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Abstract
Movement is the enemy o f camouflage: most attem pts at concealment are disrupted by m otion o f the target. Faced w ith 
this problem, navies In both World Wars In the tw entie th  century painted their warships w ith  high contrast geometric 
patterns: so-called "dazzle camouflage". Rather than attem pting to  hide Individual units, It was claimed that this patterning 
would disrupt the perception o f the ir range, heading, size, shape and speed, and hence reduce losses from, In particular, 
torpedo attacks by submarines. Similar arguments had been advanced earlier for biological camouflage. Whilst there are 
good reasons to  believe that most o f these perceptual distortions may have occurred, there Is no evidence fo r the last claim: 
changing perceived speed. Here we show that dazzle patterns can distort speed perception, and that this effect Is greatest 
at high speeds. The effect should obtain In predators launching ballistic attacks against rapidly moving prey, or modern, 
low-tech battlefields where handheld weapons are fired from  short ranges against moving vehicles. In the latter case, we 
demonstrate that In a typical situation Involving an RPG7 attack on a Land Rover the reduction In perceived speed Is 
sufficient to make the grenade miss where It was aimed by about a metre, which could be the difference between survival 
or not for the occupants o f the vehicle.
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Introduction

T h e  term  cam ouflage most often conjures up ideas o f invisibility: 
an  a ttem pt to prevent detection o f a  target. This is, indeed, 
com m only found am ong bo th  evolved and  m an-m ade attem pts at 
concealm ent, and  is generally achieved by  so-called background 
m atching: w here the colours and  patterns o f  the target sample those 
in the environm ent [1-3]. But there are two m ajor problem s with 
this strategy. Firstly, cam ouflage w hich works well against one 
background m ay no t be  effective against ano ther [4-6]; in other 
words, there  will be strong constraints on  bo th  an  item ’s location (as 
well as the viewpoint o f any predator) if it is to rem ain  hidden. 
Secondly, and  m ore im portantly, m otion will break  this sort of 
cam ouflage (e.g. [7]): an  object that is perfectly concealed w hen static 
becom es instantly visible once it starts to move.

H ow ever, concealm ent is only one possible approach  to 
cam ouflage. If  an  object is undetectable, then  clearly it will be 
safe. But so too will be an  object that doesn’t look like the intended 
target, o r that is difficult to localise and  therefore capture  or hit. It 
is possible to avoid identification either by m aking an  object look 
like som ething else (mimicry or m asquerade), o r distorting the 
appearance o f that object via disruptive cam ouflage [2,3,8],

But even if an  object has been  bo th  detected and  identified, it 
m ay still be able to avoid capture by  distorting its ap paren t velocity 
o r range, an  idea originating w ith T h ay e r’s [8] theories o f anim al 
cam ouflage bu t apparen tly  developed independently  for military 
purposes by W ilkinson [9-11], Patterns w hich aim ed to do this 
were applied to ships during  the two W orld  W ars o f the twentieth 
century  (see fig. 1); the technique becam e known as “ dazzle 
cam ouflage” on  one side o f the Atlantic, an d  “razzle dazzle” on 
the other. T h e  claim  at the tim e was th a t this cam ouflage w ould

disguise the range, heading, size, shape and  speed o f individual 
units, and  also m ake individuating ships difficult if several were 
sailing together; the prim ary  aim  was to reduce losses from 
torpedo attacks by  subm arines.

R ange finding for targets w ithin visual contact was accom ­
plished using triangulation devices, w hich relied on  com bining two 
images acquired  from  different horizontal locations (thus allowing 
the recovery o f range using trigonom etry). Such com bination  is 
ha rd er with any cam ouflage p a tte rn  with repeating  elem ents - it is 
difficult to w ork out w hich parts o f each image correspond -  and  
so the calculated distance to the target w ould be unreliable. 
A lthough this m ethod  o f range finding becam e obsolete, dazzle 
markings could still be  effective by  interfering w ith perception  of 
trajectory, size an d  speed. W e consider these in turn.

In  o rder to distort perceived head ing  (direction o f travel), 
cam ouflage patterns were used w hich m ade use o f a  pictorial 
dep th  cue: the texture gradient. This is essentially a  richer version 
o f size constancy, the idea th a t if two objects are know n to be the 
same size, bu t one looks smaller th an  the other, then  that object is 
assum ed to be further away from  the observer. T h e  application o f 
a  repetitive p a tte rn  w hich changes its spatial scale along the length 
o f an  object gives the impression that the m ore coarsely pa tte rned  
end is closer th an  the m ore finely pa tte rn ed  one; hence the 
putative distortion o f a  cam ouflaged ship’s heading.

Stripes can  distort the perception  o f size, an  idea th a t goes back 
at least as far as the 19th century  (the “H elm holtz square” illusion, 
in w hich a  horizontally-striped square appears taller and  narrow er 
th an  a vertically-striped one). M ore recently, different groups have 
reported  variable effects (e.g. [12,13]), w ith the explicit three- 
dim ensionality o f the striped item  apparen tly  a  critical factor. 
Regardless o f the direction o f the effect, all au thors claim  a  size
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Figure 1. Examples of dazzle camouflage used in the First and Second World Wars. From to p  left: FIMS Argus, SS Empress of Russia, 
M auretania (World War One); USS Inaugural, FIMAS Yarra (World War Two). Photographs from Wikipedia Com m ons. 
doi:10.1371/journal.pone.0020233.g001

distortion o f some sort derived from  the application o f stripes to an 
object’s surface. T hus it is the case th a t m any dazzle-type patterns 
m ight be expected to distort size.

T h e  perception o f speed is affected by  m any disparate factors. For 
exam ple, larger objects appear to move m ore slowly than  smaller 
objects [14]; changes in contrast alter perceived speed [15]; 
differently oriented textures can be seen as m oving at different 
speeds [16], Any o f these effects could be elicited by dazzle 
patterning.

It is im portan t to note th a t the large variety o f types o f dazzle 
patterns m eans that the various different distortions outlined above 
m ight no t all be  elicited by  a  single given pattern ; ra ther, different 
patterns m ay be optim al for different types o f distortion.

T h ere  has been little research into the effects (if any) o f dazzle 
cam ouflage. T o  date, evidence of its m ilitary usefulness is largely 
restricted to anecdotal reports (e.g. [17]), and  the British

A dm iralty’s 1918 analysis o f naval shipping losses in WVVI was 
inconclusive, with changes in colour schemes on ships confounded 
with ship size and  o ther changes in m ilitary practice during  the 
w ar [9,11]. T h e  only experim ental study, m otivated no t by 
m ilitary cam ouflage bu t by T h ay er’s [8] theories to explain 
putative dazzle coloration in nature , is [18]: quantifying the 
capture  success o f hum ans searching for variously p a tte rn ed  snake- 
like targets in a  video game, the study did no t reveal any systematic 
advantage o f dazzle cam ouflage over p lain coloration. H ere, we 
focus not on  capture success, w hich is the aggregate outcom e of 
different perceptual effects and  m otor response, bu t instead test a 
specific prediction  about the perceptual effects o f high contrast 
dazzle-type patterns: perception  o f an  object’s speed. T his is a 
crucial determ inan t o f capture success for predators th a t launch  a 
ballistic strike at a  m oving prey or, in the m ilitary context, w here a 
w eapon is launched  to intercept a  m oving target.

ÍHW

Figure 2. Stimuli, (a)-(e) standards, (f) com parison, (a) horizontal, (b) vertical, (c) zigzag, (d) check, (e) plain, (f) 1-D Gaussian. Stimuli (a)-(d) were 
displayed a t tw o con trast levels (6.25% and 100%); stim ulus (e) was displayed a t maximum lum inance (95.4 cd /m 2); stim ulus (f) ranged from m ean 
lum inance (47.7 m2) to  maximum lum inance (95.4 cd /m 2). 
doi:10.1371/journal.pone.0020233.g002
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M ethods

Ethics statem ent: volunteers gave their inform ed w ritten consent 
in accordance w ith the D eclaration  o f Helsinki, and  the 
experim ents were approved by the E thical C om m ittee o f the 
D epartm en t o f E xperim ental Psychology, Ehiiversity o f Bristol.

T h e  experim ental software was w ritten in M atlab  (The M ath- 
works Inc, Natick, MA), using the Psychophysics Toolbox 
extensions [19,20] on  a  M acintosh G5 com puter. All stimuli were 
viewed binocularly w ithout a  fixation point, 59 cm  from  the 
display, a  linearised T rin itron  U ltrascan P991 m onitor (Sony, 
Japan) with a  m ean  lum inance o f 47.7 c d /u r ,  a  resolution of 
1024x768  pixels and  a  refresh ra te  o f 100 Hz).

O n  each trial, subjects were presented  with a  two tem poral 
interval, b inary  choice task, and  reported  (via a  keypad) w hich of 
the two stimuli m oved m ore quickly. T h e  speed of the standard  
stimulus was constant in a  given block (either 3.33 or 20.0 deg/s), 
whilst th a t o f the com parison stimulus was varied from  trial to 
triaby the APE algorithm  [21] in o rder to hom e in on  the point o f 
subjective equality. T h e  com parison stimulus had  a one-dim en­
sional horizontal G aussian lum inance profile (fig.2f), which 
allowed for fine adjustm ent o f its speed.

T h ere  were five standard  stimuli (1 .3x3 .3  deg rectangles; fig.2), 
including a p lain control stimulus (fig.2e), and  only one stimulus 
type was displayed th roughout any given block. All stimuli 
weredisplayed on a  m ean lum inance background, and  standard

stimuli were displayed at either 6.25%  or 100% contrast (blocked). 
All stimuli translated  horizontally cross the screen for a  random ly 
assigned duration  (400-600 ms) in o rder to avoid distance 
travelled being used as a  cue to stimulus speed. Tw o groups of 
15 naïve subjects were tested a t each of the contrast levels, w ith six 
subjects appearing  in bo th  groups.

Results
D ata  are plo tted  as increm ents o r decrem ents in perceived 

speed w hen com pared  with the p lain  pa tte rn  control stimulus (see 
fig.3). At low contrast and  bo th  speeds (figs.3a,b), there was no 
significant difference betw een perceived speed of any p a tte rn  when 
com pared with the p lain  patte rn . At high contrast an d  the 
slower speed (fig. 3c), none o f the textures differed from  the plain 
pa tte rn  in perceived speed. But a t the faster speed in the high 
contrast condition (fig.3d), there  was a  significant trea tm en t effect 
with two textures perceived as m oving slower th an  the plain 
pattern : zigzag (t14 = 3.23, p  = 0.006) and  check (t14 =  2.27, 
p  = 0.04).

Discussion
T h e  experim ental textures used were chosen to represent the 

typical range o f com ponents used in previously used dazzle 
camouflage: stripes, zigzags and  checks. W hen  m oving quickly,
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Figure 3. Data. The data  are p resen ted  in term s of their deviation from the  plain standard  stimulus, which acts as a baseline m easurem ent and is 
p lo tted  as zero on the  y-axis. (a) Low contrast, slow condition; (b) low contrast, fast condition; (c) high contrast, slow condition; (d) high contrast, fast 
condition. Error bars are ±1SEM. 
doi:10.1371/journal.pone.0020233.g003
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two o f the high contrast patterns tested caused a significant 
reduction  in perceived speed o f a round  7%. These patterns - 
zigzags and  checks - w ere two-dim ensional, in contrast to the 
other, one-dim ensional, patterns tested. Patterns w hich w ere less 
visible (low contrast) o r slow m oving had  no effect on  perceived 
speed; the form er finding indicates th a t the effect is no t simply due 
to texture per se, an d  implies th a t straightforw ard background- 
m atching cam ouflage (which is generally lower contrast) w ould not 
produce a speed distortion: high contrast texture, as used for 
dazzle camouflage, is necessary.

T h e  fast condition used (20 deg/s) translates into abou t 13 k m / 
h  (8 mph) a t a  distance o f 10 m, and  scales linearly upwards. So at 
the sort o f ranges typical o f naval warfare, we have no evidence 
th a t dazzle cam ouflage disguised the speed of ships in the two 
W orld W ars. Its efficacy in distorting o ther properties, such as size, 
shape, range and  heading rem ains untested but, as outlined above, 
there  are good reasons to suppose th a t these distortions occurred. 
A straightforw ard contrast effect on  perceived speed [15] does not 
account for the da ta  reported  here: only two-dim ensional patterns 
resulted in d istorted speed perception, and  only a t high contrasts.

T hus dazzle patterns can distort perceived speed, if  th a t speed is 
sufficiently high. As such, dazzle cam ouflage should be effective in 
situations w here visual contact is still im portant: in na ture  and  in 
low-tech battlefields. In  the form er case, dazzle m ay be one reason 
for h igh-contrast tw o-dim ensional coloration (e.g. zebras). In  the 
latter case, note th a t our experim ental targets correspond
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approxim ately to a  L and  R over a t 70 m  m oving a t 90 k m /h . 
This is a  typical distance betw een a rocket propelled grenade 
launcher an d  its target [22]. So if the target speed were sufficiently 
high, dazzle pa tte rn ing  should offer some protection  from  such 
devices. T h e  effect size observed for check an d  zigzag patterns at 
this speed is an  erro r o f c.7% (fig.3d). A n approxim ate calculation, 
based on the best available knowledge o f the flight characteristics 
o f a  typical w eapon, shows th a t the grenade takes a round  0.5 s to 
reach a  target a t 70 m  [22]; in  0.5 s a  90 km h vehicle moves 
12.5 m, and  so a  7% erro r is abou t 90 cm. In  o ther words, the 
missile w ould hit a round  1 m  beh ind  w here it was aim ed, a 
difference w hich m ay be sufficient to p reven t loss o f life. 
Furtherm ore, the inheren t variability o f the effect w ith pattern , 
speed an d  contrast implies th a t using different patterns across 
vehicles will result in unpredictability: a  good way to avoid easy 
com pensation for the effect o f the cam ouflage.
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