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SUMMARY

PARAFAC is a generalization of principal component analysis (PCA) to the situation where a set of data
matrices is to be analysed. If each data matrix has the same row and column units, the resulting data are three-way
data and can be modelled by the PARAFAC1 model. If each data matrix has the same column units but different
(numbers of) row units, the PARAFAC2 model can be used. Like the PARAFAC1 model, the PARAFAC2
model gives unique solutions under certain mild assumptions, whereas it is less severely constrained than
PARAFACL. It may therefore also be used for regular three-way data in situations where the PARAFAC1 model
is too restricted. Usually the PARAFAC2 model is fitted to a set of matrices with cross-products between the
column units. However, this model-fitting procedure is computationally complex and inefficient. In the present
paper a procedure for fitting the PARAFAC2 model directly to the set of data matrices is proposed. It is shown
that this algorithm is more efficient than the indirect fitting algorithm. Moreover, it is more easily adjusted so as
to allow for constraints on the parameter matrices, to handle missing data, as well as to handle generalizations to
sets of three- and higher-way data. Furthermore, with the direct fitting approach we also gain information on the
row units, in the form of ‘factor scores’. As will be shown, this elaboration of the model in no way limits the
feasibility of the method. Even though full information on the row units becomes available, the algorithm is
based on the usually much smaller cross-product matrices only. Copitig®9 John Wiley & Sons, Ltd.

KEY WORDS: principal component analysis; multiple-set data; repeated measurements; three-way data;
PARAFAC

1. INTRODUCTION

Principal component analysis (PCA) is a popular technique for the exploratory analysis of a set of
variables. IfX denotes an x J data matrix, then PCA comes down to minimizing

o(F,A) = |X — FAT|® )

over thel x Rfactor score matri¥ and thel x R loading matrixA; in PCA, factor scores are usually
denoted as component scores, but for consistency with the other terminology in the present paper we
denote them as ‘factor scores’ here. The solutior-fandA is not unique, because replacifdpy FT

andA by A(T") ~%, whereT is an arbitrary non-singular matrix, gives the same function value. Faced
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with the problem of choosing a particular orientation of the axes in the PCA solution, &attell
proposed the principle of parallel proportional profiles as a basis for determining such orientation.
According to this principle, different observations of the same variables on the same observation units
are determined by a single set of factors, of which only the relative importance may differ over
occasions. This principle led to the PARAFA@odel, which has been proposed independently by
Carroll and Changunder the name CANDECOMP. The PARAFAC model, here named PARAFAC1
to distinguish it from the PARAFAC2 method to be discussed later, is based on the parallel
proportional profile principle as follows. Let thex J matrix X\, k=1,... K, denote théth slab of a
three-way data arra)(, for instance, consisting of scoreslobbservation units od variables ak
occasions; in a particular chemical context, e.g. chromatography, one mai( Isameples separated

in a chromatographic system using spectral detectionditavelengths times during elution. Then,
according to the PARAFAC1 model, we have

Xy = FDKAT 4 Ry 2)

whereF is anl x R matrix of factor scores (for the row unitg),is aJ x R matrix of weights for the
column units (analogous to loadings in PCB),is a diagonalR x R) matrix containing the weights

for thekth slab ofX, andR, denotes ah x J matrix with residualsk = 1,... K. If we defineA, = ADy,

this model can be seen as a variant of the PCA model, with the same factor scores matrix for all slabs,
and loading matrices that are columnwise proportional across slabs. The PARAFAC1 model is fitted
to the data in the least squares sense, which amounts to minimizing

K
Jl(F7A7D17"'aDk) = Z ||Xk_ FDkATHZ (3)
k=1

where summation is ovek=1,...K. In addition to the original algorithm3s for this, various
improvements have been propoget.

Harshmafi and Kruskal have shown that, under certain relatively mild conditions, there is a
unique solution forF, A and D,,...,Dx that minimizes (3), up to scaling and permutation of the
columns of the matrices. Hence the above-described PARAFAC1 method offers a solution to the
problem of rotational indeterminacy of factor analytic solutions in cases where a number of
observation units are measured on the same variables a number of times. However, sometimes the
model is too restrictive in that it employs the same factor score matfox all data matrices, which
need not always be a plausible assumption. An obvious case in point is where the observation units
vary from data set to data set, but even if basically the same observation units are used, it is possible
that the assumption of equality of the factor scores is too strong. In such cases where all data matrices
pertain to the same set of variables, but where observation units are not comparable (and may even
differ in number), one may use the parallel proportional profile principle in an adjusted way, as
follows. For each occasion one can model the observations am thel matrix X, as

Xk = FkDKAT + Ry (4)

which differs from the PARAFAC1 model only in that for each data matrix we have a different factor
score matrix, which is a natural implication of having incomparable observation units in each data
matrix. As is readily verified, the present model does not have the uniqueness properties of the
PARAFAC1 model. This is because the factor scores can no longer be constrained to be equal for the
different data matrices. The only invariance constraint imposed in (4) is that the loading matrices
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AD4,...,ADg be proportional, thus modelling the relations of the variables to the factors (as expressed
by the loadings) in essentially the same way for every data matrix. Indeed, this is not sufficient to get
uniqueness, as follows from the fact th&DyAT = FDT E'E(TAT = GKEBT, with

Gy = FkaT‘lEgl, Ey diagonal andB = AT, for any non-singular matriXx . Hoping to find a
model which does have a unique representation, Harshniemposed a particular invariance
constraint on the factor scores, as follows. He has proposed to impose that the cross-product matrix
FyFx is constant ovek. The model in equation (4) combined with this constraint is called the
PARAFAC2 model. Wherirk contains centred scores, this implies that the correlations between the
factors are kept invariant, as can be seen upon noting that scale differences are captured,by the
matrices. More generally, this constraint implies that congruence coeffifiesls called®
‘uncorrected correlation coefficients’, between columngpére invariant ovek. The congruence
coefficient is defined as

() = 8
T Y
wherex andy denote vectors of the same order.

An example of a situation with incomparable cases, where the PARAFAC2 model can be useful, is
the following. In typical chromatography with spectral detection the data can be arranged in a three-
way array, with the first mode designating elution time, the second mode wavelength and the third
mode samples. An ideal model for such data would be the PARAFAC1 model, with the first mode
(here seen as factor scores) corresponding to elution profiles, the second mode to pure spectra and the
third mode to concentration profiles. However, if the retention times of specific analytes shift from
sample to sample, the model no longer holds, because in fact the first-mode units become
incomparable. Assume, however, that the following holds for the elution profiles of each sample, i.e.
for each column in the elution profile matrix. All profiles are approximately shifted the same amount,
and for every profile, sufficiently many elution times are sampled such that at both extremes of the
profile the same (baseline) values are found. Then it holds that, even though the elution profiles shift
from sample to sample, the cross-products of the factor score matrix holding the elution profiles
remain constant (see Part).

Instead of fitting model (4) itself to the data subject to the constrainttpiat be invariant across
occasions, Harshm&mroposed to fit the cross-product version of model (4) to the observed cross-
products. Specifically, i€y denotes the cross-product matrix associated ¥jtithen he proposed to
fit (in the least squares sense) the model

Cx = AD®D,AT + Ry (6)

where® denotes the invariant matrB{ F«, andR, now denotes a matrix with residuals for the cross-
product matrixCy, k=1,... K (and hence is entirely different from that in (4)).

In the present paper itis proposed to fit the model (4) itself to the data, rather than fitting the derived
model (6) to the cross-products. Specifically, it is proposed here to minimize

-

UZ(FK7A5D17"'7DK) = Z HXK— FkaATHz (7)
k=1

subject to the constraint th&{F, = F|F, for all pairsk, | =1,...K, and thatD,, k=1,... K, be
diagonal. The first reason for direct fitting of the PARAFAC2 model (by minimizing (7)) instead of
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indirect fitting (by minimizing the sum of squared residuals in (6)) is that in this way the actual data,
rather than derived entities, are fitted and, as a consequence, factor scores (for the row units) will be
obtained, whereas these are not obtained by the indirect fitting procedure. An additional reason is that
the present fitting procedure is easier to adjust when constraints (e.g. non-negativity constraints) are
to be imposed on the parameters, as well as when missing data are to be handled by replacing them by
the optimal model estimates (as in expectation maximization (EM) procedures). Also, the present
procedure is easier to generalize to situations with sets of three-way or higher-way data, as will be
discussed at the end of the paper. Finally, the algorithm for direct fitting turns out to be considerably
more efficient.

In the present paper it will first be derived how (7) can be minimized subject to the constraints at
hand. Next it will be shown that the present method, just as the original PARAFAC2 method, is based
on the cross-producté; Xy, k= 1,... K, only. Then a simple lower bound to the functiepwill be
given. Finally the procedure will be tested and compared with the algorithm for the original
PARAFAC2 method. For an application of the newly developed method we refer to Part Il.

2. AN ALGORITHM FOR DIRECT FITTING OF THE PARAFAC2 MODEL

Before dealing with the minimization of (7), we will first reformulate the constraintf& = FjTFJ-
for all pairsj,k=1,... K. For this constraint to be met, it is necessary and sufficient to Rawd>, F
for a columnwise orthonormahf x R) matrix P, and anR x R matrix F, k=1,... K. Sufficiency
follows from the fact thaF] Fx = FTP{PF = F'F is constant ovek. To prove necessity, we start
from the fact thatF]Fy = FjTFJ- for all pairsjk=1,...K, hence that, taking=1 as a point of
referenceFIFk = FIFl for k=1,... K. We expresd with respect to a columnwise orthonormal
basis matrixQy (nx x R) asF,=Q\Ty, k=1,... K, whereT is anR x R matrix. Then it follows that
TITk = TITl and hencd = N, T4, whereNy is an orthonormaR x R matrix, fork=1,...K. As a
consequencer, = QN T 1, which, upon defining?y, = QWNx andF = T,, givesF=PF for a
columnwise orthonormaif x R) matrix P, and anR x R matrix F, k=1,... K.

Having proven that the constraiRfFy = FjTF,- for all jk=1,... K is equivalent to the constraint
Fy = P¢F for some columnwise orthonormat(x R) matrix P,and arR x RmatrixF,k=1,... K, we
substituteF, = P F for Fy in (7) to find

K
03(Py,...,Pk,F,A, D1, ,Dx) = Y [|Xk — PFDRAT? (8)
k=1

which is to be minimized over all its arguments, subject to the constraint®fiRat= Ir andDy is
diagonal,k=1,... K. To minimize this function, we propose an alternating least squares algorithm
that alternately minimizes (8) ové for fixed F, Dy andA, k=1,... K, and overF, D,...,.Dx andA
for fixed Py, ...,Pk.

Minimizing (8) over Py subject toP} Py = I is equivalent to maximizing

f (Px) = tr FDLATX Py (9)

k=1,...K, the solution for which is found as follow€.Let FD,ATX] = UkAkVI be a singular value
decomposition (SVD); then the maximum of (9) over columnwise orthonoRp& given by

Pk = VUL (10)

k=1,...K.
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The problem of minimizing (8) oveF, Dy,...,D, andA reduces to minimizing

K
03(FADy,....Dk|Py,....Pk) =Y [IPiXk — FDAT|? +c (11)
k=1

wherec denotes a constant with respec&0A andDs,...,Dg. Clearly, minimizing (11) is equivalent
to the PARAFACL problem of minimizing (3) witk replaced byP] Xy. Hence for the minimization

of (8) over F, Dy,....Dx and A we can use any PARAFAC1 algorithm. Rather than actually
minimizing (8) over, Dy,...,Dx andA, it suffices tadecreas€8) over these parameter matrices, as is
achieved by using one cycle of updates from a PARAFACL1 algorithm.

A complete alternating least squares algorithm can now be set up by alternately minionjioier
P, according to (10) and applying a cycle of PARAFAC1 updates tqRheJ x K three-way array
with frontal planesP] X, k=1,...K. Because both steps decrease the function value;@nd
becausers is bounded below by zero, this procedure will converge to a stable function value.

The algorithm needs to be started at certain values for three of the four parameter sets. These can be
chosen randomly, but alternatively one may choose an initialization which has particular useful
properties and which it is hoped will have a relatively high chance of leading to the global (rather than
a local) minimum of the function. As such a ‘rational’ start, fwe propose to take the loadings
obtained from a PCA of the matrix containiixg,..., Xk stacked below each other. The matriées
andD,,...,Dk are initialized as identity matrices. As will be demonstrated in the simulation study
reported below, this start indeed has a relatively high chance of leading to the global minimum.
Furthermore, this start has the advantage that in the special case Kvherdin which case our
method reduces to fitting the ordinary PCA model) the start itself gives the global minimum of the
loss function, and hence no iterations are required whatsoever. Nevertheless, in practice it is
recommended to use several randomly started runs in addition to a run started rationally, in order to
decrease the chance of missing the global minimum of the function.

A schematic description of the algorithm is postponed to the end of Section 3. In Section 3, first a
procedure for enhancing computational efficiency is proposed.

3. SUFFICIENCY OF CROSS-PRODUCTS

If ng (the number of rows in thith data matrix) is considerably larger thant will be inefficient to

work with the full data matrixX,. In such cases the original PARAFAC2 method, working with cross-

product matriceX X, might seem to be more efficient. However, as will be shown below, our direct

PARAFAC2 method similarly uses only the cross-product matrigX, during the iterations.

Hence our direct PARAFAC2 method can be made considerably more efficient in such cases by

replacingX, by a smaller matrix with the same cross-product matrix, as will be explained below.
The direct PARAFAC2 method consists of minimizing over Py for fixed F, D and A,

k=1,...K, subject to certain constraints. However, we can eliminate the largest rRafiiam the

minimization problem by expressing the solution Ryin terms of the other parameters axg That

is, from (10) we haveP, = VU] = VkAkUI(UkAﬁul)’l/z, which can be written as

P = X, ADFT (FDLATX! X ADFT) Y2 (12)

Substituting (12) foPy in (8) gives
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K
03(FADy,....Dk) =Y [IXk — XkAD(FT(FDATX X ADKFT) 2FDAT|?
k=1
K K K
=3 IXd? =23 tr X{XADFT (FDATXIXADFT) Y?FDAT + 3 |FDAT|?
k=1 k=1 k=1
K K K
=) Tt X X — 2> tr (FDATXIXADF) Y2+ 3~ |[FDAT|? (13)
k=1 k=1 k=1

Clearly, in this functionX, only appears in the cross-produdt§Xy. Therefore the minimum of
depends orX, only through the cross-produck§, Xy.

Above we have seen that the minimum of the loss function (8), as well as thie,Aebj,...,Dk]
that minimizes the loss function, dependsXnonly throughX; X. It follows that the problem of
minimizing (8) reduces to that of minimizing (13) even if we replacerpe J matrix X, by any
other fn, x J) matrix H, (with my considerably smaller tham) which has the same cross-product
matrix asXy. Such a matrix can, for instance, be obtained by the Cholesky decomposiXgiXpfin
which caseH, will have orderm,=J. As a consequence, function (8) wiky replaced by a (much
smaller) matrixH, for whichH[Hy = X[ Xy has the same minimum, reached for the same parameter
matricesF, A and D,,...,Dk, as has the original function (8). Thus we can efficiently find the
minimum of o3 and the minimizing=, A andDy,...,Dk by first computing matricesi, for which
HIHk = X[ X, and then applying our algorithm to the set of these matriggsk=1,... K. This
procedure does not give the correct solutiondigik = 1,... K. In order to obtain the solution for the
matrix Py, which we expressed in terms of the other parameter matrices in (12), we do need the
original data matrixXy, and compute?, according to (12). Thus, only in order to compute factor
scores, given b¥, = PF, we need to have the full matrics, k= 1,... K. This situation is similar to
that of PCA: One can compute loading matrices using the cross-product matrix only, without having
access to the raw data; however, in order to compute factor scores, the data for each individual
observation have to be used.

To summarize, both the original PARAFAC2 method and our direct PARAFAC2 method use only
the cross-product matrices, albeit that they optimize different functions involving these cross-
products. Furthermore, the indirect PARAFAC2 method has no method for obtaining factor scores,
whereas factor scores are explicitly defined in the model (4) fitted in our direct PARAFAC2 method.

The complete direct fitting PARAFAC?2 algorithm can be summarized as follows.

Step 0. IfJ < ny, replaceXy by Hy, e.g. from the Cholesky decompositidf Xx = H}Hy.

Step 1. InitializeA as the loading matrix from PCA dn, X Xk and initializeF andDy,...,Dg
aslg.

Step la. Compute the SVEDLATX] = UAcV| and updateP, asVi U], k=1,... K.

Step 1b. Updaté-, A andD4,...,Dx by one cycle of a PARAFAC1 algorithm applied to the
R x J x K three-way array with frontal pIaneF;*{Xk, k=1,...K.

Step 1c. Evaluate the function valag(Py,...,Px,F,A,Dy,....Dx) = Sk || Xk —PFDAT|% see
(8). If 039 — 052" > €03 for some small value, repeat Step 1; else go to Step 2.
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DIRECT FITTING ALGORITHM FOR THE PARAFAC2 MODEL 281
Step 2. IfXy has been replaced by, in Step 0, now replacél, by X, again and comput®y
according to Step 1&=1,...K.

4. UPPER BOUND TO THE PARAFAC2 FIT VALUE

The minimum of the direct PARAFAC2 loss function can easily be related to the minimum of a loss
function based on a PCA. That is, we have

K
Xk = FAT[[Z < min " [[Xi — PFDEAT|? (14)
k=1 k=1

K
min
where ‘min’ means that the minimum of the function over all parameter matrices at hand is taken,
k=1,... K. This inequality follows at once from the fact that ¢ constrained to be equal BFDy
the minimum of the loss function is never smaller than for unconstrdmethe left-hand term gives

the loss function value resulting from a PCA of the supermafrix [X] ... X}]". To verify this, it
should be noted that

x

2 2
> IXe—FATI? = X] ... X7~ AFF] ... A | (15
k=1

the minimum of which is obtained by a PCA ¥f This minimum is equal to the sum of tide-R
smallest eigenvalues of, X[ X. Upon defining the PARAFACZit value (often reported as fit
percentageafter multiplication by 100) as the proportion of the total sum of squares that is explained
by the R-dimensional model (i.e. the total minus the residual sum of squares), hamely

K K
Fitpro(R) = 1 — Xk = PUFDRAT(?/ >~ [|Xkf? (16)
k=1 k=1

we find that inequality (14) immediately leads to

K

R K
Fitpra(R) < Z Ar (Z XIXK>/Z Xk l? (17)
r=1 k=1

k=1

where )\, () denotes theth eigenvalue of the matrix in parentheses; the right-hand side gives the
proportion of variance explained by a PCA of the supermaxrix

This upper bound for the direct PARAFAGR value is easily evaluated and gives an idea of the
severeness of the constraints imposed in the direct PARAFAC2 method. That is, if the direct
PARAFAC?2 fit value is only slightly smaller than that for PCA Xf then apparently the more
parsimonious PARAFAC2 representation is almost just as good as the PCA representation of

5. TESTING THE DIRECT PARAFAC2 ALGORITHM

5.1. Simulation study I. Comparison of direct fitting algorithm with indirect fitting
algorithm

Kiers'®has developed an algorithm for least squares fitting of the original indirect PARAFAC2 model
(6), but found very slow convergence. Here we compare the presently proposed method with his
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method and investigate some further aspects of the performance of the new method by means of a
simulation study. For this purpose we have constructed 80 data sets according to the model

Xk = FkDKAT = PyFDLAT (18)

based on random matricés D,,...,Dk (all diagonal) andP,,...,Pk (all columnwise orthonormal) and

fixed matriced, thus fitting the direct PARAFAC2 model exactly. The element# afiere drawn

from the standard normal distribution. The element®gf..,Dx were drawn from the uniform [0, 1]
distribution and hence are non-negative; to avoid computational problems that might be caused by
multicollinearity of the columns of the matri@ containing the diagonal elementsf,...,Dg in its

rows, we selected only cases where the congruences between colu@ngeoé smaller thanB.

The elements oPy were obtained by first sampling from a standard normal distribution and next
applying a standard orthonormalization routine to the obtained matrix, thus leading to columnwise
orthonormal matrice®s,...,Px. The matrixF was taken such that'F equalled a matrix with unit
diagonal elements and all other elements equal to eitdeor008; in fact, F was obtained from the
Cholesky decomposition of such matrices.

In the present simulation study, four variables were varied: the number of columXgiiras
chosen to bel =10 or 20; the number of data matrices per data set was choger 8sor 6; the
number of underlying factors was chosen toPbe 2 or 3; and the factor scores (in the columns of
PF) were chosen to have unit sums of squares and to be mildly related (congruendéy af O
strongly related (B); n, was always set equal td These choices were fully crossed to give a
2 x 2 x 2 x 2 design; in each cell, five replications were used, thus leading to the number of 80 data
sets mentioned above. The sizes of the data were chosen relatively small, because the indirect fitting
program was limited to relatively small sizes.

The above 80 data sets were analysed by the direct PARAFAC2 algorithm (programmed in
MATLAB (Mathworks Inc., Natick, MA)) as well as by the indirect PARAFAC2 algorithin
(programmed in PASCAL) using the constraint tdabe positive semidefinite. In the comparison of
the two methods, for both algorithms the rational start was used. As stopping criterion for the
algorithm we used that successive function values should differ by lessB@0106; and the number
of iterations should not exceed 5000.

5.1.1. Retrieval of perfect fit

The first issue studied pertained to the quality of the fit. Since we are dealing with perfect data, the fit
could be 100% in all cases, but this theoretical maximum can be expectedpplmximatednly by

means of the two methods studied here. For both analyses we computed the fit both according to the
direct criterion (as defined in (16)) and according to the indirect criterion (defined as (16Xpvith

Table 1. Frequency of finding fit values below various percentages with direct and indirect fitting al§orithm
applied to 80 data sets in Simulation study |

Direct fitting algorithm Indirect fitting algorithm
Threshold value for fit % Direct fit % Indirect fit % Direct fit % Indirect fit %
<9999% 5 2 51 22
<9990% 0 0 26 9
<99100% 0 0 6 1

2 All analyses were based on one rationally started run, usind%0as convergence criterion.
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Figure 1. Numbers of iterations and (b) computation times required by direct algorithm (lightly shaded) and
indirect algorithm (heavily shaded), averaged over all analyses, as well as over analyses with same value of
independent variables in simulation study

replaced byCy and withP,FD,AT replaced byAD,@D,AT), even though the two methods aimed to
maximize only one of these. The frequencies of failures to find a perfect fit from the analyses of the 80
data sets are summarized in Table 1 for different ‘definitions’ of perfect fit. It can be seen at once that
the indirect fitting algorithm rather frequently failed to approximate the 100% fit value very closely,
whereas the direct fitting algorithm did so only rarely, and always led to fit percentages higher than
999%, in terms of both fit measures. These differences may have various causes. First of all, the
methods aim at the minimization of different loss functions, so for that reason alone one would expect
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the direct fitting algorithm to perform best in terms of the direct fitting criterion, as is indeed the case,
and the indirect fitting algorithm to perform best in terms of the indirect fitting criterion, which is not
the case. The surprising second finding, that the direct fitting algorithm leads to better indirect fitting
criterion values than does the indirect fitting algorithm, implies that the indirect fitting algorithm
either led to suboptimal stationary points or was stopped prematurely. This suggests that convergence
criteria for the two methods were not comparable and that a more lenient convergence criterion
should be used for the indirect fitting procedure. However, this would make the indirect fitting method
less efficient, whereas it is doubtful if this would really help.

5.1.2. Efficiency of the algorithms

To study the efficiency of the algorithms, we compared numbers of iterations and computation times
(on the same Pentium 100 MHz computer) needed by the two methods for the analyses of the 80 data
sets. The numbers of iterations for both methods, averaged within all conditions, are displayed in
Figure 1(a); the computation times are similarly given in Figure 1(b). It can be seen that both the
number of iterations and the computation time are usually considerably larger for the indirect fitting
algorithm than for the direct fitting algorithm (the only exception being the number of iterations for
the K = 3 condition, which was larger for the direct fitting algorithm than for the indirect fitting
algorithm). By means of an ANOVA it was verified that the overall difference in numbers of
iterations required could be distinguished from chance fluctuatrs)(01), and so could the effect
of the number of slabg(< 0001) and the effect of strength of relations between faciptsQ05) on
this difference in numbers of iterations required; the number of variables did not have a significant
effect on the difference in numbers of iterations required as could be expected upon inspection of
Figure 1. Differences in computation times can be seen to increase rapidly with incrédsiagdR
and with increasing strength of relations between factors. By means of an ANOVA it was verified that
the overall difference, as well as the effects of the design variables on these differences, could be
distinguished from chance fluctuationg < 003 for the effect of strength of relations between
factors; for all other effectq < 0001). Given that the currently studied data sets are relatively small
compared with what can be found in actual practice, we may expect differences to become even more
pronounced in real practice.

It can be concluded that in the present comparison on relatively small data sets the direct fitting
algorithm not only fitted better than the indirect fitting algorithm, but also did so much more
efficiently. For larger data sets, differences in efficiency can only be expected to grow.

5.1.3. Sensitivity to hitting suboptimal solutions

Because the above results clearly point out that the direct fitting algorithm is to be preferred over the
indirect one, we stop our comparison of the two algorithms at this point. We do, however, continue
our study of the performance of the direct fitting algorithm. As can be inferred from Table 1, the direct
fitting algorithm led to fit values over ¥9% in 75 cases. In the other five cases (all associated with

K =6, R=3 and strongly related factors), fit values were all ove®9%, which is still close to
perfect, but not as high as desired. In none of these analyses was the maximum of 5000 iterations
reached, so apparently in these cases the algorithm stopped because it had reached a suboptimal (e.g.
locally optimal) solution or entered a region of very small changes. A standard procedure for avoiding
such situations is to use several differently started runs of the algorithm. To see to what extent this is
useful and, more generally, how sensitive the algorithm is to hitting suboptimal solutions, we
reanalysed all data sets by nine additional randomly started runs of the algorithm. Furthermore, in
each run we used T0% of the function value as a convergence criterion. The run leading to the
highest fit value was taken as the globally optimal solution. NoalliBO cases the best run led to a fit
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Table 2. Frequency of hitting suboptimal solutions £@909%) with direct fitting algorithriin Simulation
study |, broken down over conditioné=3 and 6

Best run Rationally started run All ten runs

(80 in total) (80 in total) (800 in total)
K=3 0 0 25
K=6 0 5 195
Overall 0 5 220

@ The 80 data sets were analysed using ten runs (one started rationally and nine randomly), W#hakOconvergence
criterion.

exceeding 9M99%. As can be seen from Table 2, the rationally started runs rarely led to suboptimal
solutions, and randomly started runs led to suboptimal solutions more frequently. This happened
mainly whenK = 6. The frequency of finding suboptimal solutions was also related to the other
dependent variables (being highest for the highest valu@¢swdiR and for strongly related factors),

but not as strongly as to the valuekf Thus it can be recommended to use more randomly started
runs ax increases. Fortunately, &sincreases, the computation time of the algorithm decreases (at
least in our simulation study; see Figure 1(b)), so the use of many restarts is not problematic in such
situations.

5.2. Simulation study II. Testing the direct fitting algorithm on large data and on data with
noise

Simulation study | was limited to relatively small data sets so that the indirect fitting PARAFAC2
algorithm could be used on it. The PASCAL program for that algorithm did not allow for
considerably larger data sets. Moreover, extrapolating the results from the simulation study to larger
values ofJ or K clearly indicates that computation times for the indirect fitting program will soon
become prohibitive. Furthermore, Simulation study | was limited to noise-free data so that it could be
checked if the global optimum was indeed attained. In typical practical applicatipasdJ may be

quite large & 100) andK of intermediate or small size. To study the performance of the direct fitting
algorithm for such data sets, 20 data sets were constructed according to (18), wit0,k=1, ...,
K,J=100,K=6 or 24,R=3 or 2, and using strongly related factors (cross-products of colunias of
equal to ); the conditions foK andR were fully crossed, and for each combination, five data sets
were constructed, leading to the total of 20 data sets. The choicésdod Py, k=1, ..., K, were

made as in Simulation study I; the element®gf...,Dx were now drawn from the uniform [D,11]
distribution so as to avoid near-zero values in these matrices, but no further precautions were taken.
To overcome the second limitation of Simulation study I, in addition to the 20 data sets constructed
above, 20 data sets of the same sizes were constructed, but with 25% noise added. This was done as
follows: to each matriXX,. a matrixN, of the same size a%, was added, which contained elements
drawn randomly from the standard normal distribution, multiplied H§|X///(In)*2% As a
consequence, the expected sum of squarbl efjuals @5||X,||%, which clarifies why this is denoted

as 25% noise. All data sets were analysed by the direct fitting algorithm with one rationally started run
and 19 randomly started runs; the convergence criterion was again taken @ d®the function

value.

5.2.1. Noise-free data

The results for thaeoise-freadata sets are summarized in Table 3. First of all, it can be seen that the fit
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Table 3. Results of Simulation study Il: analyses of noise-free data sets with direct fitting aldorithm

Overall K=6,R=2 K=6,R=3 K=24,R=2 K=24,R=3

Frequency of fit>-999% 20 5 5 5 5

Frequency of fit-9999% 19 5 5 5 3

Frequency of fit>999999% 18 5 5 5 3

Mean number of iterations per run 775 1188 1521 205 188

Mean computation time (s) per run 428 425 664 299 325

Overall occurrence of suboptimal 70% 32% 70% 85% 96%
solutions

Frequency of suboptimal solutions 9 0 3 3 3
with rational start

Frequency of suboptimal solutions 2 0 0 0 2

with best run

2The 20 noise-free data sets were analysed using 20 runs (one started rationally and 19 randomly), ¥itasl€onvergence
criterion.

values were all very high, the lowest two being found wKen24 andR = 3. Furthermore, it can be

seen that the computation times for the present large data sets are by no means prohibitive, being only
a few times as high as for the much smaller data sets in Simulation study I. Specifically, it can be seen
that the number of iterations, and to a smaller extent also the computationdéneeasedas K
increased, whereasiiicreasedasR increased. Finally, it can be seen that for the present large data
sets with strongly related factors the algorithm is quite prone to hitting suboptimal solutions, as
defined by the rather strong criterion employed here. On the other hand, relatively few of these
pertained to rationally started runs. Furthermore, out of the 20 runs used in each analysis, the best run
was suboptimal in only two cases, while the fit values obtained were still high enough for all practical
purposes. Thus we conclude that, using 20 differently started runs, among which is at least the
rationally started run, the algorithm performs reasonably well for large data sets.

5.2.2. Noisy data

For thenoisydata sets we do not expect fit values close to 100%. In fact, it was found that the best out
of 20 runs all gave fit percentages between 80% and 81%, which corresponds very well to the fact that
25% noise wasddedto the noise-free data: the noise-free part has (100/£28D% = 80% of the

total sum of squares. Results on the frequency of finding suboptimal solutions (defined as values
below 09999 times the highest fit value found in 20 runs) can be found in Table 4, where it can be
seen that the algorithm is even more prone to suboptimal solutions in the case of the analysis of noisy
data. As far as efficiency is concerned, it can be seen from Table 4 that the analyses of noisy data are a

Table 4. Results of Simulation study 1l: analyses of noisy data sets with direct fitting algdrithm

Overall K=6,R=2 K=6,R=3 K=24,R=2 K=24,R=3

Overall occurrence of suboptimal ~ 77% 45% 80% 87% 95%
solutions

Mean number of iterations per run 358 225 977 93 138

Mean computation time (s) per run 223 80 430 137 244

2The 20 noisy data sets were analysed using 20 runs (one started rationally and 19 randomly); WithasQzonvergence
criterion.
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bit less time-consuming than those of the noise-free data. The differences between the conditions
were comparable with those for the noise-free data. The main topic of interest in the analysis of noisy
data s, of course, whether the noise-free parts of the data are accurately recovered. In other words, the
guestion is to what extent the underlying parameters are recovered. Adequate recovery, however,
presupposes uniqgueness of the model estimates, which will be discussed in Section 6.

6. UNIQUENESS OF THE DIRECT PARAFAC2 SOLUTION
6.1. Proving unigueness under certain conditions

For the indirect PARAFAC2 model, some results have been obtained concerning uniqueness of the
parameter estimatéé:**Basically, these results imply that, under certain conditions (here denoted as
uniqueness conditions), PARAFAC2 estimates are ‘essentially unique’. An indirect PARAFAC2
solution (see (6)) is considered ‘essentially uniquédjfD,, ..., Dx and® are determined up to:

(1) joint permutations of the columns &f and the columns and rows 8, ..., Dx and®

(2) arbitrary scalings/reflections of the columns A&fand of the supermatrixDYy,...,Dk)",
combined with the inverse scalings/reflections of the columns and ro#bs of

(3) reflections of any subset of the matrides...,Dk.

For the case wherB =2, it has been provén that, almost surely (i.e. with probability one in
practice), the indirect PARAFAC2 estimates are essentially unique under the following uniqueness
conditions.

1. K>4.

2. @ is positive definite.

3. A has full column rank.

4. At least four of the matriceB4, ..., Dk are non-singular and mutually not proportional.

For the variant of PARAFAC2 wherB4, ..., Dk are constrained to be non-negative, the first
condition should be replaced biK > 3. These conditions are ‘sharp’. As soon HKs< 4,
(unconstrained) PARAFAC2 witR = 2 is no longer unique; likewise, as soonkas: 3, constrained
PARAFAC2 withR =2 is not unique. For the case wheéRe> 2, it has been provéfithat essential
uniqueness for a general model incorporating PARAFAC2 holds under a set of uniqueness
conditions, among which is the condition théat> R(R + 1)(R + 2)(R + 3)/24 (see Reference 14, pp.
145-146). This condition is sufficient for uniqueness in practice, but not necessary (see Reference 14,
p. 152), as follows at once from the fact that B« 2 it specifieK > 5 (rather thaik > 4). ForR > 3
it can be expected that the condition fidrcan be relaxed even more. For instance, Ror 3 it
specifiesK > 15, whereas in Reference 15 (p. 130) it is reported, on the basis of computer
simulations, thak > 5 seems to suffice for uniqueness.

The results mentioned above have been derived specifically for the indirect PARAFAC2 model and
pertain only to the parameters therein. It will be shown now that these results are directly related to
those for the direct PARAFAC2 model.

Definition

The parameters of the direct PARAFAC2 model are called ‘essentially unigbeD#, ..., Dk and
F1, ..., Fk (except for those columns & that correspond to zero diagonal values in the associated
matrix D,) are uniquely determined up to

(1) joint permutations of the columns & andF,, ..., Fx and of the rows and columns of
Dy,...,.Dk

Copyright[d 1999 John Wiley & Sons, Ltd. J. Chemometrigsl3, 275-294 (1999)



288 H. A. L. KIERS, J. M. G. TEN BERGE AND R. BRO

(2) arbitrary scalings/reflections of the columngadind of the supermatrix;, ...,Dx) ", provided
that the inverse scalings/reflections of these are applied to the supertidtrix. , Fﬁ)T

(3) reflections of any subset of the matrides...,Dg, provided that these are accompanied by
reflections of the corresponding subset of the matriegs. Fk.

Solutions satisfying the above definition are called ‘essentially unique’, because, as far as they are
not uniquely determined (e.g. in terms of ordering or scaling of factors), this has no implications for
the interpretation of the solution; even the possibility of total indeterminacy of certain colunis of
is inconsequential, because it pertains only to columns that, in the model, are weighted by zero (as
they occur in the produdt,D,).

Theorem

The parameters of the direct PARAFAC2 model are essentially unique if and only if the parameters of
the indirect PARAFAC2 model are essentially unique, provided that the ‘loading’ matyilkgs full
column rank, the ‘factor cross-product matrixp) is positive semidefinite and at least one of the
matricesDy,...,Dg is hon-singular.

Proof

See Appendix.

As a consequence of the above Theorem, we know that the uniqueness conditions (whichAnclude
having full column rank and at least four of the matrié®s...,Dx being non-singular) specified for
the indirect PARAFAC2 modéf-*°also pertain to the direct PARAFAC2 model. Thus, for example,
for R = 2 the direct PARAFAC2 model can be expected to give unique solutions in practice as soon as
K > 4. Furthermore, folR =3, uniqueness can be expected to holKif 5. In fact, the latter
conjecture can now be tested by using the direct fitting PARAFAC2 algorithm, which has been seen
to be more well behaved than the indirect fitting PARAFAC2 algorithm. If such analyses applied to
simulated data suggest uniqueness of the direct PARAFAC2 model under certain conditions, our
Theorem implies that these should also lead to uniqueness in the indirect PARAFAC2 model. In the
next subsection the results of such simulations will be reported.

6.2. Checking uniqueness by means of simulation studies

The uniqueness results derived here imply that, in the simulation studies described in Section 5, we
should recover the original matricés D4,...,Dx and F4,...,Fk, up to columnwise permutations,
scalings and reflections, in the cases wheére6 andR = 2. For the other cases, wheike= 3 and
R =2, recovery would depend on the signs of the elements of the mabicesDx. If these remain
non-negative, then full recovery of the parameter matrices is expected a$ Wellthe cases with
R =3, uniqueness is known to holdKf > 15, but is expected to be obtained for much smaller values
of K as well. For all data sets in the simulation studies we checked to what extent the original
parameter matrices were recovered, by computing congruence coefficierdeg equation (5))
among corresponding columns of the original and the obtained parameter matrices (after adequate
permutation and reflection). The parameter matrices wer€ and Fg,, whereC contains the
diagonals of the matriceBs,...,.Dk as its rows, andrsy, = [FI . FE]T. Recovery up to scaling
implies that these values should be unity. In practice, however, recovery will not be perfect owing
to finite convergence, but also owing to the possibility that the uniqueness conditions are almost
violated (e.g. having some elementsdf,...,Dx very close to zero). Here we consider a matrix
recovered if the average value exceeds9.

The results for the two simulation studies in Section 5 are reported in the first two panels of Table 5.

Copyright[d 1999 John Wiley & Sons, Ltd. J. Chemometrigsl3, 275-294 (1999)



DIRECT FITTING ALGORITHM FOR THE PARAFAC2 MODEL 289

Table 5. Frequency of recovery (> 089) of A, C andFg,,in each simulation study

A C Fsup
Study | (ten runs, convergence at 196)
K=3 (R=2,3;n,=J=10,20); 40 sets 15 13 8
K=6 (R=2,3;n,=J=10,20; 40 sets 40 40 38
Study 11 (20 runs, convergence at 10%)
Noise-free K =6,24;R =2,3; n,=J=100); 20 sets 20 20 s
Noisy (K=6,24;R=2,3;n,=J=100); 20 sets 20 20 15
Study Il (20 runs, convergence at 10%)
K=4 (R=2,3,4,56n=J=10); 40 sets 40 40 40
K=3 (R=2,3,4,5,6n,=J=10); 40 sets 9 15 10

2 In the two failing cases, values Dy were close to zero.
° In the two failing cases, ¢ values were still large ( > 0096).

Here recovery always pertains to the solution from the run that gave the highest fit value. It can be
seen that recovery occurred surprisingly often. Uniqueness, and hence recovery, is only known for the
20 cases withk = 6 andR = 2, whereas now recovery was foundalh40 cases witlk = 6 (bothR = 2
and 3), disregarding the two cases with near-zero values in the madicesDy that cause g ,not
to be recovered. Thus the proven uniqueness was confirmed in all casds sw@tandR =2, and,
more interestingly, uniqueness was also indicated for case&witd andR = 3, for which no proven
uniqueness results are available as yet; on the other hand, the results for the cages 3vithoth
R=2 and 3) demonstrate clearly that, although sometimes the original parameter values are
recovered rather closely, the many exceptions imply that, for these cases, uniqueness certainly does
not hold.

The results from Simulation study Il for theise-free datshow uniqueness not only in the cases
with R=2 (as expected), but also in those WRlF 3, disregarding the two cases for whigk,,was
not recovered as accurately as desired (which, moreover, corresponded to the cases with suboptimal
fit percentages). For theoisydata, perfect recovery could not be expected, but it can be seen from
Table 5 thaA andC wererecovered very well, and in the five cases whegg,was not recovered up
to ¢ > 0099, it did givep > 0[95. Thus, even with noisy data, the direct fitting PARAFAC2 algorithm
is able to adequately recover the underlying parameters.

The above surprising findings of recovery wihe 3 stimulated us to study possible uniqueness in
various other situations. It is knowhthat, forR = 2, uniqueness is always found in practic& i 4.
The results reported above suggest that, for cases Rvitl8, uniqueness holds at leastKf= 6.
However, it is possible that, fd&® > 3, uniqueness holds even for smakllerOn the basis of counting
equations and unknowns, and the assumption that uniqueness holds if the former exceeds or equals
the latter, we conjecture that uniqueness holds in practice for any vaRigobvided thakK > 4. We
tested this conjecture by means of Simulation study lll, set up analogously to the earlier simulation
studies. Specifically, data sets were constructed according to (18), nwitld =10, and with
parameter matrices constructed in largely the same way as earlier, except that now cases where the
congruence coefficient between the diagonals of a pdofiatrices exceeded®were excluded so
as to avoid non-uniqueness due to near duplicatioDfimatrices. Forty such data sets were
constructed witkK = 4 andR = 3-6 (10 for each case). After analysing these data sets, it was checked
whether the original parameter matrices were recovered, which would be a confirmation of our
uniqueness conjecture. In addition, 40 data sets were constructéd-fBrandR = 3—6 (again 10 for
each case); for these cases, unigueness was expected not to hold, as would be confirmed by clear
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failures of recovery of the original parameter matrices. All data sets were analysed by the direct fitting
algorithm, with 10" ‘% as convergence criterion, and using 20 differently started runs. The results, in
the bottom panel of Table 5, clearly confirmed our conjecture. In the 40 caseKwith A, C and
FsupWere recoverealways For the 40 cases witk = 3, on the other hand, the original parameters
were recovered infrequently. In all cases the fit value exceed@®%) so the failures of recovery
cannot be attributed to failure in fit. In fact, in cases where the parameter matrices were not recovered,
the averagep values frequently fell below 8. Such low values were encountered even in cases
where the fit value exceeded©99999%, which takes away all doubt about whether the results really
pertain to non-uniqueness rather than to inaccuracies. Thus we conclude that our simulations sustain
the conjecture that, in practice, the direct PARAFAC2 model gives unique solutioks>i#l
(irrespective oR), whereas unigueness is not guarante&d=f3 (irrespective oR). Furthermore, if

the direct PARAFAC2 model is unique under such conditions, then so is the indirect PARAFAC2
model, so our conjecture supplements proven reSuktith the empirically sustained conjecture that

K > 4 suffices for uniqueness in practice.

7. MODIFICATION OF DIRECT PARAFAC2 ALGORITHM

In some applications it is useful to constrain some of the parameter sets to have, for instance, non-
negative values only. Because, as far as the parameter madiribg®ndA are concerned, the direct
PARAFAC2 algorithm uses steps from a PARAFACL1 algorithm, these parameter matrices can be
constrained in exactly the same way as they can be constrained in PARAFAC1 algorithms. Thus it is
straightforward to constrain, for instance, the mat#ixto non-negativity, which is not at all
straightforward in the indirect PARAFAC?2 algorithm. Non-negativity constraints on the mabjces

can be implemented straightforwardly as well. It should be noted, however, that the use of these
constraints may frequently lead to zero values in some of the mabiges,Dx and hence violate one

of the uniqueness assumptions. IRox 2 this has been shown not to violate uniqueness (Reference
15, pp. 130-131) as long as at least three mutually non-proportional m&bjce®e obtained. For

R > 2 no such results are available as yet, so it must be kept in mind that uniqueness may no longer
hold if too few non-singular matrice®, remain. Unfortunately, non-negativity constraints on the
matricesF, cannot be imposed in a straightforward manner, because it involves constraining the
product of two matrices, one of which is itself constrained to be columnwise orthonormal.

Another modification of the PARAFAC?2 algorithm is needed for the situation where data are
missing. With the current direct algorithm this may be handled by straightforward iterative
imputation of missing data after each full cycle of updates.

As a second extension, complex data structures consisting of sets of three- or higher-way arrays can
easily be handled by the present PARAFAC2 approach (also see Reference 16). The main
modification consists of replacing the PARAFAC1 updates by more gemevedy PARAFAC
updates. To explain this in more detail, below we consider the case sithod three-wayarrays.

Let a set oK three-way arrayX of ordersn, x J; x Jo, k=1,... K, be given and let each of these
be modelled by a PARAFAC1 model with parameter matriGgs A and B. Defining Xy as the
nk x J1J, supermatrix with frontal planes ok, next to each other, then we can describe the
PARAFAC1 model forX, as’

Xk = Gy(B x A)" + Ei (19)
k=1,...K, wherex denotes the columnwise Kronecker product (also denoted as the Khatri-Rao

product?). Furthermore, let the models be related to each other by the constraiGitha, Dy, with
D diagonal andr] Fy invariant overk, k=1,... K. Then we have a direct four-way generalization of
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the original PARAFAC2 model that can be written as

Xk = PcFDK(B x A)T + Ey (20)

This model can be fitted in the least squares sense by using an alternating least squares algorithm,
whereP, is updated by maximizing

f*(Py) = tr FDk(B x A)TX} Py (21)

k=1,...K, in analogy to (9), i.e. by using the SVEDy(B x A)"X] = U AV] and updating®, as
VU[. To update the other parameter matrices, we have, in analogy to (11), to minimize (or at least
decrease) the function

K
g'(FABDy,....Dx) = > [PiXk—FD«(B x A)T|> + ¢ (22)
k=1

overF, A, B andDy,...,Dk. This minimization problem can be recognized as a four-way PARAFAC
problem for the four-way array consisting of the elements of the supermaRjoés k=1,... K.
Algorithms for the four-way PARAFAC problem can be and have been devised in complete analogy
to the three-way PARAFAC algoriththThus a first generalization of the PARAFAC2 model has
been described. Further generalizations involving seltbwhy arrays can be made straightforwardly
along the same lines. The algorithms will consist of iteratively upda&jnon the one hand and using

a full cycle of an N+1)-way PARAFACL1 algorithm on the other hand.

8. DISCUSSION

The direct fitting algorithm for the PARAFAC2 model has been demonstrated to have various
advantages over the indirect fitting algorithm. The direct algorithm is more efficient, yields
parameters for the first-mode (row) units, offers a possibility for handling missing data by iterative
data imputation, allows for easy implementation of various constraints on the parameter matrices, fits
the data according to a more sensible loss function and is straightforwardly generalized to the analysis
of higher-way data structures. At first sight a disadvantage seems to be that the direct fitting approach
has to deal with an often large first mode, but it has been demonstrated that this can be circumvented
effectively.

In the simulation study for comparing direct PARAFAC2 and indirect PARAFAC2, mainly small
data arrays were used. The differences in efficiency have been seen to increase as the data size
increases. Furthermore, it has been seen that the direct PARAFAC?2 algorithm performs reasonably
well on large data sets with strongly related factors, and that computation time increases only slowly
with increasing data size. The performance of the direct PARAFAC2 algorithm on large data arrays is
further illustrated in the application in Part’ft.Furthermore, the direct PARAFAC?2 solutions have
been found to recover underlying structures adequately in the cases where uniqueness was proven to
hold, provided that the global optimum is indeed approximated sufficiently closely. The algorithm
also recovered underlying structures in many cases where uniqueness has not been proven; in fact,
simulations suggest that the model gives unique solutions as s¢oi &s for arbitrary values oR.

In the simulation study we also inspected the sensitivity of the direct PARAFAC2 algorithm to
hitting suboptimal solutions. It turned out that for the small data sets the rational start led to
suboptimal solutions only rarely, but suboptimal solutions were found more frequently as the data
size increased. To be on the safe side, it can be recommended to use several randomly started
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additional runs of the algorithm, especially in conditions where data sets consist of large numbers of
(large) data matrices with strongly related factors.

MATLAB M-files for direct fitting of the PARAFAC2 model are available from http://
newton.foodsci.kvl.dk/srccode.html.
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APPENDIX

This appendix gives the proof of the Theorem on equivalence of essential uniqueness for the direct
and indirect PARAFAC2 models. The ‘if and only if’ parts will be proven subsequently under (a) and

(b).

(a) Proof that essential uniqueness of the indirect PARAFAC2 model implies essential
uniqueness of the direct PARAFAC2 model

We assume that the indirect PARAFAC2 model gives essentially unique parameter estimates.
Suppose the two direct PARAFAC2 solutiors, Dy, ...,Dk, F4,...,Fk] and B, E4,...,Ek, G1,...,Gkl],
with FIFK = andGIGk =T, k=1,...,K, give the same estimates f4,...,Xx. Then we have
FDKAT = GyEBT (23)
k=1,...,K. It follows from (23) that
AD®DAT = BE,I'E(B' (24)

which describes the indirect PARAFAC2 model on both sides of the equality sign. Essential
uniqueness of the parameters of the indirect PARAFAC2 model implies that

B =ASII (259
Ex = JI'DySI, k=1,....K (25b)

and
I =1'sS,'s'®s's, 'l (250

wherell is a permutation matrixS, and S, are diagonal (scaling/reflection) matrices andis a
variable with value 1 o1, k=1,... K. Combining (23) with (25a),(b)), we obtain

FDKkAT = Geo I DS I S| AT = 6y Gy IS, S DA (26)
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Using the fact thaf has full column rank (see the third condition of the Theorem) and assuming
that Dy is non-singular, we find, upon postmultiplying both sides by the expreﬂs@AﬁA)’ngl,
that

Gk = okFS; 1S, M (27)
k=1,..., K, which demonstrates essential uniqueness of the direct PARAFAC?2 solution under the
assumption thaDy is non-singular. Whermy is singular, (27) still holds for the columns &

corresponding to the non-zero diagonal element®gfand thus essential uniqueness is again
obtained.

(b) Proof that essential uniqueness of the direct PARAFAC2 model implies essential
uniqueness of the indirect PARAFAC2 model

We assume that the direct PARAFAC2 model gives essentially unique parameter estimates. Suppose
the two indirect PARAFAC?2 solutionsA|, D,,...,.Dx, ®] and [B, Eg,...,.Ek, I'] give the same
estimates foX{X1, ..., X Xk. Then we have

AD®D(AT = BE,T'E,B" (28)
k=1,...,K, from which it follows that

®Y2D AT = N IY2E, BT (29)

for certain columnwise orthonormal matrichg, k= 1,... K. Essential uniqueness of the parameters
of the direct PARAFAC2 model implies that

B =ASII (303

Ex = olI'DSII, k=1,...,K (30Db)

and
N I'Y/2 = 0, ®Y2S51S; M for each value ofk for which Dy is non-singular (300)

wherell,S,, S, andoy are defined as above. Taking cross-products of the columns of both sides of
(30c), we find

= UkZHTSElql(I)Silglﬂ _ HTSEJ'SIl(I)qlSElH (31)

which, together with (30a),(b), establishes essential uniqueness of the parameters of the indirect
PARAFAC solution.
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