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

T h e i n t r o d u c t i o n o f digi ta l datal inks between aircraft 

a n d A i r Traff ic C o n t r o l ( A T C ) a n d the advent o f 

highly accurate p o s i t i o n i n g Systems, offers the 

possibi l i ty to increase airspace capacity by decreasing 

séparations between aircraft. B y using flexible curved 

approach procédures, A T C has m o r e freedom i n 

managing the traffic flow, result ing i n a better 

u t i l i z a t i o n o f airway and runway capacity. T h e 

result ing increase i n requirements o n p o s i t i o n and 

velocity c o n t r o l o f the aircraft a n d the fact that 

approach paths may conta in curved segments, w i l l 

certainly increase the pi lot 's w o r k l o a d a n d reduce his 

abi l i ty to m a i n t a i n a n adéquate level o f spatial and 

navigat ional awareness. T h i s can be compensated for 

by p r o v i d i n g the required data i n such a way that the 

effort for interprétation, intégration, and évaluation 

is reduced. 

C o n v e n t i o n a l guidance displays employ a very s imple 

présentation, e.g. a m o v i n g bar indicat ing a déviation 

to be zeroed. T h e design of algorithms dr iv ing the 

guidance display is a typical c o n t r o l engineering 

p r o b l e m . T h e i n t r o d u c t i o n o f programmable display 

S y s t e m s o n the flightdeck offers almost u n l i m i t e d 

f lexibi l i ty i n the présentation o f guidance and 

navigat ion data, a n d as a resuit the possibi l i ty to 

i m p r o v e the i n f o r m a t i o n transfer is available. 

T h e development o f advanced display formats 

requires considération o f perceptual a n d cognitive 

aspects. D u e to the interdependency o f requirements 

a n d constraints f r o m the différent disciplines 

involved, and the fact that margins ex is t , trade-offs 

are possible. T h e efficiency o f the design process is 

largely determined by the abi l i ty to médiate 

requirements a n d constraints between the différent 

discipl ines, w h i l e the qual i ty o f the final product is 

significantly inf luenced by the trade-offe w h i c h have 

been made to satisfy the requirements w i t h i n the 

constraints. A s a resuit, it is very important that the 

conséquences o f trade-offs are clear for a i l 

discipl ines i n v o l v e d i n the design process. A n 

approach is needed w h i c h al lows potent ia l concepts 

to be q u a l i t a t i v e ^ evaluated against certain 

predefined cr i ter ia w i t h respect to possibil i t ies for 

interprétation, intégration, a n d évaluation of the 

presented data. 

In 1990 the Del f t P r o g r a m for H y b r i d i z e d 

Instrumentat ion and N a v i g a t i o n Systems 

( D E L P H I N S ) was ini t ia ted at the department o f 

Télécommunication and Traff ic C o n t r o l Systems o f 

the F a c u l t y o f E l e c t r i c a l E n g i n e e r i n g . In the context 

of D E L P H I N S , research is per formed i n t o 

présentation methods for guidance a n d navigation 

data to i m p r o v e the i n f o r m a t i o n transfer f r o m 

machine to m a n . A n example o f a potent ia l display 

concept for four-dimensional ( 4 - D ) navigation and 

guidance is the D E L P H I N S Tunnel- in-the-Sky 

display, w h i c h is characterized by a perspective 

présentation o f the future flightpath. 

T h i s paper describes the design o f perspective 

f l ightpath displays for aircraft guidance and 

navigation i n a control- theoret ica l , cognit ive, and 

perceptual context, w h i l e t a k i n g i n t o account current 

a n d expected future technica l possibi l i t ies and 

l imitat ions . 
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2. G U I D A N C E A N D N A V I G A T I O N 

N a v i g a t i o n can be defined as "to direct and c o n t r o l 

the course o f a n aircraft". T o ful f i l the navigat ion 

task, guidance is required. T h i s comprises c o n t r o l o f 

elevator, a i l e r o n , rudder, and thrust. It can be 

performed manual ly , o r automatical ly . In the latter 

case, since humans possess invaluable qualities i n 

c o p i n g w i t h unpredictable situations, the p i l o t 

functions as a supervisor. H i s r o l e is to compensate 

for the l i m i t e d f lexibi l i ty a n d adaptabi l i ty o f 

automated systems i n the event o f a n unforeseen 

circumstance for w h i c h the system was not designed. 

T o exploi t the flexibility a n d adaptabil i ty o f the 

h u m a n operator , the system must be designed so 

that the p i l o t is able to q u i c k l y detect anomalies a n d 

to safely a n d rapid ly take over f u l l c o n t r o l o f the 

aircraft. F o r the safe execut ion o f the guidance a n d 

navigat ion task, i t is important that the p i l o t is able 

to determine the r e l a t i o n between his Ego-centered 

Reference F r a m e ( E R F ) a n d the W o r l d Reference 

F r a m e ( W R F ) , thus establishing a n adequate leve l o f 

spat ia l awareness. F u r t h e r m o r e , i n order to be able 

t o antic ipate changes, it is important that the p i l o t is 

able to predict the future required E R F - W R F 

re lat ion, w h i c h is determined by his navigat ional 

awareness. 

T h e N a v i g a t i o n E r r o r ( N E ) o f a n aircraft consists o f 

a P o s i t i o n i n g E r r o r ( P E ) a n d a F l i g h t T e c h n i c a l 

E r r o r ( F T E ) . T h e P E is the difference between the 

true p o s i t i o n o f the aircraft a n d the p o s i t i o n 

reported by the p o s i t i o n i n g system. T h e F T E 

represents the difference between the desired 

p o s i t i o n o f the aircraft a n d the p o s i t i o n reported by 

the p o s i t i o n i n g system. T h e p i l o t is only aware of the 

F T E , a n d a change i n P E w i l l be perceived as a 

change i n F T E . 

Today's aircraft displays most ly e m p l o y singular a n d 

sometimes d u a l d i m e n s i o n a l data presentat ion 

methods for guidance a n d navigat ion data. T h e 

integrat ion o f the data w h i c h is required t o o b t a i n 

spatial a n d navigat ional awareness has to be 

per formed by the p i l o t . T h i s process involves m e n t a l 

r o t a t i o n a n d scal ing operat ions, w h i c h costs t i m e and 

may introduce errors. W i t h one-dimensional (1-D) 

and two-dimensional (2-D) guidance and navigat ion 

displays, p o s i t i o n a n d o r i e n t a t i o n data is either 

presented separately, o r c o m b i n e d into one 

parameter. T h e N a v i g a t i o n D i s p l a y ( N D ) presents a 

p l a n view o f the f l ightpath relative to the aircraft 

p o s i t i o n (F igure 1). 

A s a result, it contains 2 - D (lateral) p o s i t i o n 

i n f o r m a t i o n , and 1-D o r i e n t a t i o n i n f o r m a t i o n 

(heading). D e p e n d i n g o n the mode, a W R F ( N o r t h 

U p ) o r a n E R F is used (Track o r H e a d i n g up) . T h e 

A t t i t u d e Indicator ( A I ) presents the p i t c h and b a n k 

Fig. 1. Example of a Navigation Display 

o f the aircraft relative to a d e p i c t i o n o f the h o r i z o n . 

In general a so-called inside-out frame-of-reference 

is used (fixed a i rp lane s y m b o l against a m o v i n g 

h o r i z o n ) , a l though R u s s i a n aircraft e m p l o y a hybr id 

s o l u t i o n , i n w h i c h the aircraft s y m b o l ro l l s but is 

fixed i n the vert ical d i r e c t i o n , a n d the art i f ic ia l 

h o r i z o n translates i n the vert ical d i r e c t i o n to convey 

p i tch i n f o r m a t i o n . B y a l l o w i n g the aircraft symbol to 

r o l l against a fixed b a c k g r o u n d , the p r i n c i p l e o f 

c o n t r o l display m o t i o n c o m p a t i b i l i t y (Johnson a n d 

Roscoe , 1972) is satisfied. T h e a l t imeter presents 1-

D p o s i t i o n i n f o r m a t i o n , a n d can also be used to 

indicate the desired al t i tude. T h e gl ideslope and 

local izer indicators present 1-D p o s i t i o n error 

i n f o r m a t i o n , w h i l e a fl ight d irector presents guidance 

commands. F i g u r e 2 presents a n example o f a 

convent ional guidance display. 

10 10 *—Glideslope scale 

-Glideslope bug 

-Horizontal -flight 
director 

1 
Localizer bug 

-Vertical flight 
director 

-Localizer scale 

Fig. 2. Example of a typical guidance display 
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B y integrat ing the i n f o r m a t i o n conveyed by the N D , 

the A I , a n d the alt imeter the p i l o t is able to obta in a 

certain level o f spatial a n d navigational awareness. 

C o n v e n t i o n a l flight directors are based o n a 

weighted c o m b i n a t i o n o f p o s i t i o n - a n d angular 

errors. In the h o r i z o n t a l d i m e n s i o n , Cross-Track 

E r r o r ( X T E ) a n d T r a c k - A n g l e E r r o r ( T A E ) are used 

to calculate the def lect ion o f the vert ical flight 

d irector bar. In the vert ica l d i m e n s i o n , F l i g h t path 

A n g l e E r r o r ( F P A E ) a n d V e r t i c a l E r r o r ( V E ) are 

used to calculate the def lect ion o f the h o r i z o n t a l 

flight director bar. A s a resuit o f the intégration o f 

m u l t i p l e parameters i n t o a single d i m e n s i o n , the 

p i l o t is unable t o extract i n f o r m a t i o n about the 

specific errors from the flight d irector display. 

F u r t h e r m o r e , since the error gains o f the display are 

determined by the flight director a lgori thms, the 

possible bandwidth the p i l o t can apply for scanning 

a n d executing the flight director commands is rather 

l i m i t e d . In situations where the required 

performance is less than the performance for w h i c h 

the gains have been determined, the p i l o t is forced 

to m a i n t a i n the higher gain, a n d the possibi l i ty to 

neglect errors for a certain t ime is very l i m i t e d . 

F i n a l l y , the flight d irector does not présent the p i l o t 

w i t h preview o n the future desired trajectory w h i c h 

is required for antic ipatory c o n t r o l . T h e N D présents 

the p i l o t w i t h trajectory preview i n the h o r i z o n t a l 

d i m e n s i o n , required for lateral navigational 

awareness. H o w e v e r , the reso lut ion o f this data is 

t o o l o w to be useful for antic ipatory c o n t r o l . A s a 

resuit, the p i l o t is forced to apply a cont inuous 

compensatory c o n t r o l strategy. 

3. D E S I G N Q U E S T I O N S 

T h e goal o f the design process is to o p t i m i z e the 

i n f o r m a t i o n transfer f r o m machine to man. O n e o f 

the most effective mechanisms for the s impl i f i cat ion 

o f complex v isua l scènes is the h u m a n perceptual 

System ( G a r n e r , 1970). T h i s s impl i f i ca t ion 

mechanism is developed i n humans through years o f 

repeated confrontat ion w i t h the rules o f perspective 

scènes. W i t h this System, the h u m a n is capable o f 

r a p i d interprétation o f otherwise complex visual 

scènes. T o capture this s impl i f i ca t ion capabil ity i n 

man-machine Systems requires the use o f p ictor ia l ly 

real ist ic i n f o r m a t i o n présentation (Jensen, 1978) 

T h e advancements i n the area o f computer graphies 

m a k e i t technical ly and economical ly feasible to 

présent a n abstract, d imensional ly and dynamical ly 

compat ib le analogy o f the spatial environment i n 

real-t ime. S u c h C o m p u t e r G e n e r a t e d Imagery ( C G I ) 

can be used to emphasize important features i n the 

outside w o r l d scène, de-emphasize o r e l iminate 

unimportant features, a n d introduce ar t i f i c ia l eues. 

T o reduce the required effort for interprétation and 

évaluation, émergent features can be used to exploit 

certain cognit ive abil i t ies w h i c h are involved i n the 

early stages o f perceptual processing. T h e P r o x i m i t y 

C o m p a t i b i l i t y P r i n c i p l e ( P C P ) predicts that tasks 

r e q u i r i n g the intégration o f i n f o r m a t i o n across 

sources benefît f r o m m o r e integrated displays 

(Wickens and A n d r e , 1990). B y presenting the data 

so that the présentation is c o m p a t i b l e w i t h the user's 

expectation, semantic distance can be m i n i m i z e d 

( N o r m a n , 1989), T h e spatial présentation o f the 

imaginary flightpath i n the 3 - D environment can be 

used to al leviate the p i l o t from p e r f o r m i n g the 

menta l intégrations o f the separately displayed 

p o s i t i o n a n d o r i e n t a t i o n data i n t o a spatially 

cohérent picture. 

F o r the design o f a 3 - D guidance a n d navigation 

displays, questions regarding the contents a n d 

représentation o f the rea l -wor ld analog must be 

answered. T h e f o l l o w i n g first three questions address 

the contents, w h i l e the latter six address the 

représentation. 

- H o w to détermine w h i c h objects i n the v isual 

environment contr ibute , a n d s h o u l d be 

emphasized, and w h i c h objects m a i n l y cause 

clutter? 

- W h e n to e m p l o y représentations o f imaginary 

éléments? 

- H o w to détermine whether a n d when addit ional 

data présentation is necessary? 

- H o w can the objects be represented and to what 

abstraction level can the représentation be 

reduced? 

- H o w to emphasize i m p o r t a n t objects? 

- H o w to employ représentations o f imaginary 

éléments? 

- H o w to integrate a d d i t i o n a l data i n t o the 

présentation? 

- H o w to select the perspective design parameters 

and the frame o f référence? 

- H o w to select the présentation m e d i u m ? 

F o r the i m p l e m e n t a t i o n and the intégration i n a 

target environment the f o l l o w i n g addi t ional 

questions must be addressed: 

- W h a t are the system performance requirements i n 

terms o f memory , speed, a n d display resolut ion? 

- W h a t data is required? 

- W h a t are the requirements w i t h respect to data 

latency, update-rate, accuracy, noise? 
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A d d r e s s i n g these questions requires a more detai led 

analysis o f the specific properties o f spatial data 

presentat ion i n r e l a t i o n to the antic ipated tasks to 

be performed. S u c h a n analysis also al lows the 

c o m p a r i s o n w i t h findings from other studies related 

to a specific aspect. Important questions w h i c h must 

be addressed are: 

- W h a t are the specific properties of spatial ly 

integrated environment a n d trajectory 

presentat ion, a n d what are the s imilar i t ies a n d 

fundamental differences w i t h 1-D a n d 2 - D 

datapresentation? 

- W h a t are the consequences/possibilities of spatial ly 

integrated data presentat ion w i t h respect to 

percept ion, interpretat ion, evaluat ion, a n d act ion? 

- W h a t are the consequences o f a mismatch between 

the presented a n d perceived v i r t u a l space? 

- W h a t is the influence o f data latency, l i m i t e d 

update-rate, l i m i t e d accuracy, noise? 

- W h a t is the inf luence o f non- idea l operat ing 

condi t ions l i k e turbulence, crosswind? 

- W h a t are the specific advantages a n d disadvantages 

o f spatial ly integrated datapresentation? 

- W h a t are possibi l i t ies to compensate for 

deficiencies, l i m i t a t i o n s a n d disadvantages? 

4. D E S I G N 

A perspective f l ightpath displays presents a spatial ly 

integrated v iew o f the future 3 - D trajectory o n a 2 - D 

display (F igure 3). 

Fig. 3. DELPHINS Turmel-in-the-Sky display 

4.1. Frame of reference 

Based o n the frame o f reference used for the 

project ion, these displays can be divided i n t o 

egocentric a n d exocentric ones. I n a n egocentric 

perspective f l ightpath display, the 3 - D w o r l d is 

depicted as seen f r o m the aircraft. In a n exocentric 

display, the s i tuat ion is v iewed f r o m another 

p o s i t i o n . W i t h a n egocentric perspective project ion, 

i n f o r m a t i o n about p o s i t i o n and o r i e n t a t i o n errors is 

conveyed t h r o u g h a d i s t o r t i o n o f the natural 

symmetry of the presented trajectory. S ince the 

detect ion o f symmetry takes place i n the early 

processing cycles o f v i sua l i n f o r m a t i o n , this feature 

can be exploi ted to reduce the required effort for 

interpretat ion a n d evaluat ion. A n y other frame-of-

reference t h a n a n ego-centered o n e cannot exploit 

this advantage, a n d w i l l require a d d i t i o n a l mental 

processing. Therefore , a n egocentric pro ject ion was 

selected. 

4.2. Design parameters 

P o s i t i o n and o r i e n t a t i o n errors distort the symmetry 

o f the representat ion o f the t u n n e l . It is the 

d is tor t ion o f the symmetry that is perceived, a n d not 

separate p o s i t i o n o r o r i e n t a t i o n errors. Theunissen 

(1994b) describes the re la t ion between the d is tor t ion 

o f the symmetry a n d the p o s i t i o n a n d o r i e n t a t i o n 

errors as a funct ion o f the design parameters o f the 

perspective display. 

T h e m o t i o n o f the aircraft relative t o the v i r t u a l 

t u n n e l al lows the extract ion o f e r r o r rates and 

produces a d d i t i o n a l cues w h i c h are conveyed through 

the presentat ion o f successive snapshot images o f the 

s i tuat ion. In Theunissen a n d M u l d e r (1995a) it is 

discussed h o w data about p o s i t i o n errors, and 

r o t a t i o n rates are present i n the v i s u a l f low field. 

These dynamic cues give the p i l o t a sense o f 

egospeed. Besides a cue for egospeed, pi lots can 

extract t e m p o r a l range i n f o r m a t i o n from the display. 

T e m p o r a l range judgements are based o n global 

opt ica l f low rate, w h i c h must exceed a certain 

threshold to a l l o w accurate estimates to be made. 

T e m p o r a l range i n f o r m a t i o n is often used to 

determine the m o m e n t to ini t iate certain 

anticipatory c o n t r o l actions. Theunissen a n d M u l d e r 

(1994, 1995a) studied the r e l a t i o n between the 

moment a n error-correct ing c o n t r o l ac t ion is 

ini t iated a n d t e m p o r a l range i n f o r m a t i o n i n a 

perspective f l ightpath display. I n Theunissen and 

M u l d e r (1995b), some requirements o n the design 

parameters to generate adequate t e m p o r a l range 

cues are discussed. 

4.3. Representation of the flightpath 

Just as w i t h rea l -wor ld objects, the meaning o f a n 

imaginary e lement s h o u l d b e intui t ive ly apparent 

f r o m the representation. S ince the rea l -wor ld 2-D 

counterpart of a 3 - D trajectory is a road, the desired 

flightpath is often v isual ized as a 3 - D road. V a r i o u s 
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représentations have been t r ied i n the past, result ing 

i n désignations such as F l i g h t p a t h C h a n n e l 

( W i l c k e n s and Schattenmann, 1968), Pathway-in-the-

Sky ( H o o v e r et al., 1983) a n d Tunnel- in-the-Sky 

( G r u n w a l d , 1984). In Theunissen (1994b), the 

représentation o f a flightpath is divided i n t o a 

flightpath element, cross sections, and alt i tude pôles 

based o n the f o l l o w i n g three different functions: 

- provide p o s i t i o n a n d o r i e n t a t i o n i n f o r m a t i o n 

- résolve ambiguit ies i n the trajectory 

- résolve ambiguit ies towards other objects 

P o s i t i o n a n d o r i e n t a t i o n errors are provided by a l l 

elements o f the flightpath. T h e ambiguity w i t h i n the 

représentation is resolved through the présentation 

o f cross-section frames, w h i c h i n c o m b i n a t i o n w i t h 

the observers expectation about the shape o f the 

object provide a cue for resolving ambiguities. A s a 

resuit o f the apparent m o t i o n o f the cross-section 

frames towards the observer, a n d the result ing opt ie 

flow f ie ld , the feeling o f three-dimensional i ty 

increases, a n d ambiguit ies are further reduced. T h e 

ambiguity towards other objects, notably the ground, 

is resolved through the présentation o f al t i tude 

pôles. T h e alt i tude pôles also provide a possibi l i ty to 

temporar i ly use a very h igh lateral e r r o r gain, w h i c h 

w i l l be discussed later. 

V a r i o u s représentations o f the flightpath have been 

tr ied i n the past. It must be real ized that especially 

i n the early p e r i o d o f research i n t o perspective 

f l ightpath displays, the représentation was dictated 

by the l imitat ions o f the available means to generate 

perspective images i n real-time. W i l c k e n s a n d 

Schattenmann (1968) used dots to indicate the 

corners o f cross-section frames i n his 'Channel 
display' . H o o v e r et al. (1983) represented their 

'pathway-in-the-sky' by means o f tiles. Jensen (1978) 

used ' té léphone pôles ' to visual ize the desired 

trajectory. N o n e o f these formats d i d employ a 

cont inuous présentation o f the flightpath, i.e. n o 

interconnect ions existed between the références. In 

the absence o f such interconnections, the e r r o r gains 

i n the display are determined by the posit ions o f 

these trajectory frames. G r u n w a l d (1984) and 

W i c k e n s et al. (1989a) b o t h used interconnections, 

y i e l d i n g a cont inuous présentation o f the desired 

trajectory, a n d as a resuit o f the error gains. A s 

discussed previously, the height and w i d t h o f the 

t u n n e l détermine the pos i t ion-error gain. Sometimes, 

i t is désirable to also have a source o f a very h i g h 

p o s i t i o n error gain w h i c h can be used for t e m p o r a l 

fine-tuning. R e d u c i n g the t u n n e l size to obta in this 

h igh gain w o u l d force the p i l o t to cont inuously apply 

a h igh c o n t r o l ga in , w h i c h reduces the flexibility. 

T h i s p r o b l e m can be solved by presenting références 

indicat ing the center o f the t u n n e l sections. In this 

way, h o r i z o n t a l a n d vert ica l error ga in can be used 

separately. I n fact, the a l t i tude pôles already provide 

such i n f o r m a t i o n for la tera l c o n t r o l . Düring 

experiments per formed i n the flight s i m u l a t o r o f the 

D e l f t U n i v e r s i t y o f Technology , p i lots ment ioned 

that i n the final approach they used the al ignaient o f 

these pôles for accurately p o s i t i o n i n g the aircraft o n 

the centerl ine. A n alternative might be to present a 

d i a m o n d shaped cross-section. T h i s , however, 

introducés a n u m b e r o f drawbacks o f w h i c h the 

discussion goes beyond the scope o f this paper. 

4.4. Identification of objects tobe presented 

T h e ident i f icat ion o f objects w h i c h are to be 

displayed requires a m e t h o d to identify w h i c h objects 

i n the v isual environment contr ibute to the tasks to 

be performed, a n d w h i c h objects mainly cause 

clutter. W i t h respect to the guidance a n d navigation 

task, objects w h i c h funct ion as a n important 

référence for spatial o r i e n t a t i o n and/or navigation i n 

the 3 - D w o r l d are considered relevant. Examples are 

objects w i t h a k n o w n geographica! locat ion, and 

objects w i t h a familiär shape and/or size, a l lowing 

the observer to estimate his relative p o s i t i o n . W i t h 

respect to c o l l i s i o n avoidance, the présentation o f 

objects w h i c h might constitute a potent ia l hazard is 

desired. T h e two most important objects o f the latter 

category are terra in and other aircraft. A n imaginary 

element is the p o s i t i o n predictor , w h i c h depicts the 

future estimated p o s i t i o n o f the aircraft. 

4.5. Présentation of objects 

F o r the présentation o f objects, the quest ion 

regarding the level o f deta i l o f the représentation 

must be addressed. In this context, the highest level 

of deta i l is considered a représentation w h i c h is 

visual ly indist inguishable f r o m the real-world 

analogy. Besides the fact that this w o u l d be a 

c o m p u t a t i o n a l extremely expensive opération, i n 

most cases such a h igh level o f deta i l is l i k e l y to 

resuit i n clutter, and hence not désirable. T h u s , the 

quest ion is: 'to what abstraction level can the object 

représentation be reduced?'. H o w e v e r , the quest ion 

is not complete yet, since an i m p o r t a n t constraint 

regarding the required effort for interprétation must 

s t i l l be specified. T h i s constraint is formulated as: 

'the real-world objects must be intui t ive ly recognized 

f r o m the abstract représentation'. W i t h the current 

vers ion o f the display, terra in is depicted as a 3 - D 

mesh, i n w h i c h the height o f each po int is 

determined by the m a x i m u m alt i tude w i t h i n a 

predefined range. C o l o r c o d i n g is used as a n 

addi t ional means to convey terra in alt i tude. O t h e r 
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traffic is presented as aircraft symbols, s imi lar to the 

symbology used by E l l i s et al. (1987) i n their 

perspective C o c k p i t D i s p l a y o f Traf f ic I n f o r m a t i o n 

( C D T T ) studies. In certain situations i t might be 

necessary for the p i l o t to focus his at tent ion o n a 

specific object, for example i n case the object poses 

a potent ia l hazard. A t t r i b u t e s such as color , 

intensity, b l i n k i n g , and magnif icat ion can be used to 

emphasize s u c h a n object. S ince the attent ion o f the 

p i l o t is inf luenced by his expectations a n d 

m o t i v a t i o n , features must be used that are strong 

enough to attract his at tent ion regardless o f a certain 

bias. W i t h the current display format, two types o f 

objects, representing two different types o f threats 

( terrain a n d other aircraft) , can be emphasized by a 

change i n c o l o r a n d by b l i n k i n g . T o exploit the 

c o m m o n p o p u l a t i o n stereotype o f red for danger, 

terra in w h i c h is b e l o w the aircraft alt i tude and 

aircraft w h i c h constitute a potent ia l c o l l i s i o n hazard 

are c o l o r e d red . W h e n the t i m e to c o l l i s i o n reaches 

a certain m i n i m u m threshold , the representation o f 

the corresponding object(s) starts to b l i n k . T o 

present the future predicted p o s i t i o n o f the aircraft 

to the p i l o t , a n abstract presentat ion o f a n aircraft is 

used. P o s i t i o n ambiguity is resolved by presenting 

the imaginary cross-section o f the t u n n e l at the 

future p o s i t i o n o f the aircraft. T h i s cross-section is 

transparently highl ighted, w h i c h i n t u r n avoids 

o c c l u s i o n o f other objects. 

4.6. Disadvantages and compensations 

A spatial ly integrated presentat ion is on ly beneficent 

w h e n integrat ion o f i n f o r m a t i o n f r o m the three 

spat ia l d imensions is required. W i t h 1-D and 2 - D 

datapresentation methods i t is possible to use a 

constant scal ing for the d e p i c t i o n o f the desired data. 

W i t h 3 - D displays the accuracy w i t h w h i c h a s ingular 

parameter can be determined is often a funct ion o f 

p o s i t i o n , o r i e n t a t i o n , a n d velocity o f the v iewpoint . 

3 - D displays suffer several other l imitat ions w h i c h 

must be taken i n t o account. A s a result o f the 

integrat ion o f the t h i r d d i m e n s i o n , the reso lut ion o f 

the i n f o r m a t i o n a l o n g the v iewing axis decreases w i t h 

increasing distance f r o m the v iewpoint . F u r t h e r m o r e , 

due to the integrat ion o f m u l t i p l e parameters into a 

single object, it is often harder to estimate the value 

o f a parameter i n a single d i m e n s i o n (Wicke ns et al, 
1989b). A l s o , angular d is tor t ion occurs, w h i c h makes 

i t very h a r d to estimate angles i n planes w h i c h are 

not perpendicular to the v iewing d i r e c t i o n 

( M c G r e e v y a n d E l l i s , 1986), and f inal ly objects w h i c h 

are close to the observer might mask objects w h i c h 

are further away. 

F r o m the previous discussion, two drawbacks o f 

perspectively projected spatial ly integrated data can 

be ident i f ied w h i c h might need to be compensated 

for: the lack o f a n angular reference i n curved 

sections, a n d the reduced accuracy w i t h w h i c h single 

spatial parameters can be estimated. T h e former 

p r o b l e m can be compensated for by presenting a 

p o s i t i o n o r track p r e d i c t i o n relative t o the desired 

track. T h e latter p r o b l e m , resul t ing from the 

perspective pro jec t ion , can part ly be compensated 

for by integrating v i r t u a l m e t r i c a l aids, o r by 

separately presenting the required data. T h e warping 

o f v i r t u a l metr ica l references is equal to the warping 

of the other data, w h i c h reduces the errors result ing 

from this d is tor t ion . 

4.7. Integration of additional data 

A s indicated i n S e c t i o n 4.6, a disadvantage o f 

perspective data presentat ion is that the integrat ion 

makes i t harder to estimate singular parameters, and 

the fact that the accuracy is determined by the 

pos i t ion , o r i e n t a t i o n , a n d veloci ty o f the viewpoint . 

B y analysing the i n f o r m a t i o n w h i c h is required for 

the tasks to be p e r f o r m e d w i t h respect to accuracy, 

and c o m p a r i n g this w i t h the way this i n f o r m a t i o n is 

conveyed through the perspective presentation, 

assumptions can be made about the necessity of 

a d d i t i o n a l i n f o r m a t i o n . E x a m p l e s are the 

presentation o f airspeed, r o l l angle, a n d alt itude. T o 

maximize spat ia l a n d representat ional consistency 

w i t h current displays, the a d d i t i o n a l data about 

alt itude, airspeed, a n d r o l l angle is integrated i n a 

way w h i c h is equivalent b o t h i n l o c a t i o n and 

representation w i t h today's P F D . 

4.8. Dealing with constraints 

A major difference between c o m m a n d displays such 

as the flight director , a n d perspective f l ightpath 

displays such as the Tunnel- in-the-Sky, is that the 

former is based o n the presentat ion o f a weighted 

sum o f p o s i t i o n a n d angular errors and e r r o r rates, 

whereas the latter presents a n abstract ion o f the real 

w o r l d , and thus is based o n p o s i t i o n and attitude. T o 

avoid i n f o r m a t i o n conflicts, v i s u a l s t i m u l i obtained 

through the perspective f l ightpath display must be 

compatible w i t h v i s u a l s t i m u l i from the outside 

w o r l d a n d the m o t i o n cues obta ined through the 

vestibular system. In order for the p i l o t to believe 

the flight d irector , the c o m m a n d s must have a 

certain degree o f consistency w i t h the other 

i n f o r m a t i o n available. T h e fact that a flight director 

c o m m a n d is not r e q u i r e d to have a one-to-one 

re lat ion w i t h any other perceivable cue, al lows for 

certain differences i n the update-rate o f the required 

data. T h e data w h i c h is required for the c losure o f 

the inner c o n t r o l l o o p (attitude) has to satisfy m o r e 
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stringent requirements w i t h respect to latency and 

update-rate as c o m p a r e d to the data required for the 

closure o f the outer l o o p (posit ion) (Hess, 1987). 

W i t h a perspective f l ightpath display, the 

i n f o r m a t i o n is not c o m b i n e d into a single parameter. 

A s a resuit , b o t h p o s i t i o n a n d attitude data must 

satisfy update-rate requirements w h i c h y i e l d a 

smoothly animated display. 

T o achieve such a smoothly animated display, the 

data update-rate must exceed a certain threshold. 

Update-rates i n the order of 2 0 to 3 0 H z prove to be 

adequate. A s a resuit o f the l i m i t e d bandwidth o f the 

carrier t rack ing l o o p i n G P S receivers (typically 

about 16 H z ) , these receivers output p o s i t i o n data at 

a n update-rate be low that required for s m o o t h 

a n i m a t i o n . In case i t is imposs ib le to oversample the 

p o s i t i o n data, inter- o r extrapolat ion techniques are 

needed to increase the p o s i t i o n i n f o r m a t i o n update-

rate. Interpolat ion introduces latency, w h i c h reduces 

the stabil i ty o f the c o n t r o l l o o p due to a decrease i n 

phase-margin. T h u s , i n t e r p o l a t i o n is only acceptable 

i n case the p o s i t i o n update-rate is sufficiently high. 

W i t h extrapolat ion, the prédiction, w h i c h is based o n 

p o s i t i o n data a n d models w h i c h use other éléments 

o f the state vector such as velocity, att itude, a n d 

heading is inevitably accompanied by a prédiction 

e r r o r w h i c h is corrected at each new p o s i t i o n update. 

These correct ions, however, can be perceived as a 

sudden change i n F T E , a n d introduce a noise 

component i n the o p t i c a l flow f ield w i t h the same 

frequency as the p o s i t i o n i n f o r m a t i o n update-rate, 

w h i c h can become very distracting. Therefore, the 

prédiction a l g o r i t h m must apply some f o r m o f error 

s m o o t h i n g t o avoid a d i s t o r t i o n of the dynamic cues. 

A n in-depth discussion o f p o s i t i o n prédiction 

techniques is beyond the scope o f the paper, 

however, m o r e i n f o r m a t i o n about p o s i t i o n prédiction 

can be f o u n d i n M u l d e r (1992). F o r the in-fl ight 

testing o f the Tunnel- in-the-Sky display, a K a l m a n 

predictor w i t h a c ircular-path message m o d e l was 

used. 

5. R E S U L T S 

In 1990, a n i n i t i a l concept for a perspective 

flightpath display was specified i n the context o f 

D E L P H I N S . In p a r a l l e l , based o n the antic ipated 

System requirements, development o f a display 

design system a n d target hardware for Simulator a n d 

in-fl ight évaluation commenced (Theunissen 1994a). 

A first laboratory concept démonstration was given 

i n the beginning o f '91, a n d at the e n d o f '91 the 

flight Simulator at the F a c u l t y o f A e r o s p a c e 

E n g i n e e r i n g was equipped w i t h a programmable 

display System developed i n the context o f 

D E L P H I N S . D i s p l a y format evaluations were 

performed i n '91 a n d '92, a n d i n '93 a study was 

performed i n t o p i l o t c losed- loop c o n t r o l behaviour 

(Theunissen, 1993). In 1994, o p e n - l o o p c o n t r o l 

strategies were investigated (Theunissen a n d M u l d e r , 

1994a). F u r t h e r m o r e , a concept for the integrat ion 

o f terra in and trafile i n f o r m a t i o n was developed and 

implemented. A n in-f l ight concept demonstfat ion 

w i t h the laboratory aircraft o f Del f t Univers i ty 

fo l lowed i n december '94 (Theunissen, 1995). F o r 

this purpose, a n a irborne versión o f the display 

system a n d a s imple experimental F l i g h t 

Management System ( X F M S ) have been developed. 

T h e system is based o n c o m m e r c i a l of-the-shelf 

components. P o s i t i o n data is obta ined frora a G P S 

receiver, a n d through a data l ink w i t h a g r o u n d 

reference statíon, D G P S correct ions are obtained, 

result ing i n sub-meter aecuracy. A s imple X F M S and 

a datábase w i t h the runway coordinates a n d the I L S 

approach path is used for the generat ion o f the 

required trajectories. F r o m the data o f the X F M S 

a n d the actual p o s i t i o n a n d att i tude o f the aircraft, 

the D i s p l a y E lec tronics U n i t ( D E U ) generates the 

perspective flightpath, w h i c h is presented o n the 

D i s p l a y U n i t ( D U ) . T o execute a curved approach 

procedure, A T C vectors the aircraft towards a n 

arbitrary po int o n the I L S path. T h e X F M S 

calculates a route f r o m the current p o s i t i o n o f the 

aircraft to this p o i n t , a n d the D E U generates a 

perspective flightpath (F igure 4) , a l l o w i n g a smooth 

intercept o f the f inal straight segment. 

Fig. 4. Intercept of the ILS path 

T h e radius o f the curvature between the intercept 

segment and the I L S segment is determined by 

aircraft velocity a n d the desired b a n k angle. 
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6. C O N C L U S I O N 

A s indicated i n the i n t r o d u c t i o n , the large degree o f 

freedom result ing f r o m the flexibility i n data 

presentat ion w i t h programmable displays poses the 

designer w i t h new problems. A n example is the 

design o f a perspective f l ightpath display, w h i c h 

requires the specif icat ion o f numerous parameters. 

A n approach was needed w h i c h al lows some k i n d o f 

qual i f icat ion o f potent ia l concepts w i t h respect to 

the different domains involved i n the design process. 

B y means o f a structured analysis o f the specific 

propert ies o f perspectively projected spatial ly 

integrated data, a n d by identifying the strengths a n d 

weaknesses, i t is possible to: 

- reduce the large n u m b e r o f degrees o f freedom i n 

the design, 

- compare the possibi l i t ies w i t h respect to 

interpretat ion, evaluat ion a n d act ion w i t h 

convent ional presentation methods, 

- a l l o w trade-offs t o b e made, 

- compensate for deficiencies, 

- define system requirements, 

- justify design decisions. 

T h e result o f such a n integrated approach is m o r e 

than the s u m o f its parts. 

8. R E F E R E N C E S 

Ellis, S.R., McGreevy, M.W., Hitchcock, R J . (1987) 
'Perspective Traffic Display Format and Airline Pilot Traffic 
Avoidance' Hitman Factors Vol. 29 No. 4 (1987) pp. 371-
382. 

Garner, W.R. (1970) 'Good Figures have Few Alternatives', 
American Scientist, Vol. 58, No. 1, pp. 34-42. 

Grunwald, A J . (1984), Tunnel Display for Four-Dimensional 
Fixed-Wing Aircraft Approaches, Journal of Guidance, Vol. 7, 
No. 3, pp. 369-377. 

Hess, R.A. (1987) 'Feedback Control Models', In: Handbook of 
Human Factors, Eds. Salvendy, G., Wiley, Chapter 9.5. 

Hoover, G.W., Cronauer, V.T., Shelley, S., Oittenhauser, J.N., 
Eulrich, BJ. , Reynolds, P.A. (1983), The Command Flitfit 
Path Display, phase 1 and 2, Final Technical Report, System 
Associates, Inc. Long Beach, C A 

Jensen, R.S. (1978), The Effects of Prediction, Quickening 
Frequency Separation, and Percent of Pursuit in Perspective 
Displays for Low-Visibility Landing, Proceedings of the 
Human Factors Society - 22nd Annual Meeting, pp. 208-
212. 

Johnson, S.L. and Roscoe, S.N. 'What Moves; the Airplane or 
the World?' Human Factors Vol. 14 No. 2 (April 1972) pp. 
107-130. 

McGreevy, M.W. and Ellis, S.R. (1986) "The Effect of 
Perspective Geometry on Judged Direction in Spatial 
Information Instruments' Human Factors Vol. 28 No. 4 pp. 
439-456 

Mulder, M. (1992) Aviation Displays and Flightpath Predictors. 
Master's Thesis, Delft University of Technology, Faculty of 
Aerospace Engineering. 

Norman, D.A. (1989) 'Cognitive Engineering' In: User Centered 
System Design - New Perspectives on Human-Computer 
Interaction eds. Norman, D.A. and Draper, S.W., Lawrence 
Erlbaum Associates, Inc. 

Theunissen, E. (1993). 'A Primary Flight Display for Four-
Dimensional Guidance and Navigation: Influence of Tunnel 
Size and Level of Additional Information on Pilot 
Performance and Control Behaviour' Proceedings of the 
AIAA Flight Simulation Technologies Conference, August 9-
11, Monterey, CA. 

Theunissen, E . (1994a) 'The Development of the Delphins 
Display Design System' Proceedings of the International 
Training and Equipment Conference, pp. 583-588. The 
Hague, The Netherlands. 

Theunissen, E. and Mulder, M. (1994) 'Open and Closed 
Loop Control With a Perspective Tunnel-in-the-Sky Display' 
Proceedings of the AIAA Flight Simulation Technologes 
Conference, August 1-3, Scottsdale, AZ. 

Theunissen, E. (1994b) 'Factors influencing the design of 
perspective flight path displays for guidance and navigation' 
Displays, Vol. 15, No. 4, pp. 241-254. 

Theunissen, E. (1995) 'In-flight application of 3-D guidance 
displays: problems and solutions' Proceedings- of the '95 IF AC 
MMS Conference, Cambridge, MA. 

Theunissen, E. and Mulder, M. (1995a) 'Error-Neglecting 
Control with Perspective Flightpath Displays' Proceedings of 
the Eight International Symposium on Aviation Psychology, 
Columbus, OH. 

Theunissen, E. and Mulder, M. (1995b) 'Availability and Use 
of Information in Perspective Flightpath Displays' 
Proceedings of the AIAA Flight Simulation Technologies 
Conference, August 7-9, Baltimore, MD. 

Wickens, CD. , Haskell, I., and Harte, K. (1989a) Ergonomie 
Design for Perspective Flight Path Displays, IEEE Control 
Systems Magazine, Vol. 9, No. 4, pp. 3-8. 

Wickens, CD. , Todd, S., Seidler, K. (1989b) Three-
dimensional displays: Perception, implementation, applications 
University of Illinois, Aviation Research Laboratory. 

Wickens, C D . and Andre, A.D. (1990) 'Proximity 
compatibility and information display: Effects of color, space, 
and objectness on information integration' Human Factors, 
32, pp. 61-77. 

Wilckens V. and Schattenmann, W. (1968) Test Results with 
New Analog Displays for All-Weather Landings' AGARD 
Conference Proceedings No. 55, pp. 10.1-10.31 

S E S S I O N 9 -4 p a g e 8 


