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Abstract

Classification of a given observation to one of three classes is an important task in many decision
processes or pattern recognition applications. A general analysis of the performance of three-class
classifiers results in a complex six-dimensional (6D) receiver operating characteristic (ROC)
space, for which no simple analytical tool exists at present. We investigate the performance of an
ideal observer under a specific set of assumptions that reduces the 6D ROC space to 3D by
constraining the utilities of some of the decisions in the classification task. These assumptions lead
to a 3D ROC space in which the true-positive fraction (TPF) can be expressed in terms of the two
types of false-positive fractions (FPFs). We demonstrate that the TPF is uniquely determined by,
and therefore is a function of, the two FPFs. The domain of this function is shown to be related to
the decision boundaries in the likelihood ratio plane. Based on these properties of the 3D ROC
space, we can define a summary measure, referred to as the normalized volume under the surface
(NVUS), that is analogous to the area under the ROC curve (AUC) for a two-class classifier. We
further investigate the properties of the 3D ROC surface and the NVUS for the ideal observer
under the condition that the three class distributions are multivariate normal with equal covariance
matrices. The probability density functions (pdfs) of the decision variables are shown to follow a
bivariate log-normal distribution. By considering these pdfs, we express the TPF in terms of the
FPFs, and integrate the TPF over its domain numerically to obtain the NVUS. In addition, we
performed a Monte Carlo simulation study, in which the 3D ROC surface was generated by
empirical “optimal” classification of case samples in the multi-dimensional feature space
following the assumed distributions, to obtain an independent estimate of NVUS. The NVUS
value obtained by using the analytical pdfs was found to be in good agreement with that obtained
from the Monte Carlo simulation study. We also found that, under all conditions studied, the
NVUS increased when the difficulty of the classification task was reduced by changing the
parameters of the class distributions, thereby exhibiting the properties of a performance metric in
analogous to AUC. Our results indicate that, under the conditions that lead to our 3D ROC
analysis, the performance of a 3-class classifier may be analyzed by considering the ROC surface,
and its accuracy characterized by the NVUS.
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l. INTRODUCTION

Receiver operating characteristic (ROC) analysis has been a very important tool for the
assessment of classification problems in which the ground truth is a binary reference
standard (for example, presence or absence of disease), i.e., two-class classification
problems. Many problems in pattern recognition involve multi-class classification, where
the task can be defined as assigning a given observation vector to one of several classes.
Some practical applications in the medical field in recent literature include: (1) diagnosis of
oral cancer as high-grade squamous cell carcinoma, low-grade squamous cell carcinoma,
leukoplakia, and normal squamous tissue [1]; (2) classification of the voxels in knee MRI
volumes as tibial cartilage, femoral cartilage or the background [2]; (3) classification of
ECG signals as normal, ventricular premature and supraventricular premature beats [3]; and
(4) classification of pigmented skin lesions as benign, dysplastic nevi, or cutaneous
melanoma [4]. In all of the applications above, the task of the designed classifier is to solve
the multi-class discrimination task, as opposed to solving a number of binary decision tasks.
In three of them, the percentage correct classification was used as the performance metric.
From ROC analysis, it is known that the percentage correct classification is an incomplete,
and sometimes misleading measure. This motivates us to investigate the performance limits
for an ideal observer model for three-class classification, and whether a summary measure,
analogous to the area under the ROC curve (AUC) in two-class problems can be defined for
the three-class task.

The interest on three-class (or, more generally, multi-class) classification has prompted
many researchers to investigate how ROC analysis can be generalized to multi-class
problems [5-13]. Some of these investigations [7,9-13] studied the three-class ROC
problem when the decision variables are related to two likelihood ratios generated by the
ideal observer, (see (3) below), while others studied the problem for one or two decision
variables that may not necessarily represent the optimal decision variables [5,6,8]. Several of
these studies involved assumptions that resulted in simplified ROC surfaces [5-8,12,13],
while others investigated the ideal-observer performace in a general 6D ROC space [9-11].
We are interested in the application of three-class classifiers to computer-aided diagnosis
(CAD), where many problems involve three possible outcomes. Examples include the
classification of a region of interest (ROI) as malignant, normal, or benign in the problem of
mammographic lesion detection/characterization, and the classification of a detected mass
ROI as a spiculated malignant, non-spiculated malignant, or benign mass in the problem of
mammographic lesion characterization.

In this study, we investigate the three-class ROC problem based on the decision variables
used by the ideal observer. We reduce the 6D ROC space generated by these decision
variables to 3D by constraining the utilities of some of the decisions in the classification
task. This approach was previously taken by our research group [7,12], as well as recently
by others [13]. The difference between our approach and that of He et al. is that we chose
constraints such that the 3D ROC analysis can be performed in terms of the trade-off
between the true-positive fraction (TPF) and two false-positive fractions (FPFs), and
therefore is analogous to the two-class ROC curve. The specific set of assumptions imposed
by He et al. [13] results in a three-class ROC surface in which the axes are the correct
decision fractions for the three classes. The area under the ROC curve plays an important
role in the evaluation of two-class classifiers. In analogy, we propose a normalized volume
under the ROC surface (NVUS) as a figure of merit (FOM) for 3-class classification under
our utility constraints. We investigate the properties of the 3D ROC surface and the
properties of the NVUS, and present simulation results under the equal covariance Gaussian
assumption for the three classes.
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In a two-class medical diagnosis task, the ROC curve is defined as the locus of TPF and FPF
decision pairs, which represents the tradeoff between the sensitivity and specificity. For a
three-class problem, a similar analysis of the tradeoff among different correct and incorrect
decisions results in a 5-dimensional ROC hypersurface in a 6-dimensional probability space.
A complete characterization of the ROC hypersurface even for simple class distributions is
an important but difficult task because of the high dimensionality of the probability space.
An avenue that might lead to a practical analysis method, as well as shed light on the general
3-class classification task, is to make simplifying assumptions that focus on a certain useful
subclass while still preserving the nature of the problem. A specific problem of interest in
the computer-aided diagnosis (CAD) community is that of classifying a case (or an ROI) as
malignant, benign, and normal. In this study, we make simplifying assumptions that may
result in a practical ROC analysis for the type of problems that satisfy the assumptions,
explore the properties of the resulting ROC hypersurface, and define an FOM based on the
ROC hypersurface that may be useful for summarizing the classification performance.

In a three-class classification problem, the task is to assign a given D-dimensional
observation vector w, to one of three classes. In this study, motivated by the classification of
cases as malignant, benign, and normal, these classes are denoted by 1ty 1t and mtp,
respectively. Since there are three possibilities of true class membership, denoted by #, ¢,
and ¢y, and three possibilities of class assignment for the observation, denoted by a’M, dp,
and d, there are a total of nine distinct true membership-assignment pairs. When W is a
random vector, the class assignment d is a random variable, that can take three distinct
values, d = dj, d = dp, or d = dj (random variables are denoted by boldface letters). The
probability of d = djgiven ¢, i.e., the probability of deciding that the observation belongs to
class ;when the true class membership is 1, is denoted by P;= P(d = ;jd| £), where /€
{M, B, N} and j€ {M, B, N} Since the sum of these probabilities add to unity for each true
class (Pp+ Pgj+ Pnj=1for j€ {M, B, N}), the probability space in a three-class problem
is six-dimensional.

In a Bayes’ test, one assigns a utility to each of these nine true membership-assignment
pairs. Each decision made for a random vector W is therefore associated with a utility. The
Bayes’ test is designed so that, on the average, the utility is as large as possible, i.e., the
expected value of the utility is maximized. Let Uj; (/€ {M, B, N}, j€ {M, B, N}), denote
the utility of gjgiven #; i.e., the utility of deciding that the observatlon belongs to class
when the true class membership is . If the random vector W belongs to class j, the
expected utility conditioned on its class membership is

E{Ulnj}= Z PyU;, 0

<(M,B,N}

The expected utility of the decision rule is then given by averaging over all classes

E{U}= Z P(rj) Z PyUy, @

Jje{M,B,N} i€{M,B,N}
where Ar)) is the a-prioriprobability of class .
Let o (W) denote the probability densr[y function (pdf) of the random vector w, and Piifrej

(w| ;) denote the conditional pdf of W given class n;. Defining
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Apy (7‘)=W37‘(—1>,MM) and A, (F)=—"2—— ®)
M

Pe py, Gy’
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wir W,

Py, (flry) Poin Glmy)

one can show that the application of the Bayes’ test leads to the following decision rules
[10,14]:

Assign d = djif and only if

P(ﬂM)(UMM—UBM)+P(7TB)(UMB—UBB)ABM(W)HP(HN)(UMN—UBN)ANM(W') >0, and (4

P(ﬂM)(UMM - UNM)+P(7TB)(UMB - UNB)ABM@)"'P(”N)(UMN - UNN)ANM(VV)) >0 (5)

Assign d = dgif and only if (4) is not satisfied, and

P(nM)(UBM - UNM)+P(7TB)(UBB - UNB)ABM@)+P(NN)(UBN - UNN)ANM(W)) =20 (6

Assign d = dj,if and only if after performing the tests in (4)—(6), neither d = dy,nor d = dg
is assigned.

Equations (4)—(6) define the decision boundary lines in the likelihood-ratio plane, defined by
Apgp (W) and Az (W) as the abscissa and ordinate, respectively. These three lines intersect
at one point [14], and partition the decision plane (the likelihood-ratio plane) into three
distinct decision regions. The relationship among these decision boundary lines has recently
been investigated by Edwards et al. [10].

In a 2-class problem, the ROC curve for the ideal observer can be considered as the
relationship between the sensitivity and (1-specificity) as the threshold of the likelihood
ratio varies, i.e., as the likelihood ratio line is partitioned into two regions. The ROC
hypersurface for a 3-class problem can similarly be considered as the relationship among
various decision probabilities as the partitioning of the decision plane, defined by (4)-(6),
varies. An independent set of three equations can be characterized by three slopes and three
intercepts. However, since the decision boundary lines are not independent, but intersect at
one point, one degree of freedom is lost, resulting in a five dimensional ROC hypersurface
in a six-dimensional probability space.

In this study, we reduce the dimensionality of the ROC hypersurface by imposing
constraints on (4)—(6). For the purpose of normalization, we assume that 0 < Uj;< 1. The
utility of a correct decision is assumed to be at a maximum of 1, thus Upy=1, Ugg=1,
and Upyy = 1. If a malignant case is misdiagnosed as normal or benign, the utilities will be at
a minimum of 0, thus Ugy,= 0, and Upy,= 0. If a normal case is called benign or vice versa,
it may not be very harmful or costly, so that the utilities are still high with Ugy =1 and Upg
= 1. The utilities of misdiagnosing benign or normal to be malignant, Uysgand Upps
depend on the further course of action, and will be variable between 0 and 1. Under these
conditions, we note that (4) and (5) coincide, and can be written as:

P(r, )+P(r,)(U,y — DAL, ()P, ) (U, — DA, (F) > 0, 0
while all coefficients in (6) equal zero and it becomes indeterminate. For the assumed values

of the utilities, the classification problem reduces to deciding whether the observation
belongs to 1t 0r not, i.e., assign W to class M if and only if (7) holds. However, since Uy
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and U,y are variable, and are not necessarily equal, there is still a distinction between the
benign and normal classes, and the problem is still a three-class classification task.

With these assumptions, the expected utility in (2) becomes a function of only three of the
Pjjs, namely, Py (probability of correctly deciding that the observation is malignant) P,z
(probability of falsely deciding that the observation is malignant when the observation
belongs to the benign class), and Py (probability of falsely deciding that the observation is
malignant when the observation belongs to the normal class). One can thus analyze how the
TPF (Ppp) varies as a function of the two FPFs (Pyygand Pyyp). To differentiate the
resulting surface in 3D space from both the ROC curve for a 2-class problem (2D ROC
curve) and from the general ROC hypersurface for a 3-class problem, we refer to it as the
“3D ROC surface”. Note that, similar to a 2D ROC curve, our 3D ROC surface describes the
variation of the TPF as a function of the FPFs, and results from the simplification of the
general ROC hypersurface into 3D because of the assumptions made for the utilities.

We note that the assumptions for the utilities described above are only a special case of the
choices for the utilities that will degenerate the three decision lines into a single line.
Specifically, if

Upy=Up=01, Uy =U=v2,and U, =U,, =3 (8)

then (4) and (5) coincide, and (6) becomes undefined. These assumptions are summarized in
Table 1, and imply that (i) the utility of classifying a malignant tumor as benign is the same
as that of classifying it as normal, (ii) the utility of classifying a benign lesion as normal is
the same as that of classifying it correctly, and (iii) the utility of classifying a normal region
as a benign lesion is the same as that of classifying it correctly. In this case, the expected
utility in (2) can be written as a function of Py, (sensitivity), Pygand Py (two Kinds of
FPFs):

_UBB)P(HB)PMB-'-(UMN—UBN)P(”N)PMN+UBMP(7TM)+UBBP(T(B)M]BNP(”N)

B. The likelihood-ratio plane

Figure 1 describes the decision line provided by (7) in the likelihood ratio plane, where the
abscissa and ordinate are A gysand Ay, respectively. The equation for the decision line can
be expressed as

Ay =mAg, +n, (10)

where m and n are the slope and intercept of the line, respectively

P(r)1-U,,
m=— ——
Pa)1-U,, (11)
and
_P(x,) 1

Pay1-U,, (12)

Since all utilities are by definition less than or equal to unity, we have — 0o < m<0,and 0 <
n< oo as the utilities and the a-priori class probabilities vary.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2011 January 19.
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From Fig. 1, we observe that for a given wwe assign d = djif the two likelihood ratios are
such that the point (Agm(W), Anm(W)) is within the triangle S, and assign d # dj, otherwise.
Since the likelihood ratios are functions of the random vector w, Agy (W) and Ay (W) are
random variables, and have a joint pdf under w4, 1 g, and . The TPF and FPFs in which
we are interested can be expressed as

PMM:f f P gy Annio (Agyi> ATy d Ay d Ay (13)
N

PMB :fprBM ANmg (ABM ’ ANM |7TB )dABM dANM (14)
N

PMN:fprBM AnmITN (ABM ’ ANM IﬂN )dABM dANM (15)
S

In the ROC plots that we construct, we chose to express the TPF as a function of the two
FPFs. To gain insight into the interdependence among these three quantities of interest, we
first study how the two FPFs are related. Consider a fixed value of m= m". By a change of
variables A gyy= vand Apps= v+ m' u, (14) can be written as

n -v/m n
P,,= f dv f N (u, v+m*u)du= f Fye v (16)
v=0  u=0 v=0
where
—v/m"*
Spe W)= f TN (u, v+m u)du. 17)
u=0

Although the new expression for P,,5 seems more complicated, it has a meaningful
interpretation. fg ,* (V) can be interpreted as the integral of pAg\ Anmies (ABM: ANMITEB),
i.e., the joint pdf of the likelihood ratios under class B, along a line that is parallel to the
Apnp= m A gy line, and that intersects the A ppyaxis at Ay = v (Fig. 2a). Pygis then
obtained by integrating 7z ,* (V) up to n, similar to the integration one might perform in 2-
class ROC analysis to obtain the false-negative fraction. Similarly, we also express Py as
(Fig. 2b)

n —v/m* n
P,= f dv f N (u, v+m*u)du= f Sy Vv (18)
v=0  u=0 v=0
where
—y/m*
S )= f N (u, v+m*u)du. (19)
u=0

IEEE Trans Med Imaging. Author manuscript; available in PMC 2011 January 19.
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With this interpretation, it can be seen that as n varies while m= 7" is kept constant, the
relationship between Py gand Py is similar to an ROC curve (Fig. 3) in the FPF plane,
referred to as Cp,* below. In particular, we observe that n=0 implies Py = Py =0, and as
n— 00, PMB: PMN: 1.

C. Properties of the ROC surface

In this subsection, we explore two properties of the ROC surface of the ideal observer
obtained under the constraints given by (8). Specifically, we show that for a given FPF pair
(Pmia: P, multiple values for sensitivity (Ppg) cannot exist. In other words, Pyis a
function of Py gand Pyy. We also determine the domain of this function. These properties
are used in Section 111 to numerically evaluate the 3D ROC surface.

Property 1: Let Ppyg (mg, my) = Ppg (rmy, ) and my = my. Then Ppypy (Mo, mo) = P (M,
l71).

This property is proven in Appendix 1. The relative locations of the curves Cpyy and Cpy, as
a result of Property 1 are shown in Fig. 4. Let us define Gy (Pyp) as the loci of Py as Pus
is varied for m=0, and C_co (Ppyp) as the loci of Py as Pyygis varied for m= —o00, Since -
00 < m<0, it can be concluded that the loci of Py in the FPF plane is bounded from above
by the curve C_ (Pyg) and below by the curve Cy (PuB).

Property 2: If the pairs (/mg, ) and (1, my) are such that Py,g (my, my) = Ppys (M, m) and
Pran (mo, o) = Ppgp (11, 1), then Ppgpg (Mo, o) = Ppang (my, my).

Proof: The proof of this claim is similar to that of Property 1, and is provided in Appendix
2. Property 2 asserts that Py, can be expressed as a function of Py gand Py, although it
may be difficult to express the functional form ¢(Ppss, Prn) = Punsexplicitly for given
distributions of the malignant, normal, and benign classes.

Property 3: When P,z is held constant, Py, is a non-decreasing function of Py,
Similarly, when Py is held constant, Py, is a non-decreasing function of Pyg.

Proof: Please refer to Appendix 3.

D. Normalized volume under the surface

For a two-class classification task, the AUC is a commonly used FOM to measure the
classification accuracy. AUC can be interpreted as the sensitivity averaged over all possible
values of specificities. As described above, in a three-class classification task with the
utilities assumed to be those in (8), the sensitivity can be expressed as a function of the two
FPFs. It is then natural to define an FOM for a three-class classification task as a function of
the average sensitivity over all possible values FPF pairs. The height of the surface Py, =
o(Pms P is the sensitivity at a given value of the FPF pair (P, Pyn)- As described
above, in general, the FPF pair (Ppg, Prp) does not take all possible values in the square [0,
1] x [0, 1]. The total volume Vs under the surface Py, therefore does not provide the
average sensitivity over all possible values of FPF pairs. The domain (P, Pyn) 1S
bounded by the curves C_« and &, in the FPF plane as shown in Fig. 4, and the average
sensitivity over all possible values of FPF pairs is the volume under the surface Py,
normalized by the area Agprbounded by the curves C_c, and Cy. The normalized volume
under the surface (NVUS) is thus defined as

IEEE Trans Med Imaging. Author manuscript; available in PMC 2011 January 19.
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1 Cooo(Pyp)
dPMB f SO(PMB’PMN)‘ZPMN
P, ,=0 P, .=Co(P, ) V.
NVUS= MB MN MB = total 20)
i Coo(Pyyp) App
dp MB dp MN
Pp=0 Pyn=CoPyp)

The need for normalization may also be deduced by noting that Azp£is related to the
separation between classes Band N. If the distributions of these two classes are similar, then
the FPF values Py gand Py will also be similar, regardless of how the decision line is
selected. Therefore, both Agprand the spread of the surface Py = ¢(Pris, Pran) Will be
small. On the other hand, relatively dissimilar distributions of the classes Band N will result
in a larger value of Agprand a larger spread of the surface, which will lead to a larger
volume under the surface, provided that the separation between classes Mand B and
between classes Mand A remain constant. However, as seen from (9), the separation
between classes Band A has no impact on the expected utility, and therefore the effect of
the Agpron Vg needs to be removed by normalization.

Gaussian distributions—In the development of parametric ROC analysis for a two-class
problem, a frequently made assumption is that the classifier scores (i.e., the decision
variable) for the two classes have a binormal distribution. One can then either fit a
maximum likelihood curve to the classifier scores [15] or to the likelihood ratio [16].
Although we do not attempt to fit surfaces to our 3D ROC plots in this work, we believe that
it is important to examine the shape of the ROC surface and to demonstrate the feasibility of
our approach to using NVUS as a performance metric for the important sub-category of
Gaussian distributed data. We thus assume that the observation W is normally distributed
under each class, mtyy, tg and wp. To facilitate the analysis, we also assume a simple case
in which the covariance matrices of the Gaussian distribution under the three classes are
equal, and the mean vectors are different. Without loss of generality, one can then
diagonalize the covariance matrices, and translate the distributions under the three classes so
that the mean for class 1 4 is 0 (Appendix 4). Then, under the equal covariance assumption,
one can write

W~N(O, I)underm,,
W~N(ﬁg,1) under 7, (21)
W~N(ﬁN,I) under 7,

where }IB and _};Nare the mean vectors under rtgand mp, respectively, and /is the identity
matrix. The likelihood ratios are then

— pW\ﬂB(erB) I 7T —T— - T - T
ABM(W)=T=BXP —5[(W—u3) (W—p,)-w W] =exp {uB W, u[,(22)}
Pg, W 7,,)
an (7V>|71'N) 1
A== —exp { [CErSECEYS —ﬁ]} —exp {7, W 72,7 29
Pay, (i) 2
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Defining
= = [ log(Ay,) )
=log(A)= BM 24
B(A) ( log(Ayy,) (24)
it can be seen thatZ is a linear function of W, with
Z=PwW+K, (25)
where
—T
P=[ fﬁ ] (26)
Hy
and
(27
KZ‘E(JJ ) @
HyHy
Therefore, Z is Gaussian under all three classes with covariance matrix
i, iR o roo
2Z=PPT=( Pale Faba )—( ‘ 2 ) 28)
Hyly My, 0102 Oy

where

T—)

[T RN
= 71)3737 H MNsandr_ (29)
VH, \/ﬂ llN

Note that o1 and o, are the magnitudes of the vectors rLB and ;N, while r is the cosine of the
angle between them. The mean of z under classes M, B, and N are calculated as

"\ 7, 2o )

- (M) _y o-f

Z”_( 7,2 ) 2\ 2roy0y - 0 »and (30)

- [z _1 2roion — 0'%

e )2 o3 ’
where (i), =1, 2, denotes the i component of the mean vector of Z under class j, j=M, B,
N.
Since A = exp(2), A follows a bivariate log-normal distribution. For given values of m and n

(defined by (11) and (12)) the sensitivity and false-positive fractions can then be calculated
using (13)—(15). For example,

IEEE Trans Med Imaging. Author manuscript; available in PMC 2011 January 19.
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—n/m m/\BM+n
P,= f P agas Anai (Apys Myl )d A, dA (31)
Agy =0 Ay =0
where
MM Ay Dyyyly)
1 1 1 -1 (log A,,, — EM(l))2 2r(log Ay, —7,,(1)(og A,,, «32)(2)) (log A,,, — 2,
= A 50 - e
2no 107 1 — 12 Dgy Doy 2(1 =r%) (o 0102 05

is the joint pdf for the bivariate log-normal random variables Agy and Anp . The equations
for Pygand Py are similar, with Zgand zy, replacing z,in (32), respectively:

—n/m mAgy+n

1 1 -1 log A, —Z,(1)*  2r(log A, —Z,(D)Iog A, —Z,(2) (1
dA,,dAy —————— — —exp i [(Og e 5(1)°  2r(log A, Z[iga,))( 0g Ay =) (1
2no 10 V1= 72 Apy A 2(1 =19 o g0
Ay =0 Ay =0
T 1 1 1 1 (log A, —Zy(1))*  2r(log Ay, —Z,(1)(log A, —Z,(2))  (
dA,,dA,, ———exXp _ 5 [ 08 Dy < v _ ariog Agy Zl&él_) OZ Ny — Ly 44
2no 1073 V1 — 72 Dy Dy 2(1-7r9) o] 102

A

BM

=0 A,,,=0

It is seen that for given m and n, the TPF and the FPFs can be completely described in terms
of three parameters, o1, ao, and r. Since the 3D ROC surface is obtained by varying m and n
over their allowable range (- 00 < m< 0, and 0 < < ), the 3D ROC surface is a function
of only these three parameters.

Under the equal covariance Gaussian assumption, the upper and lower bounds for Py 0n
the FPF plane (C-w (PpB) and Gy (Pup), respectively) can be determined analytically

(Appendix 5):

C_co(P,,)=D [CD‘l(PMB)+

and

where

lll. SIMULATION RESULTS

Co(P,5)=D [(D‘I(PMB)+

X

d)(x)z\/%_ﬂ f e 24y

—00

7z(1) —z,(1)
B (35)
75(2) — ZN(Z)]
I — (36)
o2
(37)

We have performed simulation studies under the equal covariance Gaussian assumption in
order to study some properties of the ROC surface and compare the NVUS for different
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values of the parameters o4, o), and 7. We also implemented two different methods to
construct the ROC surface, and compared the NVUS values obtained by these two methods.

We first investigated the characteristics of the C,,, curves, i.e., the relationship between Pz
and Py for a given m. For this purpose, we numerically evaluated (33) and (34) for given n
and m values to obtain Py,gand Py, and plotted the relationship between Py gand Py as
n is varied and © = tan™1 (/) is fixed. The resulting plots for different values of the
parameters o1, oy, and rare shown in Fig. 5 for 8 = -90°, —67.5°, —45°, —=22.5°, and 0°. The
curves for © = -90° and 0° (defined as C_ (Ppy5) and Cy (Pyyp) above) are important
because they define the domain of Pps= ¢(Prs Pun)- 1t 1S seen that this domain can take
a number of different convex and non-convex shapes, and the area of the domain increases
as r decreases. In the limiting case where pgand .y are equal (r=1 and o1 = g5), there is no
distinction between the classes m gand mp, and the domain of the ROC surface reduces to
the diagonal line that passes through (0,0) and (1,1) in the (Ppss, Pmn) plane and the ROC
surface reduces to the 2-class ROC curve.

Fig. 6 shows examples of the ROC surfaces obtained for two sets of values for the ROC
parameters. In Fig. 6a, r=0.5 and cr%:a§=3 so that the resulting ROC surface is symmetric

with respect to the Py = Py line. In Fig. 6b, r=0.5, c7=1 and 05=3, so that the surface is
not symmetric, although the domain is still convex. Figures 6¢ and 6d show the same
surfaces as grayscale images, where the brightness of the pixel is proportional to the value of
Prin- From these examples, it is observed that Py, is a non-decreasing function of P,z and
Prins Which is a result of Property 3.

To evaluate the NVUS for different values of the parameters o1, gy, and 7, we implemented
two methods. In Method 1, which uses (31) to (34) for the pdf of A directly, we numerically
integrated the volume over the domain of Pyss= ¢(Pprss, Prn)- For this purpose, we used
recursive adaptive Simpson quadrature [17], in the form that it was implemented in
MATLAB for double integration. Adaptive Simpson quadrature attempts to minimize the
number of function calculations by using small subdivisions of the interval only where
required for the desired tolerance [18]. To perform the integration, one needs to numerically
express Py as a function of Pyygand Py For a given pair of Pyygand Py, we first
numerically solved the non-linear equations (33) and (34) to determine which values of m
and nresult in the given FPFs. We then substituted these values into (31) and performed
numerical integration to obtain Py, The desired tolerance in the recursive adaptive
Simpson quadrature was set as 107 for both the integration to find Py, and to find the
volume under the surface. The area of the domain of (P, Prin) Was likewise obtained by
numerically integrating the area between the curves given by (35) and (36).

In Method 2, we used a Monte-Carlo method to compute the NVUS. For given values of the
parameters a1, oo, and r, N/3 observations were randomly generated from each of the three
classes 1y, 5 and 1y according to the pdfs given by (21). We then computed the
likelihood ratios A gysand A ppyusing (22) and (23) for each of the N observations. For a
given value of the pair (m,n), the three quantities of interest (P Prsgand Ppyp) can then
be determined by how many (A gps A ) pairs from each class fall into the shaded region
in Fig. 1. By systematically varying m between 0 and —090, and n between 0 and oo, one can
generate pairs (P, Pyn) that cover the region between C-c (Ppy5) and Gy (Pys), and the
corresponding values of the sensitivity Py, To find the volume under the surface and the
area of the domain of the 3D ROC surface, we used Delaunay triangulation, as described in
Appendix 6. Since our purpose was to compare with Method 1 rather than to evaluate the
small-sample dependence of the Monte-Carlo method, we used a large number (N=300,000)
for the number of observations, which was experimentally chosen as a trade-off between
computational efficiency and the accuracy of the estimated volume. One hundred fifty
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different values were used for both m and n to generate (Pysg, Prp) pairs that cover the
domain of the 3D ROC surface.

Fig. 7 plots the NVUS results for different values of o1 when o%:l. Three plots are shown
for r=—-0.5, r=0, and r=0.5, for both Methods 1 and 2. Figure 8 is the same as Fig. 7, except

that o-3=6. Similar trends were observed for other values of 3 between. 1 and 9. Methods 1
and 2 result in very similar NVUS values. For fixed r and o9, NVUS increases with a;.
Also, comparing Figs. 7 and 8, it is seen that for fixed r and o1, NVUS increases with a5.
For fixed values of o1 and o5, the dependence of NVUS values on r is shown in Fig. 9.

V. DISCUSSION

From the results presented in Figs. 7-9, it can be observed that the trends for the NVUS are
consistent with the characteristics of a proper FOM, namely, as the difficulty of the
classification problem decreases, the value of the FOM for the optimal classifier increases.
First, NVUS increases with a4 for fixed r and a,. From the definitions of these parameters,
if o1 increases while the other parameters are fixed, the difference in the magnitude between
the mean vectors of the malignant and benign classes increases. If the malignant and benign
classes are farther apart, then the classification problem is easier and the value of the FOM
should increase. Similarly, if o, increases while the other parameters are fixed, the value of
the FOM should increase, which is the trend observed by comparing Figs. 7 and 8. Finally,
if r increases while o1 and o, are fixed, the angle between the vectors j. g and . decreases,
and the normal and benign classes become more similar to each other. Therefore, if all the
other parameters are fixed while r increases, the portion of the malignant class that overlaps
with the union of the normal and benign class distributions decreases. For large r, if the
classifier works well for separating the normal and malignant classes, then it will have a
similar performance in separating the benign and malignant classes as well. In contrast, if
the angle between the vectors pgand . is large (small r), then the benign and normal
classes are quite different, hence a classifier that works well to differentiate the normal and
malignant classes may not work well to differentiate the benign and malignant classes. In
summary, a larger r increases the separation between the malignant class and the other two
classes, while it decreases the separation between the benign and normal classes. Due to our
choice of the utilities, the separation between the benign and normal classes has no effect on
the expected utility (9), and the value of the NVUS is determined by the separation between
the malignant and the other two classes. We therefore expect that the value of the FOM
would usually increase with r, as demonstrated by the trend for the NVUS in Fig. 9.

With the utilities given as in (8), the decision boundary between the benign and normal
classes is indeterminate. The expected utility in (9) does not contain terms related to the
misclassification probabilities Pgyand Py, therefore, the decision between classes B and N
does not affect the task performance. However, the expected utility, and thus the task
performance, is uniquely determined by Py Prsand Ppyp. Furthermore, since Uyygand
U are not necessarily equal, there is still a distinction between the benign and normal
classes, and the problem remains a three-class classification task.

As in 2D ROC analysis, comparison of 3D ROC surfaces and the summary measures for
two classification tasks requires caution. Similar to the condition that two 2D ROC curves
may intersect, the 3D ROC surfaces for the ideal observer for two classification tasks may
also intersect. Under this condition, one does not know whether the sensitivity for the task
with the larger NVUS value is higher than that with the smaller NVUS value at all FPF
values. An additional need for caution for the comparison of the NVUS values of two 3D
ROC surfaces results from the possibility that the FPF domains for the two tasks may be
different, as shown in Fig. 5 for six different tasks. Consider two tasks T and T,, and
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assume that the domain of the 3D ROC surface for Ty is larger than and encloses the entire
domain for T». It is conceivable that the sensitivity of the ideal observer may be higher for
T4 than T, at all FPF values in the domain of T,, and despite this, the NVUS value for T
can be lower if the sensitivity for T, at FPF values outside the domain of T, is very low.

In our previous [7,12] and current studies, our assumptions for the utilities were that Uy, =
Upg= Unyny= Upn= Ung=1, Ugy= Unpyy=0, and that Uyygand U,y are variable in
[0,1]. These assumptions simplify the formulations of the slope and intercept of the decision
line, (Fig. 1 and (11) and (12)) and facilitate the subsequent analyses. However, the
conditions on the utilities can be more general, namely Ugps= Unppn Ugg = Ung, and Ugp
= Upnn (8), and the three decision lines of the ideal observer will still degenerate into a
single line that separates the malignant class from the other two classes. With the additional
assumption that the utility of an incorrect decision is not larger than that of a correct
decision (i.e, Ugy< Uppnn Unis < Upgg, and Uy < Unp), the slope and intercept for this
line will satisfy —oo < m< 0 and 0 < n< oo, respectively. Since the properties of the 3D
ROC surface found in this study depend only on the situation of a single decision line
separating the malignant class from the other two classes in the likelihood ratio plane, the
conclusions of our study is applicable to the more general condition given by (8).

V. CONCLUSION

In this study, we investigated the 3-class classification problem under some simplifying, but
realistic, assumptions for the utilities that result in a single decision line in the likelihood
ratio plane separating the malignant decisions from “non-malignant” decisions. Under these
assumptions (8), we showed that the sensitivity of the ideal observer can be expressed as a
function of two false-positive fractions, thereby one can define a 3D ROC surface above the
FPF plane, and that the domain of the ROC surface in the FPF plane depends on the class
distributions. We extended the definition of the area under the ROC curve for a two-class
problem to a normalized volume under the ROC surface for a three-class problem, where the
normalization is required because of the dependence of the domain of the 3D ROC surface
on the classification task.

We studied the properties of the 3D ROC surface and the NVUS for the ideal observer under
the condition that the three-class distributions in the feature space are multivariate normal
with equal covariance matrices. Under this assumption for class distributions, it can be
shown that the probability density functions of the likelihood ratios follow a bivariate log-
normal distribution, and that they depend only on three parameters. We investigated two
methods for calculating the NVUS, and found that the results were in good agreement. We
also found that the NVUS satisfies some of the intuitive properties of a proper FOM for
characterizing the classification performance. Although the analysis in this study was
performed under simplifying assumptions, we expect that it will provide guidance for the
challenging problem of designing performance metric and analysis for 3-class classification
tasks.
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APPENDIX 1

We first show that
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P =f f AowP AgnAxm v Apyis Aulmy)d A gy d Ay (A1)
S
and
Pin= f f Mo PagniAxnaimn (N> Axulmy)dA gy d Ay (A2)
S

Let Agm = £ (W), Anm = % (W), and let Q(/m, 77) denote the set of vectors wthat satisfy

H(wW) = mfy (W) = n< 0. Noting that Sying (W | 7tg) = A gpr (W) Miimy the false positive
probability for the benign class can be written as the D-dimensional integral

Pw= [ p W‘”B(WMB)N: i ABM(W))]JTV,‘”M(VV)VTM)N A3

Q(m,n) Q(m,n)
The integrand in (A.3) can be integrated by first finding the set of all vectors win the D-
dimensional observation space such that
Ay <fi(%) < Ay +AA,, and Ay, <r(W) < Ay, +AA,,,. (A4)
The sum of all Bgjrp, (w/| 1ty such that (A.4) is satisfied is (by definition) PAsM ANM M

(A A T AA gpsA A pps While we Q(m, n) is equivalent to Apps— mA gy — n<0.
Integrating over the entire D-dimensional observation space, we find that

f Apy (W)pwmm (WlﬂM )m: ff ABMPABM,\NM\nM (Apys
$mm) App—mA gy, —n<0
(A5)
Ay lm)dA g, dA,, = f f Ayy P gy Annim (Apys

N
ANM | M )dABM dANM

Eq. (A.2) can be obtained in a similar manner.

We now show if Pyg (mg, M) = Puyg (M, m) and my = my, then Ppp (Mo, M) = Ppyy (MM,
/71).

For notational simplicity, let us define x= Agps = Anps and £x, J) = PAgm, ANM M
(ABm: ANm | Ttm)- First consider Case (A), in which the two lines y= myx+ mgand y= mx
+ m (i.e., the lines Appns= moA gy + My and Appys= rmA gpys+ m) do not intersect in the
positive quadrant (Fig. Al). Using (A.1), and noting that fx, }) is non-negative, Pz (my,
m) = Pyg (my, m) implies fx, y) = 0 in the region D shown in Fig. Al. Using (A.2), this
implies Ppsp (mo, M) = Ppan (M, ).

We now consider Case (B), in which the two lines y= mpx + g and y= myx + m intersect
at a point (x", /") in the positive quadrant (Fig. A2). Using (A.1), it is seen that
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Punimo, =Py () = [ [tepytsay= [ [ asas. o
So S,

where the two regions Sy and S; are the two shaded triangles in Fig. A2. For any xin S, we
have X" = x, and for any xin S;, we have x= X". Therefore,

¢ [[ sasay > [[spoasir= [ [ sty = [[ paasar )
So So S S

which indicates

Pt 1)=Pmi.m) = [ [ sy > [ [ st asay. “9
So S

Similarly, for any yin &, we have y> ), and for any yin S;, we have y* > y. Therefore,

f f Yx, y)dxdy 2y* f f J(x, y)dxdy 2 y* f f J(x, y)dxdy 2 f f Y y)ddy, - a g
So So S Sy

where the middle inequality is due to (A.8). We therefore conclude that

f f Ve, y)dxdy > f f Ve, y)dxdy, AL0)
So S

which, along with (A.2), implies that Py (M, o) = P (M1, m). We also note that Py
(Mo, M) = Pa (M, m) if and only if fx, ) =0in S U S\(X, ).

APPENDIX 2

In this appendix, we show that a given (Pyg, Pyn) pair uniquely determines Py i.e., we
cannot have more than one sensitivity value for a given FPF pair. Let (mm, mp) and (1, m)
be such that Py,g (Mg, my) = Prig (M1, m) and Py (Mo, o) = Pppy (1, m). Proceeding in a
similar fashion to the proof of Property 1, we see that if the lines y= myx + myand y= nmx
+ m do not intersect in the positive quadrant, or if /my = my, then Ppns (Mo, o) = Ppns (MM,
m). If these two lines intersect at one point in the positive quadrant, then, without loss of
generality, let us assume /7 > mp so that we can refer to Fig. A2. We have already shown
(A.8) that if /my > m, then

P, (mp,no)=P,,(m,n;) = fff(x,y)dxdy fof(x,y)dxdy = P,,,(mo,ng) > PMM(ml’(Rll)
So S

Referring to Fig. A2, for any yin S, we have y> J*, and for any yin S;, we have y" > y.
Therefore,
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P, (mg, ng)=P,, (m1,

m) = f Wi, y)ddy= f f Ve, y)dxdy = f ¥ f . y)dxdy < f f ¥ f . y)dxdy = f f fx, y)dx%@)ff Fx,y)dxdy
So St So S So St
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from which we conclude

PMN(m(), nO):PMN(ml’nl) = PMM(mO’ n()) < PMM(ml’nl) (A.13)

Equations (A.11) and (A.13) imply that Pysp, (mo, M) = Pprps (rm, m).

APPENDIX 3

We will only prove the first part, i.e., if Pyg (o, o) = Prg (M, m) and Py (mo, o) >
P (my, m), then Pugng (Mo, M) = Pagng (1, my). The proof of the second part follows
similar steps. The assumptions about Py g and Py imply that /71 > mg. This is because if
mo were larger than or equal to /7, then, by Property 1, we would have Py (my, m) = Py
(mg, my). We also note that the lines Apps= moAgps+ My and Apps= miA gy + ny intersect
in the positive quadrant, because otherwise we would have Py (o, M) = P (i, my).
Under these conditions, we have already shown that (A.8)

ffp‘\BM ‘ANM ‘”M (ABM ? ANM |7TM )dABM dANM 2 fprBM “\NM ‘"M (ABM ? ANM |ﬂ.M )dABM dANM >

So S

which implies that Py (M0, ) = Prps (M, m).

APPENDIX 4

In this appendix, we show that, for the equal-covariance Gaussian distributions discussed in
Section 2.E., diagonalization and translation do not affect the 3D ROC surface. This is
equivalent to proving that a straight line in the original likelihood ratio plane remains a
straight line after diagonalization. Let w” denote a random vector to be classified before the
diagonalization, and let

W'~N(ﬁM, Y’) under m,,
W’~N(ﬁﬁ, 2’) under m,, (A.14)
7V’~N(ﬁN, >’y under m,,

The likelihood ratio between m g and rty, before the diagonalization and translation is given
by
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C s,
ABM(W )
Par, OF'1)

pW'\irM (W’VTM)
1 —r = T =1 = —, = T =1 =
=exp 3 ~3 W —pg )2 W - )W —u,) (W —y,)

1 T 1 T r T 4 + T ’ ' \T 11—,
—exp {_5(73 S e )}exP {(ﬁg_ﬁM) S

(A.15)

We will show that the likelihood ratio between m g and rty, after the diagonalization and

translation, Agy (W), is proportional to A;M (W"). The transformation for diagonalization and
translation between w and W’ is

w=L"V2VTW -1 ), (A.16)

where Vis the matrix composed of the eigenvectors of &’, and L is the diagonal matrix
constructed from the corresponding eigenvalues. The covariance matrix after the
diagonalization is the identity matrix, and the class means are

’

=0 =LV (@, -1,), and [ =L"VIG T (A17)

The likelihood ratio between m g and rp, after the diagonalization and translation is

s PR, (Plrg)
A T
T T.

—exp (-4 |@ -7, @ -7, - W'

_ > T |- T

TEXP\Hp W gHy Hy

_ 1— - — T—

=EXP (T2 My, ,uu}exp {'uB W} (A.18)
T. T !

—exp {172, oo {7, L2V -
T T ’ ’ T

=exp {—%73 H,-H, L_l/ZVTﬁM}-exp H,-H,) VL-1/2~L—1/2VTW'}
T T ’ ’ A _

—exp (47,7, <7, LV e (- )

’

Comparing to (A.15), we find that A,,,(W)=K, A _(W"), where Kg is a constant of

proportionality. Similarly, it can be shown that A, (W)zKNANM (W), and therefore a straight
line in the original likelihood ratio plane remains a straight line after diagonalization.

BM
’

APPENDIX 5

We will demonstrate the derivation of (36) here, i.e., the relationship between Py g and Py
for m=0. The integrals can be evaluated in a similar manner to find the relationship between
Puygand Py for m=—oo (35). First, for m=0, and with a change of variables
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u=log A, —7,(1)

V:log ANM - Zg (2), (A19)
Eq. (33) can be written as
log n-73(2)
dudv
——F——=Gu,v), (A.20)
27r0'10'2 Vi-r2
where
— 2 ruy 1'2
G(u,v) =exp {2(1_1r2) [% - le?rﬁ;]}
_ e P o (A21)
=exp {2(]_,2)[0—] - (,—2] - 20_;}
Therefore,
log n—75(2) .
P d 2 —1 [,{ ryv d
e 27T0'10'2 Vi-r? v exp(— / 0—2) €Xp 2(1 - r2) 0'—2 u
log n-%,(2).
A.22
=—1 dv exp(—v?/202) (A22)
‘/2_710'2 2
P [log n ‘z_B_(Z)]
a2
Similarly,
logn -Z,(2)
p,,=0 [0_—2N (A.23)

Solving for log nin terms of P,z in (A.22) and substituting into (A.23), we obtain (36).

APPENDIX 6

Delaunay triangulation is closely related to the Voronoi diagram for a set of Q points in the
plane. Given Q points Py, g=1,... Q, one can partition the plane into Q partitions Sy, g=1,
.. @, where Sy is the region of the plane that is closer to the pomt Pg* than to any of the

other Q-1 points. Sy is called the Voronoi domain of the point g". If one draws a line
between any two points whose VVoronoi domains are adjacent to each other, a set of triangles
is obtained, known as the Delaunay triangulation. The Delaunay triangulation has the
property that the circumcircle of no triangle contains any points of the triangulation. Figure
A3 shows a Delaunay triangulation for Q=9 points. The Voronoi cell S; for the point 2 is
shown as the shaded polygon. When the domain of the 3D ROC is convex, the area of the
domain was approximated by the sum of all such triangles. When the domain was not
convex, we excluded from the computation of the area any triangle whose interior contained
any point outside the region bounded by C_c (Pyg) and Cy (Prp), Obtained empirically
using the Monte Carlo simulation. The volume under the surface was approximated by
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mming up the volume of each prism whose base was given by a Delaunay triangle used in

the area estimation.
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P(n,,) 1
P(my) 1-U,,\
P(r,,) 1
P(rn;) 1-U,,
Fig. 1.

The likelihood ratio (LR) plane and the decision line.
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Fig. 2.

(a) The integral of the joint pdf of the likelihood ratios under class B, along lines with slope
m”. The resulting integral is a 1-D function, and is denoted as fz " (V). (b) The integral of
the joint pdf of the likelihood ratios under class N, along lines with slope m”. The resulting
integral is a 1-D function, and is denoted as %y ,;* (V). Note that 7z ,;* (V) and 7, ;7 (V) are
not Gaussian; in particular, they are zero for v< 0 and v< 0, respectively.
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Fig. 3.

The interpretation of Py and Py, in terms of the areas under 7 ,* (V) and fy " (V) below
a threshold n. This interpretation is similar to that for true-negative and false-negative
fractions in a 2-class classification problem.
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I:’MN

Fig. 4.

The curve Cp; plots the relationship between Pysgand Py in the FPF plane for m= mj.
Four such curves are plotted: C_co, Cpyy, Cpy, and Cp. The domain of the ROC surface is
defined by the curves C_ and Cy. The figure shows that when /m, > mg, the curve G, is
below the curve Cpy,.
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The relationship between Py and Py,g for different values of the slope of the decision line
(m) in the likelihood ratio plane. Each graph shows five values for 6 = tan™1 (/m): 6 = -90°,

-67.5°, —45°, —22.5°, and 0°. In the top row of graphs, o-7=03=3, and in the bottom row of

graphs, o-%:l and (7%:3. The value of ris 0.9, 0, and 0.9 for the graphs on the left, middle,

and right, respectively.
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Fig. 6.

Examples of 3D ROC surfaces: (a) and (b) are surface representations for Gaussian

distributions with r=0.5, o-3=03=3, and r=0.5, =1, 03=3, respectively. (c) and (d) are
grayscale representations of (a) and (b), respectively.
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Fig. 7.

Direct Integration
—&— r=0.5
—i— r=0
—A— r=-0.5

Page 26

Monte Carlo
-—o-— r=0.5

- r=0

-~ r=-0.5

Comparison of the NVUS values obtained by the direct integration and Monte-Carlo

methods for o5=1. The NVUS values are plotted as a function of o7 for three values of r (r=
-0.5, 0, and 0.5).
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Fig. 8.
Comparison of the NVUS values obtained by the direct integration and Monte-Carlo

methods for o5=6. The NVUS values are plotted as a function of o7 for three values of r (r=
-0.5, 0, and 0.5).
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Page 28

NVUS as a function of r for different combinations of values for o] and o3,
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"BM

Fig. Al
Case (A) for Property 1: The lines Apps= moAgps+ moand Apps= myA g+ m do not
intersect in the positive quadrant. The difference between Py (M, o) and Ppyg (M, m) is
the integral of the joint pdf of the likelihood ratios under class B in the shaded region D.
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y* =)

%////////////m Ao

Fig. A2.
Case (B) for Property 1: The lines Apps= moA gy + My and Apps= mAgps+ m intersect at
a point (X", /") in the positive quadrant. The difference between P,z (my, ) and Pyyg (1,
m) is the difference of the integral of the joint pdf of the likelihood ratios under class B in
the shaded regions Sy and S;.
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Fig. A3.
Delaunay triangulation for Q=9 points in the plane. The Voronoi cell S; for the point 7 is
shown as the shaded polygon.
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Table |

The conditions for the utilities that will degenerate the three decision lines into a single line. For a problem
such as classification of a case as malignant, benign and normal, the utilities may be chosen as vp=vy=v3=1

and v,=0.

True class member ship
M B N
Assigned class member ship
M v | Ume | Umn
B v, v, V3
N vy vy V3
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