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ei ihef  a west-east  or  an east  west  d i .ec i ion across
sêver,  c ight  o.  n ine t ime zones.  Clcaf  d i l ie f€nces
êmerged in ihe pat tems of  s leep fo l lowing easl
ward and westwa.d f l ights.  Af ter  a westward
Ilight, cr€ws t€nded to delay rheir sleep time unril
nearly the normal local tinle of day I2l The resul!
ant sleep deficii led to shorter sleep ons€t times
and good quality sleep in the fiÍst paft ofihe night.
HoweveÍ, theÍ€ was incfeased wakefuln€ss in the
s€cond hal f  o f  the n ight  as th€ cr€ws r r ied to
sustain their sleep beyond th€ ormal waking rirne
accoÍd ing to thc i f  body c lock.  SIecp patrerns weÍe
much moÍe vaÍ iable and f ragmentcd a i tef  rhe
easts,ard f l ights,  as indiv iduals ar tempted ro
short€n th€i r  day,  and th is  u/as fef lected rn rn
cr€ased levels of daytime drowsiness.

The s lcep and c i rcadian fhythms of  a i .crew we.e
studicd i 'nmediate ly  before,  dur ing and af t€.  a
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'rhe 
research programne carried out at Farnbor-

ough has involved studies of the s leep,  a ler iness
and c i .cadian rhythms of  a i rcrew dur ing many
di f ferent  types of  schedule,  and has been sup
poÍ ted by labofato.y and f ie ld srudies us ing non
airc few volunteers These have provided consid-
eÍable insight into ibe effect on sleep of some of
r h e  m o \ r  d i \ Í u p t i \ p  *  h ê J u r F \  d .  w p l l  h i Ê c  ' g h r

ing the probl€ms associatcd wi th the d isrupt ion
of  the c i rcadian rhythm or 'body c lock '  a f ter  long
r i m F - / , o n F  , r a r  . i r i o n \ .  A  I r Í i ê t  r , \  ' m F  o Í  r h F  p  i n
c ipal  s tudies is  g iven below:

The f i .s t  major  s lur ly  was caf . ied out  as par t  ofan
inteínat ional  co l labof  at ivê invest igat 'on in to the
sleep of  a i rcr€w af ic .  large t ime zone t .ansi t ions
l l j ,  and involved cf€ws f ron t l )c  UK, the USA,
Germany and Japan. Crews flew reiunr flights in
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seven-day tour  o l  duty befwee.  London aDd To
kyo I3 l .  This  was a more complex schedule than
the s ingle I l ights s tudied pfev iously ,  s ince the
cighl  t rou.  eastwafd t fansi t ion was acconrpl ishecl
by two westward f l ights,  wl th a 24-hou. layovel
in  Anchorage,  Alaska.  Sleep th.oughour the sched
r le $,as t iagmented,  wi th naps before duty and
short  s leeps af tef  arr iva l  at  a new locat ior .  Changes
in ihe c lcct r ica l  act iv i ty  of  the bfa in dur ing s leep
feflected both ihe sle€p deficit built up at the sia.r
of the schêdule,  and the d lsplacernenr of  the c i fca-
d lan rhythm lare.  in  thc schedule.  Real ignn€nt  of
the c i .cadian rhythm on ret l l rn  was achieveclby a
phasc advancc in  e ight  a i fc few and by a phase
delay in  3,  wi th resychronisat ion tak ing up to s ix
d a y s .

ln  u1t .a long haul  l l ights,  crcws afe augner ied,
and rest  fac i l l t ies are prov ided in the fo.Dr of
bunks to cnàb]e the cfew membefs that  have been
fe l ieved to achi€!e some s l€ep.  Ext€nsions to
nraxi rnLrm nighr  duty l imi ts  are pfov ided on the
basis of  th .  .esr  that  these lac i l i t ies a l iow.  I t  is
important .  thefeÍbre.  that  th€ bunks arc condu
cive to atlequale sleep, and s€veral strldies ha!,e
been carr ied out  to  invcst igate the quai i ty  ofs leep
L . " r  r l r e  U e n ,  

" r e  
a b l e  r o  " . n 1 . \ .  l o r h  e  r i r o n

menia l  í .o ise.  t  fb t l lence,  dry aLmosphêre,  inad
eqLrale bedding)  and non €n! i fonmental  factofs
( lack of  t i fedness,  thoughts ot l  n ind)  have been
idcnt i f icd as causes o is leep d is turbanc€ on boafc l
lhe a i f . fa f t  [4 ] .  S leep recordings on boa.d í l ights
bctwecn London and lohannesblr fg.  Tokyo aDd
Seoul  havc shoÍ ,n t l ra t  the qual i ty  and quant i ty  of
in i ight  s le€p is  i r f luenced by tbe t imnrg of  the
f i g l  r i r - l í  . r d d l  n  ' 1 , .  s  | " d  l '  . q  n '  r ,  .
pe. iods l ! i th in the f l ighL 15,61 Of ten i r  is  the fe l i€ f
r ,  \  { l o r r r , r l , " r ' F . , t F  r o o p r r t r  '  , " n r g  I

who have the gfeat€sr  problenrs.  Thei r  s leep is
characterised by long sleep onset tinres, lr€quenr
auakenings and poor s leep qual i ty ,  whefeas,  la tef
in  the f l ight .  good qual i ly  s leep last ing for  lhre€ of
mofe houfs is  of ten acbievabLe.

Trvo nra jof  s leep log studies were carr i€d oul  to
invest igate the in1pacr  of  duty schedules on th€
t iming ard subjec i ive quai i ty  ofs ieep. In the f i rs t
o í  ' h " \ p .  w l , ; , l  . 1 v F  i g . '  l l o , g l d u l . n ^ r a r i ,  n .
' o - f ' p r , í l  í r ' J f l p .  ' \ p r p  r ' ' F i \ ê J  i r o m  2 4 1  d i ,
c few.  covef ing a tota lo l220l  sepa.ate f ly ing duty
per ióds l7 l .  The infonnat ion col lected fevealed
majof diffefenc€s in the sleep of cfÊws after west
o,afd and eastwa.d t r ips.  Pat tcrns of  s leep were
U ' u  q l F . \ , e g . r l . r  i | ó r  o r g . o \ r ^ d  J , r i p .  ( o m '

aifcfeur attamptcd to sleep on local time, urhile
many s leep per iods wcrc delayed c loser  to home
t ime.  Howe\re. ,  Lhc gfeai€st  d isrupt ion of  the
slcep wakc pat tc fn occu. fed on th€ Ul( -Aushal ,a
t . ip .  wi lh  f .equcnl  napping,  as wel l  as sho( .  and
some except ional ly  1ong,  pef io . ls  of  s ieep.  The
second s luí iy  concenn-ated on shor l -haul .  inc l r id '

ing sorne a i f  height  operat ions [8] .  Four teen com
panies paf t ic ipated and a io ia!  of  175 d iaf ies \ , t /ere
returrrèd. This siudy highlighted the probl€nrs
associated wi th schedules involv ing con5ecur ive
ear ly  s tar ts  and consecut ive ighl  opefat ions.
Factors in f luencing c i thcr  the dufat ion of  th€
ql ra l i ty  of  s leep inc l  ded the t in le o i  day.  tho
previous s leep t iming.  ihe durat ion of  the fest
per iod,  the pfev ious rate of  work ing and the
anrount  o l  t ime to the sta. t  o f  ihe next  duty

In an in i t ia l  s tudy.  the s leep,  per formance and
cifcadian rhythms of 6 subjects wefe nlonitofed
befo.e,  d l r i  g  ard a i tef  the f ive-hour t ime zonc
t Íansi l ion bc lwecn London and D€tro i t  19,101.
Ihe fesul ls  conf i  ned that  the fate of  adaptat ion
was d€penden( on the d i fect ion of  t ]?v€I ,  and
changes in both s leep and the rhythn o l  body
r F m t p r a  ,  r ^  * " r e  r . r . , r .  p . . . i . r p  r  a f i c r  r  ̂  - d  I
ward flighi. Subsequent studies have focus€d on
long eastward t ransi t ions.  inc luding London to
Hong Kone (7 hours)  [11]  aDd London to Sydney
(10 hours)  t121.  I r  both studies,  some subjccts
adapied by a pbase a. l lance and some by a phase
dclay.  The fate of  adaprat ion to lh€ 10 hour t fan-
s iL ion var ie. l  considefably.  ur i th  some nrd jv idu
als,  fequi f ing more ihan seven days to synch.o-
n isc thei f  fhythms to Sydney t ime.  In the group as
a whole,  the fêcov.ry  of  s leep and per formance
rook at least sia clays

The f ie ld s ludics o l  a i rc fe\ \ ,  have becn und€.-
o  i n r  '  d  b '  |  , r . o  J r o '  i n \  p \ .  g o r i o r  \  i n  o  ' 1 ,  r o 8 u
Lal ior  of  s leep and wakefu inÊss dur ing i f fegula.
pat tems of  woÍk and fcst  lhes€ exp€f inênls
havc led to the developrnent  ofan a leÍness mooer,
known as the CHS Alertness Moclel, that lorns
the basis  for  Lhe conputef  modei  o i  fa l igue.  This
l l lodclprcdic ls  lcvc ls  ofa leÍness and làr igue as a
hLnct ion o l  ts ,o conrponents,  one fe la led 1o the
t ine of  day,  rh€ other .e lated to the paLtern o l
s leep and sakefu l ress.  {F igure 1)

Thc time of day col1lponent is associated \.vfth
lhe endogenous c j fcadian rhy lhn1 of  

'body 
c lock ' .

This  rhythm runs in  iso lat ion wi th a pef iod that  is
s l ight ly  longer than 24 hours,  but  is  normal ly
entrained by time cLles (e.g. the patte.n ol light
exposure)  to the 24 houf  day.  in  i ts  entra ined
state,  peak levels ofa ler t l ress tend to occu.  in  the
late af ternooD, wi th a corresponding d ip in  rhe
earl! houÍs of the morning. The componert re
iatcd to the pat t€rn ofs leep conta ins two separate
elements.  th€ fus l  of  which is  the recovery of
alertness immediately on $/aking: the so called
\ l p ^ t  i n F  , i .  p í  

" ,  I  l L p  . ê ,  o r L J  p l .  .  p n  : .  a n
exponenl ia l  reduct ion in  a lef  tness associaLed 14rh
inc.easing tnre s ince s1€ep.  This e lcment  recoveÍs
€xponent ia l ly  dur ing s leep,  and js  fe lated to a
homeostat ic  s leep regulat i lg  process l l3 l .  wl len
the sl€ep p€fiod is disllrfbed or is not sufficiently
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Figure I The two components oi alerrness

long to etïect a full recovery, then levels of aleft-
ness are lower than those shown iD Figure t .

Tfends in aleÍtness, as pr€dicted by ihe model,
are a combination of these two components. Fig
ure 2 illustÍat€s the chang€s in alertDess for dtffer-
ent wake-rp times (along the horizontalaxis) and
diflèrent du.ations ofwakefulness (along the v€r-
tical axis). The raring of 4 corresponds to the
highest levels of alertn€ss and 0 to the lowest
levels- Thus, after wakiDg at 06:00 and overcotn
ing the initial brief pefiod of sleep inertia, ale.t-
ness remains at  level  th Íee unt i l  a lmost  18:00,
cor .esponding to 12 hours of  wakefu lness.  In
contrast, afteÍ waking at 20:00, l€vel 1 is reached
af ter  only  e ight  hours.  This demonstrates thê
problem inherent in overnight duties, where it is
not possible to maintain alertness at the same
levels as during the day, êven when, as is as-
sumed in FiguÍe 2, an individual is fully rested at
the start of duty.

Based on the Íesults of a seri€s of laboratory
expe.iments, which havê es{ablish€dth€ relation
ship between a ler tness and p€r formance on a
variety of tasks, the alerhess model has been
exiended to pr€dict changes in peÍformance asso-
ciated with different patterns of wofk and rest
1141.  For  example,  af ter  16 hours of  cont inuous
wakefulness starting at 07:00, response tim€s are
degrad€d by betwêeí|57o and 77o onvigilance and
susta in€d at tent ion tasks,  and the number of
missed responses is more than doubled. After 24
hours awake, the incÍease in response lime is
between 1Z% and i5% and the numbeÍ  of  missed

fme.ldoyaulifs(trj

Figu.e 2 Alertnêss afte. sleep at different timesoÍ day

responses is  quad.upled.  A recent  s tody o i  the
innuence of  a lcohol  in tox icat ion on per forma.ce
l is l  has enabled these degradat ions to be com
par€d with the effect of djfferent levels of blood
alcohol  corcent .at ion (BAC).  The ef fects of  16
hour wakefulness starting at 07:00 are roughly
equivalent  to  a BAC level  of  0.028%, whi le  th€
effect of remaining à\vake for 24 hours is simila.
to that ofa BAC levêl of0.083%. This is close io the
drink drive limit in the UK. and in excess of that
in many EU countries.

i , 1  . r j i a : 1 i ;  . , r i , :  , . . i . i . t i : . r :  i . . . r

The information from the studies outlined above
is now being used to develop a conpuie. pro-
gram which could be used as the first step in the
ass€ssm€nt ofth€ impact on farigre of any currenr
o. p.oposed schedule. An ini t ia l  vefsion of thê
program has been written as a proof,of-concept
prototype, and a schematic Íepresentation of its
structu.e is given in Figure 3. The input to the
program is a duty schedule, specified by the usef
and def ined by th€ staft  and end i imes and lo€a-
lions of individual duty periods; the output con-
sists ot pr€dicted levels of alertness throrlghout
each duty pedod.

Cycre

Fiqure  3 :  S t ruL ture  o f  lhe  computer  mode l
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responses ís quadrupled.  A recent  study of  the
influence of alcohol intoxication on perfórmance
[15]  has enabled these degradat ions to be com-
pared with the effect of different levels of blood
alcohol  concentrat ion (BAC).  The ef fects of  l6
hour wakefulness starting at 07:00 are roughly
equivalent to a BAC level of 0.028%, whilt th;
eÍïect of remaining awake for 24 hours is similar
to that of a BAC level of 0.083%. This is close to the
drink-drive limit in the UK, and in excess of that
in many EU countries.

' .  ! , ! . i | l l i : r r !  I i i r 1 ; i t ' : 1 r t . t i i ; r i  | . , , r

The information from the studies outlined above
is now being used to develop a computer pro_
gram which could be used as the first step in the
assessment of the impact on fatigue of any cur.rent
or  proposed schedule.  An in i t ia l  vers ion of  the
program has been written as a proof_of_concept
prototype, and a schematic representation of its
structure is  g iven in Figure 3.  The input  to the
program is a duty schedule, specified by the user
and defined by the start and end times and loca_
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