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A b s t r a c t 

T h i s p a p e r describes a navigator m o d e l c l e a r i n g the a p p r o a c h into a harbour . T h e m o d e l is a 

three stage d e c i s i o n m o d e l , conta in ing t r a c k i n g , short-term p l a n n i n g a n d long-term p l a n n i n g 

behaviour . T h i s m o d e l is ver i f ied b y m e a s u r i n g the mental w o r k l o a d o f p i lots whose task is to 

b r i n g a ship to berth. T h e mental w o r k l o a d is obtained b y E C G recording , from w h i c h heart 

rate a n d heart rate v a r i a b i l i t y (the 0.1 H z p o w e r density) were calculated. It is s h o w n that the 

w o r k l o a d var ies w i t h the oüfficulty o f m a n o e u v r i n g the s h i p , a n d the s i tuat ion ahead. 

I n t r o d u c t i o n 

D u e to technologica l innovat ions m o r e i n f o r m a t i o n has become ava i lab le f o r the navigator . 

T h i s i s espec ia l ly important d u r i n g the a p p r o a c h and departure o f a h a r b o u r , w h e n the risks o f 

g r o u n d i n g a n d c o l l i s i o n are highest. I n most harbours a r o u n d the w o r l d a p i l o t cornes o n b o a r d 

to assist the c r e w w i t h the n a v i g a t i o n task. N o r m a l l y the p i l o t performs the entire n a v i g a t i o n 

task. I f better i n f o r m a t i o n is to be p r o v i d e d , w e need to k n o w w h a t i n f o r m a t i o n is required at 

what t i m e a n d place . V e r y f e w attempts have been made t o do a t h o r o u g h task analysis ( M a r a , 

1968). N a v i g a t i o n is a d i f f icul t process to describe. M o s t i n f o r m a t i o n needed is obtained f r o m 

the v i s u a l scène, f e w orders are g i v e n , a n d performance is h a r d to quantify. O n e o f the few 

var iables that c a n be quanti f ied is mental w o r k l o a d . T h i s provides a n o p p o r t u n i t y t o measure 

the effort d u r i n g d e c i s i o n m a k i n g . 

I n process c o n t r o l a l l relevant parameters m u s t be k n o w n . B u t w h e n a p i l o t cornes o n b o a r d he 

has v e r y l i tt le knowledge about the speci f ic characterist ics o f the ship. A n u m b e r o f 

characterist ics i s a v a i l a b l e o n a m a n o e u v r i n g sheet, but s ince this i n f o r m a t i o n is o n l y v a l i d at 

füll sea, the p i l o t w i l l not even l o o k at it . P e r s o n a l observations a n d interviews have learned 

that the p i l o t o n l y k n o w s the b a s i c dimensions o f the ship , a n d he estimâtes characterist ics b y 

s imple rules o f the t h u m b and expérience. Y e t he w i l l b r i n g the ship to b e r t h w i t h a v e r y h i g h 

success rate. 

T a s k a n a l y s i s 

I n task analys is décomposition methods are best k n o w n . T h e y start from the goals a n d 

n a r r o w s d o w n towards detailed opérations. F r o m this an analys is c a n be done o f a l l necessary 

i n f o r m a t i o n , controls , t r a i n i n g , w o r k l o a d , a l locat ion , etc. ( K i r w a n , 1992). A k e y factor i n this 

a p p r o a c h is the set o f opérations. Unfortunate ly i n s h i p p i n g , a n d especia l ly i n p i l o t i n g ships, 

there are v e r y f e w opérations. F o r opérations a l l the system components m u s t be k n o w n 

beforehand. I n p i l o t i n g this i n f o r m a t i o n is not avai lable: a l l ships a n d crews are different a n d 

the environment is h i g h l y v a r i a b l e , m a k i n g a unique opération for each instance necessary. A l l 

other décomposit ion methods suffer from the same drawback . A different a p p r o a c h is needed. 
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W h a t is k n o w n , are the goals. M o s t other éléments are not k n o w n beforehand, w i t h the 

except ion o f the t o p o g r a p h y o f the h a r b o u r w i t h its infrastructure. T o describe the task o f the 

pi lot , a g o a l directed a p p r o a c h is chosen to construct a p i l o t m o d e l . T h e centre o f focus is 

what is w h a t m u s t be done, not h o w it is done. 

N a v i g a t o r M o d e l 

M a n y navigator models have been made over the years. M o s t o f them are based o n open-sea 

m a n o e u v r i n g . F e w o f t h e m are actual ly focused o n i n l a n d navigat ion, a n d these often take a 

contro l theoretic a p p r o a c h (Papenhuijzen, 1994). T h e n a v i g a t o r m o d e l presented here is a 

dec is ion m o d e l w i t h three levels o f contro l (see figure 1). 

O n the top level the o v e r a l l p l a n n i n g o f the voyage , long-term p l a n n i n g ( L T P ) . D e c i s i o n s o n 

this leve l range f r o m v e r y s imple decisions s u c h a s a free b e r t h a n d the a v a i l a b i l i t y o f tugs , t o 

very c o m p l i c a t e d decisions about a n o v e r a l l p l a n to sa i l the ship to its berth. M o s t p l a n n i n g is 

done before the p i l o t boards the s h i p , and the p i l o t w i l l c h e c k o n b o a r d i f everything is i n 

order. Character i s t i c o f long-term p l a n n i n g is that p r o c e d u r a l a n d it is done once. 

T h e m i d d l e level is short-term p l a n n i n g ( S T P ) . W h e n a p i l o t br ings i n a s h i p , he w i l l not p l a n 

the t r a c k as a w h o l e i n advance: he w i l l sa i l the ship from w a y p o i n t to w a y p o i n t . E a c h 

w a y p o i n t w i l l have its o w n objective: a n e w course, a c u r v e , a change i n current, a n 

intersection. I n S T P the decis ion is made about a s i tuat ion at hand. T h e controls w h i c h the 

p i lot has ava i lab le are v e r y l i m i t e d : rudder a n d engine. T h e d e c i s i o n h o r i z o n depends largely 

on the m a n o e u v r a b i l i t y o f the ship i n c o m b i n a t i o n w i t h the environment. D u e to the inherent 

inert ia o f the s h i p , decis ions often has the f o r m o f a po int o f n o return, l i k e i n d u r i n g the take-

o f f sequence o f a n a irplane. T h e choice made o n this level is w h i c h t r a c k to f o l l o w . Short- term 

p l a n n i n g i s based o n knowledge about the f o r t h c o m i n g l o c a l s i tuat ion, t ra f f i c , the t r a i n i n g o f 

the p i l o t , S t a n d a r d manoeuvres , a n d his personal style. T h i s , a n d the m a n o e u v r i n g 

characterist ics o f the s h i p , w i l l be a p p l i e d to p l a n a track. T h e m a n o e u v r i n g characterist ics 

a n d the required a c c u r a c y determine what type o f contro l he w i l l apply : speed-course (V,<p) o r 

thrust-rudderangle ( F , 5 ) . S h i p s react s l o w to n e w settings, depending o n the s h i p ' s s ize a n d 

type o f m a c h i n e c o n t r o l . Therefore , setpoints m u s t be p l a n n e d w e l l i n advance. Short- term 

p l a n n i n g is a discrete process , it has the f o r m o f methods, it is proact ive , o c c u r r i n g at speci f ic 

points , depending o n the o n - c o m i n g s i tuat ion. 

T h e lowest level o f c o n t r o l is t r a c k i n g behaviour. T h e t r a c k that has been chosen o n the S T P -

level m u s t be f o l l o w e d as w e l l as possible . F o r this the n a v i g a t o r must observe the p o s i t i o n 

and movements o f the ship relative to the environment. W h e n deviations f r o m the desired t r a c k 

o c c u r correct ions m u s t be made. Important factors are w i n d , current, ground-effect, a n d 

var ious elements i n s h i p c o n t r o l , a n d the a c c u r a c y w i t h w h i c h the p o s i t i o n f i x i n g c a n be done. 

T r a c k i n g is a cont inuous process , it is based o n techniques, a n d i t i s react ive b y nature. T h e 

most important characterist ics are s u m m a r i s e d i n table 1. 

T a b l e 1. M o s t characterist ic elements o f the three levels o f c o n t r o l . 

level character type 

long-term p l a n n i n g procedures once 

short-term p l a n n i n g methods discrete 

t r a c k i n g techniques cont inuous 
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navigator 

Long Term Planning 
• waypoints 
• timetable 
• speed plan 
• services 

* 

s i t u a t i o n 

fairway 
ships dimensions 
tide, weather 
services 
standard voyages 

Short Term Planning L H s t a n d a r d manoeuvres 
track 

!• initiating points l_~ 

manoeuvrability 
time delays 
disturbing factors 

traffic information 

Tracking 

UF helms 
man 

instruments 

*| engine 

E n v i r o n m e n t 

Ship 
*| rudder 

position 

F i g u r e 1: A navigator model. 

W o r k l o a d 

I n this paper, the t e r m ' w o r k l o a d ' a l w a y s refers to mental w o r k l o a d . P h y s i c a l w o r k l o a d 

result ing from b o a r d i n g a n d l e a v i n g the ship , o r irregulär w o r k i n g hours is not considered. 

Per formance s h a p i n g factors are a lso not considered. 

N o t a l l factors that m a y a d d to the w o r k l o a d are present at a l l t imes, a n d even i f some factors 

are present, they m a y be unimportant . A voyage can be eut d o w n into a n u m b e r o f sections, 

each character ised b y a few éléments. These éléments détermine the t r a c k to be chosen. F r o m 

this t r a c k i t f o l l o w s w h a t manoeuvres must be made, a n d h o w they are to be init iated. 

T w o éléments are needed for t r a c k i n g : observat ion and c o n t r o l . A f t e r a t r a c k is chosen it must 

be poss ib le to observe the déviation from the desired track. T h e uncertainty o f the p o s i t i o n , 

related t o the required accuracy , w i l l a d d to the w o r k l o a d . D u r i n g t r a c k i n g different types o f 

disturbances act o f the ship. It is assumed that they are not a l w a y s o f importance. W h e n the 

effect o f the disturbance is b e l o w a certain threshold it has n o effect o n the task. O v e r the 

threshold it does have effect. O n e c o u l d m o d e l the influence o f s u c h disturbances as a l inear 

c o m b i n a t i o n a d d i n g to the w o r k l o a d . T h e use o f speed-course contro l is considered t o be 

easier than power-rudder contro l . T h i s w o u l d a l so l inear ly a d d to the w o r k l o a d . . A l l these 

w o r k l o a d components are d irect ly related to the s i tuation present. A d d i t i o n a l l y , changes i n the 

disturbances w i l l a d d temporary to the w o r k l o a d . 

Short- term plarming w i l l resuit i n a w o r k l o a d present w e l l before a s i tuat ion occurs . It w i l l be 

related to a spec i f ic s i tuat ion a n d o c c u r at a t i m e that is related to the m a n o e u v r a b i l i t y o f the 

ship. It w i l l dépend either o n the f a i r w a y w i t h its l o c a l problems, i n w h i c h case i t w i l l be 
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related to a speci f ic location/situation, or it w i l l depend o n other ships , i n w h i c h case i t w i l l be 

related to the traf f ic s i tuat ion. 

L o n g - t e r m p l a n n i n g w i l l lead to a n increase o f w o r k l o a d f o r a short t i m e w h e n a r r i v i n g o n 

b o a r d , a n d p l a y a role later o n l y i f the p l a n n i n g has to be changed f o r reasons u n k n o w n at 

f irst . 

M e a s u r e m e n t 

T o v e r i f y the m o d e l a method must be a p p l i e d w h i c h w i l l p r o v i d e w o r k l o a d i n f o r m a t i o n about 

the transit ions. G e n e r a l l y , there are f o u r w a y s to measure menta l w o r k l o a d : task d e m a n d l o a d 

i n re lat ion to performance, p r i m a r y task measures, secondary task measures, a n d 

p h y s i o l o g i c a l measures. M u c h has been wr i t ten about each o f t h e m a n d about their 

poss ib i l i t ies a n d l imitat ions , (see for instance: H a n c o c k & M e s h k a t e , 1988; Sher idan & 

Stassen, 1979; Johanssen et a l , 1979) 

P e r f o r m a n c e measures are v e r y h a r d to obta in i n nav igat ion tasks. T h e n u m b e r o f u n k n o w n 

factors is h i g h , a n d personal preferences w i l l l e a d to different outcomes. 

Subject ive w o r k l o a d estimates are not very g o o d for m e a s u r i n g transients i n w o r k l o a d . T h e y 

prov ide a n o v e r a l l rat ing o f the w o r k l o a d . D u e to the spec i f ic w o r k i n g condit ions , one m a y 

doubt the poss ib i l i t ies for se l f -rat ing b y pi lots . T h e T L X - r a t i n g s obta ined p r o v i d e i n f o r m a t i o n 

for w i l d speculat ion. O u r idea is that pi lots have learned to ignore the ir percept ion o f 

w o r k l o a d . 

T o a p p l y a secondary task, the p r i m a r y task m u s t be k n o w n exact ly , w h i c h is i m p o s s i b l e due 

to the v e r y nature o f th is project. A d d i t i o n a l l y , a secondary task w i l l increase the w o r k l o a d 

and is intrus ive b y its v e r y nature, w h i c h is considered i m p e r m i s s i b l e ( D a m o s , 1991). 

Despi te the fact that the re lat ion between mental w o r k l o a d a n d v a r i o u s p h y s i o l o g i c a l measures 

is not c lear at a l l , some measures have s h o w n h i g h corre lat ion between w o r k l o a d a n d the 

p h y s i o l o g i c a l react ion. B l o o d pressure, h o r m o n a l concentrations, a n d m u s c l e tension are w e l l 

k n o w n examples . H e a r t rate a n d heart rate v a r i a b i l i t y (the p o w e r i n the 0.1 H z - b a n d ) were 

chosen. It is easy t o record, sensitive, especia l ly for central process ing a n d v i s u a l percept ion, 

a n d non-intrusive. A l t h o u g h its r e l i a b i l i t y a n d v a l i d i t y have often been questioned, there is 

evidence that this measure is a re l iable measure o f w o r k l o a d . A few o f these authors are 

V i n c e n t e et a l ( 1987) , W a s t e l l ( 1989) , M u l d e r , G (1983), a n d M u l d e r , L . J . M . (1988) . T h e 

major disadvantage is its p r o b l e m a t i c interpretation, a d r a w b a c k for a l l p h y s i o l o g i c a l 

techniques. It w a s assumed that the effects caused b y a l i t t le p h y s i c a l exercise w o u l d be s m a l l 

c o m p a r e d to the differences caused b y mental w o r k l o a d . 

In a series o f recordings , f o u r experienced R o t t e r d a m pi lots part ic ipated. E a c h p i l o t d i d at 

least t w o i n w a r d b o u n d a n d t w o o u t w a r d b o u n d voyages. T h e ships were selected for 

m a x i m u m size f r o m the ships ava i lab le . S h i p s f o r the river were preferred to ships f o r 

E u r o p o r t . A l l p i lots were v ideotaped, a n d m a r k e r points were plotted o n a m a p f o r spec i f ic 

locations a n d traf f ic . 

T h e E C G recordings were corrected for recording errors, a n d t ransformed into p o w e r density 

signals u s i n g C a r s p a n 1.99 ( M u l d e r , 1988). T h e power density w a s c a l c u l a t e d u s i n g a D i r e c t 

F o u r i e r T r a n s f o r m based o n the Integral P u l s e Frequency M o d u l a t o r m o d e l ( R o m p e l m a n , 

1986). T h e t ime w i n d o w o f 50(s) w a s found to be acceptable for b o t h a suff icient spectral 

resolut ion a n d stat ionary s ignal . A s a smoothing filter, a m o d i f i e d discounted-least square 

fi lter w a s appl ied w i t h r=30(s) ( S W O V , 1994). 
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A s w a s argued w h e n y o u need to start, y o u need to k n o w thèse goals. B u t goals , u n l i k e 

act ions, cannot be observed. G o a l s c a n only be obtained b y interv iewing, a n d sometimes b y 

interprétation o f the actions b y a n expert. Interviewing d u r i n g the v o y a g e m a y be a serious 

disturbance o f the ongoing process , a n d w a s rejected f o r that reason. A c o m p r o m i s e w a s 

f o u n d b y a s k i n g the p i l o t afterwards what h a d happened d u r i n g the voyage , what the p lans 

were , a n d w h a t the p r o b l e m s were i n executing thèse p lans . O v e r the t i m e , some knowledge 

w a s obtained about the p i l o t ' s task, a n d this c o u l d be used i n a s k i n g spec i f i c questions about 

the events that h a d t a k e n place. A d d i t i o n a l l y , some knowledge about s tandard voyages w a s 

obtained b y interv iewing outside the recorded voyages. 

R e s u l t s 

B e c a u s e o f the m a n y différences between the voyages, n o Statistical analys is has been done 

over différent p i l o t s , ships, a n d situations. V o y a g e s were analysed b y c o m p a r i n g the voyage 

w i t h the heart rate a n d p o w e r density. O n e voyage has been chosen as a n example . I n figure 2 

one c a n see the t r a c k , a n d i n figure 3 the result ing E C G - d a t a . A p a r t f r o m c l i m b i n g o n b o a r d , 

there is n o p h y s i c a l exercise b y the pi lot . T h e heart rate o f a i l pi lots o n b o a r d stabi l ised a r o u n d 

9 0 beats/min, about 10 beats h igher than on the p i lo t -sh ip . C l i m b i n g o n a n d o f f b o a r d c a n be 

seen v e r y c lear i n a i l heart rate p lots . B e f o r e h a n d w e dist inguished between i n w a r d - b o u n d a n d 

o u t w a r d - b o u n d voyages. In the heart rate p lots this différence shows v e r y c lear ly w h e n 

entering the harbour . T h e heart rate increased s igni f icant ly , to reach its p e a k at the start o f the 

t u r n . T h i s effect c o u l d not be f o u n d w i t h o u t w a r d - b o u n d ships. T h e same c o u l d be f o u n d 

d u r i n g c r i t i c a l manoeuvres a n d p a s s i n g bridges. T h i s effect w a s attr ibuted to arousa l , that is 

d i r e c t l y related t o h o r m o n a l effects ( G e l l a t l y & M e y e r , 1992). 

F i g u r e 2. A voyage from sea to a Rotterdam harbour. The nmubers correspond with figure 3. 

I n Computing the p o w e r density i t w a s found that i n the h a r b o u r m a n y artefacts occurred . T h i s 

is v e r y t roublesome because they act l ike D i r a c - f u n c t i o n s , m a s k i n g a l l other data i n that t ime 

segment. It is k n o w n that stress-l ike situations often resuit i n extra-systol ic contract ions o f the 

first ventr ic le , r e c o r d i n g as a n e x t r a heartbeat, a n d d is turbing the F o u r i e r t r a n s f o r m i n g 

process. A second outcome w a s that the p o w e r density is h i g h l y v a r i a b l e , w h i c h made i t 

d i f f i cu l t to interpret. M o v i n g average Alters a n d frequency based filter techniques were found 

unsat is fy ing. T h e M o d i f i e d D i s c o u n t e d Least Square filter w a s found to be most useful . T h i s 

filter is a n a-symmetr ica l exponent ia l t ime-weighted filter. 
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F i g u r e 3: Physiological data f r o m the voyage shown i n figure 2. F r o m bottom to top: the heart rate, 

the power density (unfiltered), the power density (filtered). T h e numbers o n top o f the vertical Unes 

correspond w i t h numbers i n figure 2. Note that the mental workload is reversely related to the power 

density of the 0.1 Hz-band. The peaks i n the power density resuit from various artefact i n the 

heartrate. 

The increase i n heartrate is clearly visable during boarding at sea (0), and w h e n entering the harbour 

(6). A t marker 2 there is an increased workload due to traffic and construction work (between 2 and 

3). M a r k e r 3 is the resuit of a ship that came to the wrong side of the fairway. M a r k e r 4 is located at 

a place where difficult currents exist. M a r k e r 6 placed just before a location o f usually intense traffic. 

T h e o v e r a l l prof i le o f the p o w e r density gave a g o o d i n d i c a t i o n o f the w o r k l o a d (face value) . 

T h e peaks i n w o r k l o a d as indicated b y the p o w e r density o c c u r r e d at pre-def ined places , s u c h 

as before a s igni f icant change i n the current, o r w h e n decisions h a d to be made about pass ing 

a ship c o m i n g from another f a i r w a y . Orders , p a s s i n g o f other ships a n d disturbances c o u l d 

often be w e l l identi f ied. A s is u s u a l w i t h thèse techniques, lot o f v a r i a t i o n is left unaccounted 

for. I n the f irst séries, peaks i n w o r k l o a d were f o u n d w h i c h later, d u r i n g interviews w i t h other 

pi lots , were identif ied as speci f ic problems. 
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Conclusions 

T h e use o f E C G - r e c o r d i n g seems a va luable t o o i for developing a navigator m o d e l . D a t a 

obtained f r o m interviews a n d the E C G - r e c o r d i n g s p r o v i d e d va luable i n f o r m a t i o n about the 

p i l o t ' s task. F o r a m o r e sophist icated interprétation a thorough ta lk- through afterwards is 
required, m a k i n g the interprétation m u c h easier. In field experiments s u c h as these, this i s not 

a l w a y s easy to achieve. O f t e n there is very l i tt le t ime between ships , due t o h i g h t ime-pressure, 

a n d the w o r k is done around the c l o c k . O n l y w i t h fùll co-operat ion f r o m the entire 

organisat ion t i m e is made ava i lab le . 

T h e data obtained seem to c o n f i r m the m o d e l presented here. A i l major w o r k l o a d peaks w h i c h 

were f o u n d to be related to locat ions o r s ituations, were c o n f i r m e d i n interviews. F o r a m o r e 

detailed m o d e l , m o r e detai led ana lys i s is needed. W e th ink it w i l l be poss ib le to identi fy most 

o f the dominant factors i n w o r k l o a d u s i n g this technique. 

F o r the interprétation o f the heartbeat data, the p i l o t act ions, the goals , the characterist ics o f 

the s h i p , the l o c a t i o n o f the s h i p , a n d the s i tuat ion i t is i n m u s t be k n o w n . T o do this , a lot o f 

i n f o r m a t i o n must be recorded d u r i n g a n d after the voyage. Urrfortunately, due to m a n y 

u n k n o w n factors, not a l l changes i n p o w e r density m a y be expla ined. 

F o r a g o o d analysis o f the heartbeat data a g o o d reconstruct ion o f that d a t a is most valuable . 

Dis turbances make the t i m e - w i n d o w i n w h i c h i t occurs useless, a n d w h e n disturbances o c c u r 

regular ly i t c a n m a k e a large p o r t i o n o f the r e c o r d i n g useless. It seems t o us that a better 

reconstruct ion m a y be achieved t h a n present ava i lab le w i t h C a r s p a n 1.99. 
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