (fig. 6.1, ref. 15).

Sone parameters were available l ike:, mass. Inertia, thruster

positions. The other coefficients have been obtained by Interpolation froB

o t h e r v e h i c l e s . W e h a v e :

- Bass ■ 400 Kg (» 850 pds )
- Ix = 30 Kg.B^
- ly » 100 Kg.B^
- Iz - 100 Kg.B^
- distance center of gravity-buoyancy » 0.2 b

The added masses can be estimated by the Bass or Inertia multiplied by
s o m e c o e f fi c i e n t s ( r e f ; 1 6 ) :

- m i l « 2 5 0 K g
- b22 » 400 Kg
- mSa » 400 Kg
- 144 » 20 Kg.B^
- 155 « 100 Kg.m^
- 166 = 100 Kg.B^

The power of the thrusters have been measured statically on the real

vehicle and we get:

- PI = P2 = P3 = P5 = P6 s: 500 N at full power.



- 5 6 -

fl g u r e 6 . 1 ; S E A G R A N T 1 .
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For an ROV the thruster power is generally limited by an hydraulic

pump. This can be taken into account In the simulator.

The hydrodynamlc coefficients were chosen so that the limit speed of

the ROV does not exceed the "usual" speed of ROV's (In the simulator: 3.2

knots). These coefficients will have to be adjusted with sea trials or by
t e s t s I n a t o w i n g t a n k :

C u u = C u u » 1 5 0
cjw - C^w o 200
C,ww » C;ww o 200cfpp - c;pp » 450
C^qq » Cjqq « 700
Cjrr « c|rr = 800

For the collision detection the ROV Is modelled as a paralleplped of

d i m e n s i o n s : S m x 1 . 6 m x 0 . 8 m .

The direction of the current can be also changed without any problems
t h r o u g h t h e R O V d a t a fi l e .

B . l . b I m p l e m e n t a t i o n .

The simulator has been Implemented on the PDF 11/34 of the Man-Machine

Systems Lab. As presented before, It consists of four modules linked by a
main program. These modules are Independent. In order to run, the

simulator needs the main and the dynamic modules. The others can be added

depending on needs. This configuration allows easy test or modification.
The different modules can be simplified, for Instance by using 4 degree-
of-freedom dynamics Instead of the complete set, or by using a "3D"
disp lay wi th on ly one e lement .

When all the programs run together, the dynamic module runs at 20-30

Hz, and the others are sequenced by the main modules at a maximum of 3 Hz.
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The "camera" frequency varies between 3 Hz and 1 Hz, depending on the

scene. This organization, instead of a sequencing through the dynamic

module, was chosen in order to allow the dynamic module to run at a

reasonable f requency.

6 . 2 P i l o t i n g t h e s i m u l a t o r .

Figure 6.2 shows a general view of the installation. It consists of 2

displays, 1 small (3 inputs & spring return) joystick ( the same one which
will be used for the real ROV), a bigger analogic input board, and a

keyboard. At the moment the terminal screen is not used (only when
something wrong happens in the programs!).

The smaller Joystick is utilized for the input of the longitudinal and

transverse thrusters P1,P2,P3. The rotation of the head of the Joystick
enables the pilot to differentiate the longitudinal thrusters to rotate

the vehicle. The command of the vertical thruster P5,P6 is accessible

through a paddle on the larger input board.

O n t h i s b o a r d , t h e p i l o t c a n a l s o c o m m a n d :

- The roll compensation (which differentiates the vertical
p r o p e l l e r s ) .- The pan and t i l t of the camera.

- T h e t r i m s f o r t h e t h r u s t e r s .
- The position of the surface ship (no dynamics).

Usually on real operation the cable is released at the order of the

pilot or copilot. In the simulator, to lighten the task of the operator
the length of the cable is proportional to the distance between the ROV

and the surface ship. This coefficient can be modified interactively like
the others. For instance, a coefficient equal to l.l will result in a
tensed cable whereas a coefficient 2.0 will give a loose cable.





These controls are coapleted by keys on the terminal keyboard. They
are used to zoom the top view, select the auto-heading, the auto-

positioning, or the auto-depth mode, or change the form of the top-view

d i s p l a y ( e x p l a n a t i o n b e l o w ) .

Two screens provide the outputs. A Lexldata color display (used In

black & white see appendix B) serves for the "3D'* image of the environment
as seen by the camera fixed on a real ROV, and a Megatek vector display
shows the different indicators and the top-view (fig. 6.3).

The Information on that screen are more precisely (fig. 6.4):
- h e a d i n g ( I n a n a l o g i c f o r m )
- r o l l a n d p i t c h ( " )
- d e p t h
- a l t i t u d e
- position relative to a reference system (fig 6.5)
- p a n a n d t i l t o f t h e c a m e r a
- t h r u s t e r s c o m m a n d s
- t o p v i e w
- t e n s i o n a t t h e e n d o f t h e c a b l e
- cable coefficient ( length/distance(ROV;shlp) )
- bell and crash lines when a collision occurs (fig 6.6)

Two forms of top-view are available (fig 6.3. 6.6). In the first one,

the vehicle stays fixed In position and rotation on the screen. The

environment moves In accordance and turns. This solution is very helpful
for the command of the propellers, since the pilot does not have to worry
about the motion of the Joystick relatively to the ROV. The drawback is

that the effect of the current on the screen will be also rotated. The

second alternative is to let the vehicle pivot, thus the environment is

only translated. This solution does not modify the current effect on the

screen, but complicates the task of the pilot for the control of the

thrusters. However, this Inconvenience can be corrected If the joystick
inputs take care of the ROV heading. Hence the pilot would not have to
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worry about the correspondence of thrusters to Joystick. This correction

has- not been Implemeted on the simulator. This alternative might not

really be needed when the pilot does not use any top-view and has only his
camera Information. On another hand, when the camera Is panned the

correlation between the pan angle and the Joystick might again become

helpful. Hence the vehicle would move towards the camera view. These

considerations are related to Supervisory Control problems and can be

tested on the simulator before being tested on a real ROV.

To my knowledge, this specific top-view display (either one of the

alternative) Is not very often used by ROV systems designers. The
simulator takes advantage of the potential of the Megatek screen,

nevertheless, a comparable solution could be generated on a microcomputer
graphic display. (For example, there exists a flight-simulator on a

personal computer which reproduces the same effect for Its radar view.)
Besides, the position of a vehicle In the water can be measured nowadays
and the position of fixed elements In the "world" of the ROV (offshore

structure, pipe-line, well-head, template, etc..) can be located with

p r e c i s i o n .

Finally, the reason for having that top-view In the simulator was not
to reflect rea l i ty comple te ly, bu t to compensate fo r the loss o f

Information due to the 0.5-1.2 s of delay and the low frame-rate of the

"3D" display. (The frame rate Is determined by the time to generate the
next Image.) For experimental purposes. the top-view can be turned off or

o n a t t h e k e y b o a r d .

6 . 3 T h e l i n k m o d u l e .
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As explained in the previous pages, this nodule guides all the

operations of the simulator. Except for the dynamic nodule which runs by
itself, the others nodules are sequenced, through event flags, by the link
n o d u l e .

This nodule takes care of the Indicator displays, reads the Joysticks
the various potentiometers, and the keyboard.

The operator can select position, depth, or heading "control". Their

respective effects are to stabilize the corresponding notions, but they
are false controls since the program assigns numerically a value to the

associated variable, without using any thrusters. A master's thesis in the

MMSL is actually being done on the design of a "real" heading and depth
control. Its implementation on the simulator has Just begun. After being
tested the control will then be installed on the Lab vehicle. The link

nodule will be used to simulate the measurement available on an ROV, with

or without noise. The thrusters will be set according to the controller.

Routines to collect data-i- can be implemented in the different modules.

However the best place is the link module, which is in direct relation
with the operator through the keyboard and the analogic inputs. Hence,

recording can be started or stopped easily for experiments (Chapter 7).
Modifications of the indicator displays can be done through the link

module. Graphic calls are grouped in a specific subroutine and set up to
al low any change..

The listings of the programs which constitute the link module are

ava i lab le in Append ix B.
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C H A P T E R 7

I L L U S T R AT I V E R E S U LT S

7 . 1 I n t r o d u c t i o n .

Piloting an ROV Is not an easy task. The pilot and his ROV have always
to s t rugg le w i th the cur ren t and te ther reac t ions . The no t ion o f the

vehicle desands a lot of pilot experience to be predicted, even roughly,
and It Is said (ref. 4), that only one third of the professional pilots

can rea l l y do a fa i r Job .

Several people In the Lab Including nyself tr ied to "fly" the

simulator, and prevlour observations correlated with the remarks Just made

above. We could command roughly the motion of the vehicle with the

thrusters, for Instance to go from one point to another, but a more

precise task such as following a pipe-line or hovering at a fixed point In

order to manipulate a valve with an arm, became much more complex.

It was thus Interesting to see what were some different factors which

were Important In the human control of an ROV.

Two kinds of experiments were conductedlnformally, both directly

related to the two problems described previously;
- F o l l o w i n g a p i p e - l i n e

- S t a y i n g a t a fi x e d p o s i t i o n .

For these experiments several conditions were tested, beginning with a

simple case without current and cable, then only a current, and finally a
current and a cable. The Importance of the top-view display In the
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siBulator was evaluated. Several alternatives were also tested such as the

help that auto-depth provided to the pi lot, who then does not have to

w o r r y a b o u t t h i s n o t i o n .

The subjects of the experiments were myself (since I had the most

exper ience on the s imulator ! ) and a novice subject ( in order to learn

about initial experience in ROV piloting

These experiments do not have the pretension to be yield statistical

significance but only to illustrate some studies which could be done on

t h e s i m u l a t o r .

7 . 1 . a P i n e - l i n e f o l l o w i n g .

In this experiment the pilot had to track a pipe. The different

operating conditions were the following:
- To p - v i e w a n d c a m e r a a n d :

- n o c u r r e n t , n o c a b l e

- c u r r e n t o f I m / s f r o m t h e s o u t h , n o c a b l e

- current of 0.75 m/s from the south, a cable (characteristics as

presented in Chapter 3), the ship stays nearly at the

vertical of the vehicle, the depth is 100 meters.
- Only the "camera" and the same condit ions as before.

The acquisition of the data was allowed to start at will, through the

link module. These data consisted of the x,y,2, the heading of the

vehicle, and the time. They were utilized after the run to give a sampled
top-v iew mot ion as showed in figure 7.1.
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T . l . b H o v e r i n g .

The previous conditions were also applied for this test. The same data

were collected but were treated differently. The hovering situation Is

presented In figure 7.2. The goal was to fit the two triangles, the one on
the ROV and the one In the cube. A complete fit occured when the triangle

overlapped and when the altitude was 2.5 meters. The pilots were asked to

stay outside the cube. From the data we can get the variat ion of the

a l t i tude , the var ia t ion o f the (hor i zon ta l ) d is tance be tween the

triangles, and the variation of the heading. When the depth control was

selected, only the distance was computed, since In this case the pilot Is
able to limit his heading correctly. Figure 3 Is an example of the curves

o b t a i n e d .

When the vehicle stepped Into the cube, the distance between the two

triangles (which la > 0) was multiplied by -1 to signal the collisions on
the curves (fig.7.3). For the camera test, a spot of 25cn x 25cm was

displayed on one face of the cube, at the location were the triangle was

supposed to be. This spot was the target of the pilot, who had to hover as
c l o s e a s p o s s i b l e t o I t .

7 . 2 I n fl u e n c e o f t h e a u t o - d e p t h c o n t r o l .

It Is obvious that the number of parameters Influencing the behavior

of the pilot and the ROV are numerous. In the following figures (4, 5, 6,

7) we see the Importance of overloading when the pilots had to take care









fi g

No cu r ren t , t op - v i ew, dep th con t ro l



i h !



- 7 4 -

of depth. The variation of the distance Is much larger without control

than with, though the control does not have any direct effect on It.

Hence, the experiments thereafter were conducted with the auto-depth
control. This control simulation, as explained In Chapter 6 does not

control by the means of the thrusters but simply assigns numerically a

value to the depth (I.e. perfect depth control). As a consequence, a real

control will perform less well, even If this mode of control Is one of the

e a s i e s t f o r a R O V .

7 . 3 I n fl u e n c e o f t h e c a m e r a .

Figures 4,6,8 represent piloting with the top-view, whereas figures
5, 7, 9 are obtained with only the camera display. The environment for

that experiment was reduced to only the pipe and the cube, allowing an

Increase In the display rate of the link module frequency (4 hz). Flying

the vehicle Is obviously easier with the top-view than the camera only.

Nevertheless, the camera was somewhat helpful In limiting the depth

variation (without auto-depth). In order to help the pilot to stabilize

his vehicle to a given depth without auto-depth, some other form of depth

Ind ica tor shou ld be des igned.

7 . 4 I n fl u e n c e o f o n l y t h e c u r r e n t .

Figures 8 are the result of a current, and should be compared to
figures 6. The average distances do not change drastically. Nevertheless,
various situations with transverse current might change the effects on

hovering. A more difficult situation would occur with an unsteady current.
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figure 7.9.b: Current, no top-view (only camera), depth control.
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7 . 5 I n fl u e n c e o f t h e t e t h e r .

The tether aodelled in the simulator, included only the static forces

due to the current on a cable. These forces do not changfe if the position

of the ROV relative to the ship does not vary. Since the ship during the

exper iment was fo l lowing near ly the sane path as the vehic le or was

stabilized at a given position for hovering, the tether forces were only

steady additional forces applied to a point different for the rotation
center of the vehicle. Thus the pilot had to compensate for a yaw moment

and an additional translation force, which stayed roughly parallel to the

c u r r e n t .

For real operation, the tether interactions with the ROV are more

complicated, and will involve, for instance, dynamic turbulent effects.

Figures 10 describe some results obtained for the simulator tests with

a tether in a current. Error magnitudes are larger than in the previous

s i t u a t i o n s .

7 . 6 I n fl u e n c e o f s o m e e x p e r i e n c e .

A s e x p l a i n e d i n t h e i n t r o d u c t i o n o f t h e t h e s i s , s i m u l a t o r s a r e n o t

only useful to try and test some new ROV designs, but also to train and

evaluate pilots. The previous figures were obtained from a subject with

some hours of practice on that simulator. Figures 11, 12 are the results

from a subject with only a few minutes of practice.

1
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fl g . 7 . 1 0 . a :

figure 7.l0.b! Currpnt and cable, top-view, depth control
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fi g u r e 7 . 1 2 . a :

figure 7.l2.b: Tether, top-view, depth control, "non experienced" subject



7 . 7 T e s t o f t h e t o p - v l e w a l t e r n a t i v e s .

In Chapter 6, I Introduced the representation of the ROV environment

as a top-view display, and the two different alternatives In representing

the ROV, I.e. unrotated or rotated (fig. 6.3, 6.6). The test for hovering

did not represent any specific disparity between the two forms. For the

unrotated ROV display the pilot files the vehicle Itself, whereas for the

rotated display the pilot can Imagine that he Instead files the cube. This

solution Is possible since the heading of the ROV Is 180® and thus the

Image Is s imply reversed.

The results for the pipe-line tracking were more striking. Figure 13
Is the result of a trajectory from the structure to the NE corner of the

environment, whereas figure 14 Is the return trip, where the direction of
the forces from the thrusters are at 135® from their corresponding

Joystick commands. This figures show that the correlation of thruster to

Joystick Is Important. (Note that with the only camera, no difference
should be noticed.) Figures 15 and 16 should be compared to figure 6.a.
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CHAPTER 8

SUGGESTION FOR A FUTURE CONFIGURATION USING A MULTI-MICROPROCESSOR SYSTEM

A aodular prograa is. in general, very interesting In regard to

simpler oodlflcatlon, or test, or complement, of one of Its part. This Is
the main reason for the aodular concept of the simulator I developed.

Each nodule has Its oim data and variables and coamunlcates with the

others through a coaaon area In the memory and event flags.

Obviously, such programs can run on small or large computers with a

nultl-tasklng operating system. The solution however Is not optimal since
we do not use all the facilities provided by this solution, and the

systems lose time to switch between the different modules. Besides,

"Improvement" of the program by adding modules degrades also Its real-time

c a p a b i l i t i e s .

For a much lower ratio of cost/efficiency, a modular simulator can be

Implemented on a nultl-mlcroprocessor systems. Each nodule Is associated
with a board equipped with Its own microprocessor and arithmetic

coprocessor when needed, and local memory. Each board Is then linked via a

bus system to the others and a common memory. One Improves the simulator

by simply adding new boards corresponding to new modules, or by Improving
a specific board by changing Its components.

Each board can be completely Independent of the others, and have
different characteristics or components, whenever the link to the bus Is

r e s p e c t e d .



•Such a sifflulator could be created, for instance, with a Multibus 2 (32

bits path bus from Intel), using the new 32 bit processor and coprocessor

80286 and 80287 from Intel, or the 680xx (68000, 68010, 68020) and 68881

from Motorola. Complete boards with these components are beginning to be

available on the market. These units exist with different characteristics,

mainly their operating frequency, which can be chosen according to the

need of the specific modules. These processors (the 80286 (10 MHz) or the

68000 (16 MHz)) have higher performance than the DEC VAX 11/780 operating

with the resident operating system VMS. The lower versions ( 80286 (8

MHz), 68000 (8MHz)) Still perform reasonably well compared to the 11/780.
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CONCLUSIONS

The objectives of this study have been attained, nanely, the progran

Is able to slaulate fairly accurately the dynanlcs of an ROV, can provide

a 3D display of the scenery, and can conpute an approxlaatlon of the

a c t i o n s o f t h e u n b l l l c a l t e t h e r .

It Is used, Just now, for the testing of the depth and heading

cont ro l , wh ich soon w i l l be lap leaented on the MMSL veh ic le . Some

Illustrative experlnents show that soae research can be done on that

simulator to determine how to Improve piloting of the vehicle by modifying

Indicators or commands. Training Is also possible.

This study can be Improved In different ways. The first task should be

to Implement the simulator on a multi-microprocessor computer system. Then

the display can be modified to give more detail. The environment emulator

should detect the collisions and take them Into account In the dynamics.

The current should also vary. Finally, some dynamic effects of the tether

m i g h t b e I n c l u d e d .
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A P P E N D I X A

Complefflents on the dynanics

Using the notation from chapter 2.

J}(external forces on body) = md yT, + v

The system Is supposed Gallllean and so the corlollls

e f f e c t I s n e g l e c t e d .

i(G * sxfig) „ ̂ 5 +
i u ° i u l * i v j i w i c v ^ j + w d p

d t d t d t d t d t d t d t

ii - r3 - qfi : ij = -rl + p6 ; ^ - ql - p3d t d t d t

iu = (d - vr + wq)i + (^ + ur - s#p)J + (ft - uq + vp)k

|L5« pi ^ p±l ^-43+ qij + fR + rdCd t d t d t " ' d t
- (p - qr + qr)J + (ft + pr - rp)3 + (f
= Pi + ft3 + fR

- pq + qp)R

♦ ZG<l)i * '*Gr - ZGP)j * <"*G<I ♦ VgP)"̂
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d7(a*®G) = P * *G + P * -yGf^ZG" t *

0 y g q X g r - Z g P I

1

* ' ' * G ' ^ ^ G P
f"*G(q̂ '̂ ''̂ l * yglpq-r) + Zg{pr+q)]l* f "eiPQ*!') - yg(P®*''') + ̂ g(qr-p)]5 n

f * yo'iP^p' " 2g(p^+q^)]ic
a n d fi n a l l y 1

° - vr + wq) - XQ(q2+r2) + ŷ Cpq.f) + Zg(pr+4)]i
+ ((♦ ■▶ ur - wp) H. Xg(pq+f) - yg(p®+r2) ♦ Zj,(qr-J)]3 1

^ [(• - uq ♦ VP) . Xg(pp_i) + yj.(qr+̂ ) - Zg(pW))lc)
1
1

E(«o»ents in G) - + 1^,3 +
'x" ̂ x -"(yĜ  " ®Ĝ '
'y= ly -"<*0̂  ■" ̂ Ĝ ' i

'i- Iz -■<*Ĝ  * '̂ Ĝ ' t m

\and E(■omenta in P) = E(«o«ent8 In 6) + nR̂ d (u+SxR̂ )

id'pi + I.qj + lipk) - [I^P - Tqr + I'rq)jl
* tl̂ q ♦ I^pr - I^pr)]5 [

I

" ̂ ẑ̂  ■ 'iP<I + î pq)lic UK|

©TTj



"̂GX̂ tU+flxfiQ) = B. Xq X [(u-vr+wq) - x̂ jq̂ +r̂ ) +

*G [(w-uq^vp) Xg(pr.^) ♦
ĜCir̂ P̂  - ̂ G<P''"''̂ ''

*G [(v^««-"P) ♦ *e(p<i+f) -
*G<P̂ "'"̂ ' * ̂ G(qr-p)]

£(moments in P)

*'xP " ♦ B[yQ(w-uq+vp) - z^f^+ur-wp) +
^GyG'P'""'' " *G®G<P*'*̂ ' *

* 'V * ''x"̂ z)''P * ■[Zg<"'̂ ~'̂ ^> ■ *g("*pv-"I') ♦
VG'Wp' " *GyG<''P*p'
Vg(p'-''>1>-3* <'2^ * 'V'lx̂ P' * iii(xQ(v*ru-P") - yg(u+<I"-rv) +

*G''g'P<'-p' " VG^I^P*'' *

The transformation matrices are the fallowings

(I.3,R) to (IjJj.tj):
r* i i r cc s*- 0 fx i

1 a - s ^ c ' f ' 0 y
1 0 0 1 z

l . j j .k j) to (12*12*^2) '
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0 - s 0
0 1 0

0

^2'̂ 2'̂ 2^ to (i»J»l̂ )
X r i 0 0 "
y = 0 c e s e
z 0 - s e c e

and Gomblned ( I ,J ,K) to ( i j . k ) :
1 0 0
0 c e s e
0 - s e c e

c ^ 0 - s ^
0 1 0

8 ^ 0 c ^

C * 8 < » 0
- s * c * 0

0 0 1

C ^ C ^ S ^ C 0 - s ^
c^s^8e-s4>ce s^s0se-»-c«^ce c^se
c^s0ce-»-s^se s^ce80-c9se cece

5- *K + *31 + Jig.
R = -sif.ij + cii.icg

= 5,2
2̂ = i

Jg = ce.j - ae.ic
ftg o se.j + ce.ic
Hence t/'p ° -<^8^ •». d

q • ^ c 0 s e + ^ c e

, r a t c ^ c e - ^ s e

o r = ( q . s e = r . c e ) / c 0

♦ " q . c e - r . s e

e - p + tan('#»). (r.ce + q.se)

m
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A P P E N D I X B .

M i s c e l l a n e o u s

C o l o r l l a i t a t l o n

The Lexldata baa usually 256 colors shared in 8 planes, it does not
have however, the possibility to erase a specific area of the screen. If
this area does not Include the top left point of the screen. The only
alternative Is thus to erase color planes.

The principle of the display Is to show on one part of the screen a
finished loage. Meanwhile the next laage Is built on another part of the
screen. Each laage Is thus associated with 4 color planes, which gives
only 16 colors for each laage. By erasing the corresponding planes. I can
erase the laage being updated.

The listing of the different nodules can be obtained fra m

Professor Thonaa B . SHERIDAN

o r f r o m t h e a u t h o r .

(» 3000 lines).


