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1. Introduction 
 Standard computer simulation algorithms of color appearance for dichromats were proposed by Brettel et al in 1997 [1] and by Viénot et al in 1999 [2]. 
We denote these algorithms as A97 and A99, respectively. These algorithms are implemented in many computer applications and A97 is referred to as a 
standard experimental data.  
 It is well known that A97 cannot simulate all colors that video devices can support. This is the reason why they proposed A99 which can simulate all 
colors on the device. However A99 has defects as the simulated colors are not the confusion colors which dichromats cannot distinguish. Furthermore A99 
is the display dependent algorithm and it works only for the sRGB video display. Thus A99 is not a satisfactory modification of A97. 
 In this work, rather than pursuing the dichromatic simulation, we consider how to display confusion colors for all colors that video devices can support 
under some guiding principles, and come up with a consistent presentation of confusion colors of video devices for dichromats, CPCC hereafter. 
 
2. Relation between the Brettel et al 1997 and Viénot et al 1999 Algorithms 

 We use CIE 1931 XYZ color specification system and use LMS system derived from Smith and Pokorny [2][3], UZYXSML ),,(),,(  . It is assumed that 

the three kinds of dichromats, protanopes, deuteranopes and tritanopes, cannot perceive any change in L, M, and S, respectively.  In other words, the 
confusion colors of a color stimulus ),,( SMLQ   are on the line )(Qla  parallel to SMLa  and ,,  axis passing through Q  in this LMS space, 

respectively. Then A97 and A99 [1][2] introduce the surface 
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 (1) }0),,(|),,{(  SMLuSML       
to choose CPCC, where ),,( SMLu  is a real function which implicitly defines the surface in LMS space. Thus a color )(Qs  for CPCC of Q  is on the 
plane   whose position is at the crossing points of the line )(Qla , SMLa or  ,,  for protanope, deuteranope, and tritanope, respectively. 

 
A97: Brettel et al 1997 Algorithms 

In accordance with the reports on unilateral inherited color vision deficiencies, which stated that all colors were seen as either colors with dominant 
wavelength 1  or 2 , A97 defined the surface (1) as 
 (2) )()(),( 2121   , 2,1},0,0),(|),,{()(  iCESML ii   
where UE )1,1,1(  is equal-energy stimulus and UzyxC ))(),(),(()(   . For protanopes and deuteranopes 4751  nm and 5752  nm are 
adopted, and for tritanopes, 4851  nm and 6602  nm. In these cases, )(Qs  for CPCC is the common color stimulus perceived by both dichromats 
and normal trichromats observers, and the surface is called stimulus surface.  
 Now we introduce sRGB video devices as the most popular type. The sRGB color stimuli are represented by 8-bit DAC values ),,( bgr  for 

255,...,2,1,0,, bgr  and these stimuli are included in the parallelepiped defined by Red=(255,0,0), Green=(0,255,0) and Blue=(0,0,255) primaries in 

sRGB. We call this parallelepiped the sRGB-parallelepiped.  
 In Figure 1, the intersection of the stimulus surface 

)575,475(  and the sRGB-parallelepiped are shown. As 

we can see from the Figure 1(right) for some stimulus 
UbgrFQ ),,(  where ),,( bgrF  is the vector function 

which transforms ),,( bgr  to ),,( ZYX  according to the 
formula in [3], the line )(QlM  does not cross the 
stimulus surface )575,475(  in the 

sRGB-parallelepiped. This means that the stimulus 
surface )575,475(  cannot be adopted to simulate all 

16777216 colors for deuteranopes. This problem exists 
also for protanope and tritanope simulations. In Table 1, 
we present the number of sRGB colors ),,( bgr  which 

cannot be simulated by A97. 

 
Figure 1. Intersection of the stimulus surface of A97 and the sRGB-parallelepiped. 
If we look at the left figure from the M axis, we obtain the right figure. 
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A99: Viénot et al 1999 Algorithms 
 For sRGB video devices, A99 approximates E , )475(C , and )575(C  in A97 by colors of 8-bit sRGB value UF )255,255,255( , UF )255,0,0(  and 

UF )0,255,255( , respectively. Thus stimulus surface for protanopes and deuteranopes is the plane 

  (3) }real. are ,,)0,255,255()255,0,0(|),,{()99(  UFUFSML  , 
which may be an approximation of the )575,475(  in A97. A tritanope simulation and video devices other than sRGB are not supported in A99. 

 Not all lines )(QlL  or )(QlM  for UbgrFQ ),,(  cross the stimuli surface )99(  in the sRGB-parallelepiped. Thus there also exists the same 
problem in the )99(  as in A97. In Table 2, we show the number of sRGB colors ),,( bgr  which cannot be simulated by )99( . Since these numbers are 
small, they introduced the following color domain transformation 
 (4) )1,1,1(),,(),,(* cbgraFbgrF    

where 0092.1a  and 0046.0c  for protanopes, and 9420.0a  and 
0264.0c  for deuteranopes. These coefficients are slightly different from 

those in [2], since in [2]  a different LMS space is adopted. For the modified 
stimulus UbgrFQ ),,(**   all lines *)(QlL  or *)(QlM  cross the 

stimulus surface )99(  in the sRGB-parallelepiped. Namely in A99 after 
color domain transformation (4) all colors of sRGB can be simulated.  
 We should notice that although the coefficients a  is close to 1 and c  is 
close to 0, the simulated color *)(Qs  is not the confusion color of Q  but 
the confusion color of *Q . This means dichromats may perceive the 
difference between Q  and *)(Qs ; therefore strictly speaking, A99 with 

this transformation is neither a dichromatic simulation nor a CPCC. 
 
3. Proportionality rule 
 The stimulus surface ),( 21   of A97 has a very special shape. If a point is on the stimulus surface ),( 21   the line segment connecting the point 
and the origin is always included in the same surface ),( 21  . Figure 2 illustrates such a surface. In a special stimulus surface like the one as shown in 
Figure 2, if a color stimulus Q  is simulated by )(Qs  then color stimulus Q  proportional to Q  is simulated by )(Qs . Thus A97 implies that  

 

Table 1. Number of sRGB colors which cannot be simulated by A97 

Type of simulation Number of colors Ratio 
Protanopes 4,669,975 27.8% 
Deuteranopes 2,621,467 15.6% 
Tritanopes 2,797,874 16.7% 

Table 2. Number of sRGB colors which cannot be simulated by )99(  

Type of simulation Number of colors Ratio 
Protanopes 190,447 1.1% 
Deuteranopes 634,406 3.8% 
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Proportionality rule: If color stimulus Q  is simulated by )(Qs , then an proportional color 
stimulus Q  is simulated by )(Qs , that is, )()( QsQs    holds. 

 
although the authors of A97 did not refer to this rule explicitly. Inversely we can state that if the 
simulations do not contradict with this proportionality law, their stimuli surfaces must be composed 
of line segments beginning at the origin as illustrated in Figure 2. Since this rule seems 
fundamentally important, we will discuss a CPCC which can support all colors on a device while 
satisfying this proportionality rule. 
 
4. CPCC for all colors on a device with the proportionality rule 
 We discuss the general device described by ICC profile with device color primaries 1E =Red, 

2E =Green and 3E =Blue in a LMS space as defined in section 2. For sRGB these are 
UFE )0,0,255(Red1  , UFE )0,255,0(Green2  , UFE )255,0,0(Blue3  . 

 We will show that for a given set of a device defined by a ICC profile and a LMS space, CPCC which can support all colors on the device while satisfying 
the proportionality rule, are determined uniquely except for the two special cases (special case A and B in the following) of the device color primaries in 
the LMS space.  
 We define projection operator 

 (5) 
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 for protanopes, deuteranopes and tritanopes, respectively. 

Then, we consider three projected vectors in two dimensions, PEV kk  , 3,2,1k . Since three primary vectors 1E , 2E  and 3E  must be independent, 
at least two projected vectors among 1V , 2V  and 3V  are non zero. We rename vectors kE  and kV  using descending order of the first component of the 

normalized projected vectors kV̂ , defined by ||/ˆ
kkk VVV   for 0kV  and kk VV ˆ  for 0kV . There are two cases. 

I. All projected vectors, 1V , 2V  and 3V  are non zero. 

In this case it is impossible that all three projected vectors 1V , 2V  and 3V  are parallel since three vectors 1E , 2E  and 3E  must be independent. Thus 

there are two sub cases. 

 
Figure 2. An illustration of a surface with 
the proportionality rule. 
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Figure 3. Origin and six edges ie , 6,...,2,1i  and 

four pieces i , 4,...,2,1i of the surface )(g . 

 

Figure 4.  Surface for protanopes and tritanope (left), and for deuteranope 
(right) in sRGB for CPCC for all colors with the proportionality law. 

General case) All three normalized projected vectors are different, 321
ˆˆˆ VVV   

 The parallelepiped 321 EEE  spanned by 1E , 2E  and 3E  is projected to a hexagon and the 
edges of the hexagon are the projection of the following six edges of the parallelepiped 321 EEE , 

654321 ,,,,, eeeeee . Figure 1 (right) is an example of sRGB for deuteranopes. The projected 
vectors 1V , 2V  and 3V  are the vectors denoted by "Blue", "Green" and "Red", respectively, and 
the ie , 6,...,2,1i  are the edges of hexagonal envelop of the sRGB-parallelepiped. 
 Since Q  on ie  in the parallelepiped 321 EEE  has no common point with the )(Qla  except 
for Q  itself, all edges ie , 6,...,2,1i , must be included in the surface (1) in order to realize 
CPCC for all colors of the device, that is, the all colors (points) in the parallelepiped 321 EEE . 

Further the proportionality rule requires that the line segment connecting the origin and any 
point in ie  also be included in the surface (1). This determines the surface (1) uniquely as 

 (6) 4321
)(  g  , see Figure 3.  

 We illustrate the surface (6) in Figure 4 by using the data of 
sRGB video device in LMS space define in section 2. The left 
figure is the surface for protanopes and tritanopes, and the 
right for deuteranopes. They are different since for 
deuteranopes the projected vectors 1V , 2V  and 3V  are the 

projection of sRGB primaries "Blue", "Green" and "Red", 
respectively, as shown in Figure 1 (right), while for protanopes 
and tritanopes those are "Blue", "Red" and "Green", 
respectively ("Green" and "Red" are interchanged). 
 We call the display with LMS space in this case as  

General ICC device is a set of display with ICC profile 

and LMS space with 321
ˆˆˆ VVV  .  
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since almost all display devices belong to this case. Thus we can summarize the result in this case as follows: For general ICC device )(g  in Eq. (6) is the 
only possible surface for CPCC for all colors on the device while satisfying the proportionality rule. 
Special case A) Two normalized projected vectors are equal. 

Without the loss of generality, we assume 321
ˆˆˆ VVV  . The parallelepiped 321 EEE  is projected to a parallelogram. After some consideration similar to 

the previous case the surface for CPCC is uniquely determined as a plane spanned by 21 EE   and 3E ,  

 (7) }0,0|)({ 321
)(  qpqEEEpp . 

 This is a special case where one axis L, M or S along which dichromats cannot perceive change of color is parallel to the plane defined by primaries 1E  
and 2E . 
II. Special case B) One projected vector is zero, 03 V . 

 The parallelepiped 321 EEE  is projected to a parallelogram and all edges of the parallelogram are the projections of the faces spanned by 1E  and 3E , 
or 2E  and 3E . In this case the surface for CPCC is not uniquely determined and expressed as follows 

 (8) 65
)(  f , }10,,10|))(({ 3215  rpErfrEEp , }21,10|))()1(({ 3126  rpErfErEp ,  

where )(rf  is a single-valued continuous real function defined in 20  r  with 1)(0  rf . 
 This is another special case where one axis L, M or S along which dichromats cannot perceive change of color is just the primary 3E . 

 We call our algorithm for CPCC presented in this section as AA. 
 
5. Comparison of the three algorithms 
 We tested whether the algorithms A97, A99, and our AA worked or not in the sense that the 
dichromatic observer could not find any differences between the original pictures and the transformed 
ones. Figure 5 presents the original picture which is similar to the picture used in [1] and consists of 25 

color cells selected randomly from sRGB 3256  colors. As a typical sRGB video display we used 
Mitsubishi LCD (Liquid Crystal Display),  Dyamondcrysta RDT231WLM. 
 Figure 7 illustrates the simulation result by A97, where five cells with black in protanopic and 
deuteranopic simulations show the colors which cannot be simulated by A97.  

 
Figure 5. The original picture. 
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 On the other hand, for A99, we used color domain transformation (4) then all 25 colors are simulated as shown in Figure 6.  
 For our AA all 25 colors are displayed as shown in Figure 8 since AA can support all colors for any video devices. As we explained in section 2, Figure 7 is 
the most reliable dichromatic simulation and Figure 6 is its approximation, and thus they are similar. However, Figure 8 is pretty different from Figure 7 
(or Figure 6) because Figure 8 is not the result of the simulation but a CPCC which uses the surfaces shown in Figure 4 which have completely different 
shapes from the well known stimulus surface of A97 shown in Figure 1 (left).  
 We studied whether three dichromatic observers, one protanope and two deuteranopes could distinguish color cells in original pictures from those by 
A97, A99 and AA or not. After this experiment, we gained the results that they found no difference between original and the transformed pictures 
adjusted to their dichromatic types, and they found some differences when protanopic (deuteranopic) patients looked at the pictures for the deuteranopic 
(protanopic) results. Thus we concluded that all three methods, A97, A99 and AA work in this standard equipment. 

6. Additive rule 
 The stimulus surface )575,475(  of A97 for protanopes and deuteranopes shown in Figure 1 (left) is almost plane, that is, two semi planes )475(  
and )575(  are almost parallel. If they are parallel the following additive rule also holds for dichromatic simulation like the proportionality rule.  

Additive rule: If color stimuli 1Q  and 2Q  are simulated by )( 1Qs  and )( 2Qs , respectively, then an additive color stimulus 21 QQ   is 
simulated by )()( 21 QsQs  , that is, )()()( 2121 QsQsQQs   holds. 

 The inverse statement that if the additive rule holds the stimulus surface must be a plane which includes origin, is easily verified because the 
proportionality law always holds when the additive law holds. Mathematically if a continuous function of vector Q  with real component )(Qs  is 
additive, i.e. )()()( 2121 QsQsQQs  ,  then )(Qs  is proportional, i.e. )()( QsQs   . 
 In the following, we discuss the algorithm which can realize CPCC for all colors on a device with the additive rule satisfied. Since the proportionality rule 
holds in AA it is enough to look for the plane surface in the three cases of AA in section 3.  

 
Figure 7. Protanopic (left) and 

Deuteranopic (right) simulations by A97. 

 
Figure 6. Protanopic (left) and 

Deuteranopic (right) simulations by A99 

 

Figure 8. Pictures by AA for Protanopic 
(left) and Deuteranopic (right). 
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General case)  

 In this case since the surface (6) is not a plane. Hence plane surface is unattainable in this case. Consequently, for general ICC device, there exists no 
algorithm which can realize CPCC for all colors on the device and satisfying the additive law simultaneously. 
Special case A)   

 The surface is uniquely determined by (7) which is a plane. Thus the surface which can realize CPCC for all colors on the device always satisfies the 
additive law. However we cannot take into account the experimental data (A97) since the surface (7) is fixed by the device primaries. 
Special case B)  
 In this case, we can take a plane spanned by two vectors 31 )0( EfE   and 32 )2( EfE   as surface for CPCC where 1)0(0  f  and 1)2(0  f . 
Thus we can realize CPCC for all colors on the device satisfying the additive law by this plane. By using two free parameters, )0(f  and )1(f , of the 

plane we may take into account the experimental data A97. 
 
7. Summary 
1) As an introduction, we show how many colors cannot be simulated by A97 among 16.7 million colors in the sRGB video display, and the relationship 
between A97 and A99 as computer algorithms. Then we explain proportionality rule and additive rule, and their mathematical relationship. 2) We show 
our main results that CPCC is possible for any video display if we demand the proportionality rule hold, and that for almost all video devices including 
sRGB there is no freedom to choose the confusion color in the CPCC, that is, the s(C) is uniquely determined by video device primaries. 3) We show typical 
representatives of confusion colors, s(C)'s, displayed by the CPCC in sRGB video display. 4) We show that CPCC is impossible for almost all kinds of video 
displays including sRGB if we demand the additive rule hold.  
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