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(52) 

(57) ABSTRACT 

Systematic methods to detect, verify, and repair a collinear 
model are presented. After detecting collinearity in a model 
or subsets of a model, a directional test is carried out to 
verify if the collinearity is real. The model can then be 
adjusted in either direction to making a near collinear model 
exactly collinear or less collinear, subject to model uncer 
tainty bounds or other linear constraints. When doing the 
model adjustment, deviations from the original model are 
minimized and the directionality of the model is kept 
unchanged. 
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METHODS AND ARTICLES FOR DETECTING, 
VERIFYING, AND REPAIRING COLLINEARITY IN 

A MODEL OR SUBSETS OF A MODEL 

RELATED APPLICATION 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/457,060, ?led on Mar. 21, 2003. 
The entire teachings of that application are incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Model Predictive Control (herein referred to as 
“MPC”) is a technology utiliZed in various Advanced Pro 
cess Control (herein referred to as “APC”) systems. MPC 
based systems have been implemented on thousands of 
re?ning and chemical processes over the past tWo decades. 
DMCplus®, and the earlier version, DMC, (both available 
from Aspen Technology, Inc. of Cambridge, Mass.) is a 
Widely used MPC-based system. In an MPC-based system, 
a model is used to predict the future behavior of a process, 
given the current and history input information (e.g., mea 
surements of process conditions). An optimiZed control plan 
is calculated such that the predicted future response and the 
control action needed to achieve the response Will satisfy 
certain prede?ned criteria. Once the calculated control plan 
is implemented (e.g., after the ?rst point of the control move 
is implemented), the process measurements are collected 
and fed back to the controller to update the model predic 
tions. A neW control plan calculation is then initiated. 

[0003] In an MPC-based controller, the model plays a 
central role. The model not only dictates the accuracy of the 
predictions, but it also affects the control actions. Model 
uncertainty is inevitable in practice, so the quality of the 
model should be evaluated based on its relevant application 
(i.e., not just the model’s predictive ability, but also its 
control performance). 

[0004] Collinearity in the model impacts control perfor 
mance signi?cantly. Excessive control action is one problem 
associated With unsolved collinearity in a model. The action 
of the controller, at least to some extent, mirrors the response 
from the model universe. When the model is nearly col 
linear, but is not perfectly collinear, excess control action 
may be generated in response to changes in system con 
straints or to achieve insigni?cant objective function 
improvements. A second problem associated With unsolved 
collinearity is that of unstable closed-loop control. If both 
the model and the underneath process are nearly collinear, 
but they have different directionality, the closed-loop system 
Will become unstable. A third problem associated With 
unsolved collinearity is poor process performance. If the 
underlying process being modeled is not collinear, but the 
model is, then the controller Will treat the process as if it has 
feWer degrees of freedom in the controlled variables and Will 
not explore the full potential of the process. Poor control 
performance can even cause damage to the normal operation 
of the process. 

[0005] Numerous attempts have been made to alleviate the 
problems posed by collinearity to MPC implementations. 
For example, some tools developed by the APC community 
detect a collinear model, or model subsets, through the use 
of either Relative Gain Array (herein referred to as RGA) or 
Singular Value Decomposition (herein referred to as SVD) 
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to detect a collinear model or model subsets. See, for 
example, I. M. MaciejoWski’s “Multivariable Feedback 
Design,” published by Addison-Wesley Publishing Com 
pany, 1990, ISBN 0-201-18243-2, the entire teachings of 
Which, are incorporated herein by reference. Some of those 
tools also adjust the model to minimiZe the RGA number; 
hoWever, those approaches are limited to a 2x2 system. 

[0006] A need exists for methods and articles for system 
atically detecting, verifying, and repairing collinear models. 

SUMMARY OF THE INVENTION 

[0007] This invention provides systematic methods to 
detect, verify, and repair the collinearity of a model or its 
subsets (also referred to as “sub-matrices”), such as models 
used for MPC-based control. 

[0008] In one embodiment of the invention, a method ?rst 
uses SVD to search over a given model matrix and identify 
all nearly collinear model subsets based on give condition 
number thresholds. Then the method estimates the control 
action aggressiveness or magnitude should the model be 
used for MPC-based control. 

[0009] The method recommends a directional plant test to 
excite the process in its Weak direction. After the directional 
plant test, a neW model identi?cation is conducted on the 
transformed space spanned by singular vectors. The trans 
formed identi?cation result is used to verify if the under 
neath process is truly collinear. If the veri?cation concludes 
that the process, or a part of the process, is nearly collinear, 
then a “CollineriZation” procedure is implemented. If the 
veri?cation indicates that the process is not close to col 
linearity, then an “UncollineariZation” procedure is imple 
mented. 

[0010] In CollineariZation, the smallest singular values of 
each selected subset of the model are set to exactly Zeros 
While keeping the directionality unchanged (i.e., same sin 
gular vectors). If more than one solution is available, the one 
Which is closest to the original model is selected and the 
deviation is minimiZed. In UncollineariZation, the condition 
numbers of each selected subset of the model are maximiZed 
through the adjustment of the model While keeping the 
directionality unchanged. In either case, the model is 
adjusted subject to the given constraints (e.g., model uncer 
tainty bounds or any linear equations). 

[0011] In some embodiments, this invention includes a 
systematic methodology to detect, verify, and repair col 
linearity or near collinearity in a model used for Model 
Predictive Control purposes. 

[0012] In further embodiments, this invention includes a 
method of detecting, verifying, and repairing collinearity or 
near collinearity in a model. In one example, the method 
comprising the steps of de?ning bounds for a gain matrix, 
specifying a collinear threshold, examining the matrix to 
identify all near-collinear sub-matrices, scaling at least one 
Weak output for each near-collinear sub-matrix, adjusting a 
control action magnitude, determining What type of model 
repair Would be desirable, constructing a quadratic program 
ming problem, and solving the quadratic programming 
problem to generate a neW model matrix. 

[0013] In yet another embodiment, this invention includes 
the use of an optimiZation formula, to make a selected 
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sub-model perfectly collinear While the same directionality 
is maintained and the model deviation is minimized. 

[0014] In still more embodiments, this invention includes 
the use of an optimization formula, to make a selected 
sub-model less collinear While the same directionality is 
maintained and the model deviation is minimized. 

[0015] In some embodiments, this invention includes a 
computer program product, comprising a computer usable 
medium, and a set of computer program instructions embod 
ied on the computer useable medium for detecting, verify 
ing, and repairing collinearity or near collinearity in a model 
used for Model Predictive Control purposes. 

[0016] In other embodiments, this invention includes a 
computer system to detect, verify, and repair collinearity or 
near collinearity in a model used for Model Predictive 
Control purposes. In one example, the computer system 
comprises a data transfer means for transferring data among 
components of a computer, a digital processor coupled to 
receive input from the data transfer means, and an output 
means coupled to the digital processor. The digital processor 
executes a method for analyzing a model used for Model 
Predictive Control purposes. The model detects collinearity 
or near collinearity in the model, veri?es the collinearity or 
near collinearity in the model, and repairs the collinearity or 
near collinearity in the model. The output means provides to 
a user the analyzed model. 

[0017] In still more embodiments, this invention features 
a chemical species manufactured by a process that includes 
a modeling method, Wherein the modeling method is ana 
lyzed to detect, verify, and repair collinearity or near col 
linearity. 
[0018] The methods of this invention can be applied 
simultaneously to more than one model subset, Which is 
advantageous When dealing With multiple model subsets that 
share common elements. There is no limitation on the size 
of the collinear models or collinear subsets (at least 2x2, 
3x3, 4x4, 5x5, 6x6, or more than 6x6). Both collinearization 
and uncollinearization are posed as a Quadratic Program 
ming (QP) problem, and hence have unique solutions and 
can be solved ef?ciently. Additionally, this invention alloWs 
the imposition of constraints model gain(s) While the 
changes in the gain(s) is minimized. For example, some 
constrains that can be imposed are high and/or loW bounds, 
material and/ or energy balances, and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
draWings in Which like reference characters refer to the same 
parts throughout the different vieWs. The draWings are not 
necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. 

[0020] FIG. 1 is a How diagram of a process embodying 
the present invention method. 

[0021] FIG. 2 illustrates a computer implementation of the 
present invention. 

[0022] FIG. 3 is a block diagram of the internal structure 
of a computer in the computer system of FIG. 2. 

May 3, 2007 

[0023] FIG. 4 is a graph illustrating linear dynamics of a 
simulated process. 

[0024] FIG. 5 is a graph illustrating test data from a 
regular step test. 

[0025] FIG. 6 is a graph illustrating test data from a 
directional test carried out as de?ned by a Weak direction. 

[0026] FIG. 7 illustrates a model for (mt,ct) identi?ed 
using directional test data. 

[0027] FIG. 8 illustrates a model With a gain of 
gR=0.l553l. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0028] A description of preferred embodiments of the 
invention folloWs. While this invention has been particularly 
shoWn and described With references to preferred embodi 
ments thereof, it Will be understood by those skilled in the 
art that various changes in form and details may be made 
therein Without departing from the scope of the invention 
encompassed by the appended claims. 

[0029] In order to describe the methods and articles of this 
invention in detail, an exemplar system Will ?rst be de?ned. 
It Will be apparent to those of skill in the art that these 
de?nitions are for illustrative purposes only and that this 
invention includes additional methods not illustrated herein. 
It Will also be apparent to those of skill in the art that this 
invention is applicable to systems and models that are not 
illustrated and/or do not comport With the de?nitions listed 
herein. 

De?nitions 

[0030] Consider a model (G) Which relates manipulated 
variables (MV) to controlled variables (CV), such that 
CV=G*MV or: 

CV1 811 - 81m "1V1 Equationl 

cvn 

The model G can be, for example, the steady-state gain 
matrix or the frequency domain transfer functions. In the 
later case, the We consider the collinearity issue for a given 
frequency. 

[0031] Assume nim and that the matrix G has the fol 
loWing singular values from SVD calculations: 

01,02, . . . , om Where o1>=o2>=. . . >=om>=0. 

The original gain matrix can then be represented by Equa 
tion 2: 

G= U >“Diag(0;) * V’ Equation 2 
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Here, Unxm and Vmxm are both unitary matrices, and Ui and 
Vi represent the ith column of U and V, respectively. From 
the property of SVD, We have the following relationships 
(collectively referred to herein as “Equation 3”): 

The maximum is achieved When MV moves along the 
direction de?ned by Vl (herein referred to as “the strong 
direction”), and the minimum is achieved When MV moves 
along the direction de?ned by Vm (herein referred to as “the 
Weak direction”). 

[0032] From Equation 2, each element in G can be 
expressed by Equation 4: 

For a square system (i.e., Where n=m), the relationship 
de?ned by Equation 2 can be reversed as shoWn in Equation 
5: 

Given the threshold s>0, a model matrix has a rank of r(s) 
if: 

Equation 5 

r(s)§0 and r(s)§m. If r(s)=m, then the given system has a 
full rank and the matrix is not “collinear.” If r(s)<m and 
om=0, the system is “collinear” or “perfectly collinear.” If 
r(s)<m and om=0, then the system is “nearly collinear.” 

[0033] A transformed input vector MT and a transformed 
output vector CT as folloWs: 

M T = V’*M V Equation 6 

CT=U’*CV Equation 6.1 

Then the transformed input and output variables have the 
folloWing relationship: 

G(sm) is a square sub-matrix derived from G, Where sm=l, 
. . . , p and p is the number of all possible square sub 

matrices. The dimension of G(sm) ranges from 2x2, 3x3, . 
. . , to m><m. When dealing With collinearity, the focus can 

be placed on square sub-matrices because if a n><m matrix is 
collinear (Where n>m), then all its m><m sub-matrices must 
be collinear too. 

Collinearity Detection 

[0034] For a given model matrix G, and a given threshold 
s, a search over all sub-matrices G(sm), Where sm=l, . . . , 

p, is conducted and the sub-matrices are sorted into three 
groups: 1) a not collinear group, Gn(sm); 2) a nearly 
collinear group, Gnc(sm); and, 3) a collinear group, Gc(sm). 

[0035] If the Gnc(sm) group is empty, the method can be 
stopped. Alternatively, the threshold value can be modi?ed 
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and the method of the invention begun again. If the Gnc(sm) 
group is not empty, the collinearity of the sub-matrixes in 
that group is veri?ed. 

Collinearity Veri?cation 

[0036] When a sub-matrix falls into the nearly collinear 
group, the available degree of freedom is then either recog 
niZed or ignored even though the extra capability may be 
limited. In order to determine the best course of action for 
a given application, the collinearity can be veri?ed. This 
veri?cation includes determining Whether the control action 
is acceptably aggressive for the needs of the given applica 
tion, and controlling as described beloW: 

Control Action Magnitude 

[0037] When a system is nearly collinear, the associated 
control action for certain CV targets Will be aggressive, since 
the control action is, to some extent, proportional to the 
response of the model inverse. The most signi?cant magni 
tude (in the sense of 2-norm) of MV change happens When 
the CV move along the Weak direction, that is, 

Equation 8 

Equation 9 

[0038] 0t can be used as a scaling number so that the CV 
change Will be in a desired range, and then the required MV 
change can be estimated from Equation 9. Based on the 
knowledge of the process, a practitioner can make a judg 
ment if the control action required to achieve the targets is 
reasonable. If it is determined that the control action is 
desirable, then the near collinearity is acceptable and no 
model adjustment is necessary. If it is determined that the 
action is not desirable, a directional test and identi?cation is 
performed. 
Directional Test and Identi?cation 

[0039] As shoWn in Equation 7, for a nearly collinear 
process, the transformed outputs cti, i=r+l, . . . , m Will have 

a relatively small response to the transformed inputs mti, 
i=r+l, . . . , m. Moreover, their corresponding singular value 

Qi is similar to the gain betWeen the transformed input and 
the transformed output. This relationship provides an oppor 
tunity to verify if the real process is the case, by employing 
the folloWing procedure: 

[0040] l. Perturb the system in such a Way that the input 
signals folloW the direction speci?ed by Ui, i=r+l, . . . 
, m. 

[0041] 2. Construct transformed input and outputs vec 
tors mti and cti, i=r+l,. . . , m using the collected test 
data. 

[0042] 3. Identify model betWeen mti and cti, i=r+l, . . 
. , m. 

[0043] 4. If the identi?ed gain in the transformed space 
is close to 0i and the uncertainty bound of the identi?ed 
gain surrounds 0, then this portion of the process is 
deemed to be truly collinear; otherWise, it is deemed to 
be not collinear. 

[0044] 5. The neWly collected test data is used to 
improve the model quality by rerunning the identi?ca 
tion because the neWly collected data contains rich 
process responses in the Weak direction. 
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[0045] 6. Repeat the collinearity detection With the 
improved model. 

[0046] 7. The iteration of this procedure should be 
terminated based on the convergence situation and the 
desires of the practitioner. 

[0047] When conducting the directional test, all inputs are 
perturbed simultaneously With their direction and magnitude 
de?ned by the singular vector. As such, the inputs are highly 
correlated. Therefore, the identi?cation is done either on the 
transformed space or the neW data after it has been merged 
With the existing data. 

[0048] One bene?t from doing the test and identi?cation in 
the transformed space is that a less conservative uncertainty 
bound can be estimated. Normally, each model curve has its 
oWn uncertainty bound and is independent from each other 
or univariate. This kind of uncertainty bound can be overly 
conservative. With the identi?cation in the transformed 
space (since the singular vectors are unitary, their role is very 
similar to using latent variables), We are able to get an 
uncertainty described by a linear inequality (multivariate). 
This may result in a less conservative uncertainty descrip 
tion. 

[0049] The relationship betWeen the transformed variable 
and the original variables is as folloWs. Assume 

n 

In the original space, the inputs and outputs satisfy the 
folloWing equation: 

Combining the above tWo equations, We have 

Each mvi is independent, and: 

1:1 

or 
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Knowing the uncertainty bound on k alloWs the translation 
of this bound into a constraint on the original gain matrix (a 
linear inequality) With the use of Equation 10. This addi 
tional constraint can contribute to a less conservative uncer 

tainty description and can be incorporated into the Collinear 
iZation and UncollineariZation procedures, as discussed 
subsequent. 

CollineariZation 

[0050] If the process is deemed nearly collinear, then it can 
be desirable to make the corresponding model to be per 
fectly collinear. In another Word, a practitioner can reduce 
the degree of freedom shoWn in the model matrix so that the 
controller Will behave safer or in a more desirable manner. 

To accomplish this, the smallest singular value can be Zeroed 
out using one of tWo approaches. 

Direct Approach 

[0051] Using Equation 4 can force or+i=0, i=1, . . . m-r 
and then a neW model K can be recalculated from 

Since the dropped singular values are relatively small, the 
neW model K Will be similar to the original model G. 

Optimization Based Approach 

[0052] In some applications, the direct approach may not 
be appropriate. For example, if the original elements gij are 
very close to 0, the direct approach can results in an adjusted 
model kij having the opposite sign as the original model. In 
some applications, such a change in sign value can make it 
dif?cult to determine if the neW model can be used safely. In 
another example, a collinear sub-matrix may share common 
elements With another collinear sub-matrix in matrices that 
are larger than 2x2, so that When one sub-matrix is adjusted, 
the adjustment adversely affects the other sub-matrix. 

[0053] Furthermore, if the sub-matrices are repaired one 
by one, it can result in a never ending loop With the repairs 
to one sub-matrix giving rise to a need for more repairs to 
the other sub-matrix. In addition, changes in the direction 
ality of the model can adversely affect the controller more 
than the original collinearity. 

[0054] Also, it can be desirable to impose constraints on 
hoW the model can be adjusted. For instance, a gain should 
not ?ip its sign and it should stay Within its uncertainty 
bound, etc. 

[0055] To address these concerns, the folloWing optimi 
Zation formula is created: 

n m Equation 10 

Minimize Z Z (gt-j — gij(0))2 
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subject to: 

U157") : < Constraint 10.2 

m(immum) 

i,j=1, . . . , m(sm), sm=1, . . . , p 

G(0) represents the nominal model, G+and G'represent the 
allowed upper and lower bound of the model. Oil-‘and Oij+are 
alloWed upper and loWer bound for the singular values. 
m(sm) is the dimension of the sub-matrix sm. p is the total 
number of nearly collinear sub-matrices Gnc(sm). 

[0056] Equation 10 is the objective function. The objec 
tive function minimizes deviation from the nominal model 
as long as the required perfect collinearlity can be achieved. 
Constraint 10.1 represents the alloWed variation for each 
model element. Constraint 10.2 is contributed from each 
nearly collinear sub-matrix. All u1i(sm) and v1i(sm) are the 
singular vectors calculated from the original sub-matrix 
Gnc(sm), and hence the same directionality is alWays main 
tained. 

[0057] In some embodiments, Oil-‘and Oij+are set to 

[0058] 1) oij_(sm)=oij+(sm)=0 if izj, Which corresponds 
to the off-diagonal portion of the singular value matrix; 

[0059] 2) oii_(sm)=oii+(sm)=0 if i>r(sm), Which corre 
sponds to those small singular values to be zeroed out; 

[0060] 3) oii_(sm)=oi(0)*(l—eps) and Oii+(SII1)= 
Oi(0)*(1+eps) ifi <=r(sm), Where 0<eps<1 is a con 
stant. Choosing a large value for eps alloWs large 
variations in the singular values. Since the objective 
function alWays tries to ?nd the minimal variation for 
the model matrix, it is expected that variation of the 
singular value Will also be very mild. Hence, a small 
eps (for instance, eps=0.1) can be safely used. 

[0061] Finally, Equation 10 is a standard QP formula and 
can be solved globally and ef?ciently. 

Uncollinearization 

[0062] If the process is not collinear, or is nearly collinear 
but needs the controller to fully explore its capability, then 
adjustments to the model can be made to improve the 
condition number so that an improved robustness can be 
achieved. 

[0063] Uncollinearization should satisfy the folloWing 
requirements: 

[0064] 1. The repaired model should have the same 
directionality as the original model because changing 
the direction can cause unWanted control problems that 
can potentially result in a less desirable performance 
than With the original collinearity. 

[0065] 2. The directionality change should be made 
Within alloWed ranges. Additional restrictions can also 
be imposed, such as additional linear equality or 
inequality constraints. 
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[0066] 3. When treating a model matrix larger than 2><2, 
a collinear sub-matrix can share common elements With 
another collinear sub-matrix. Such a case can result in 
a “zigzag game” or never ending loop, With repairs to 
one sub-matrix giving rise to a need for repairs to the 
other sub-matrix. Hence, the methodology should be 
able to deal With multiple sub-matrices in a synchro 
nized Way. 

To achieve these goals, the folloWing optimization for 
mula Was created: 

p m(imwom) Equation 11 
Maximize Z 

smIl [:1 

subject to: 

i, j: 1, ,m(ms) 

m(sm) : < o't-(sm) <= U'Hsm), i=1, , m(sm) Constraint 11.2 

mm) m(r) Constraint 11.3 

2 0W1) *m/Aq) * vim) = Z w (I) * wk (1) * vJ-k (I). 

for those i,j Which point to the same element in G, sm, q, 
t=1, . . . ,p, q#t. 

[0067] gij+and gifdenote the upper and loWer bounds of 
the alloWed model adjustment, (Ii-and Ofare upper and 
loWer bounds on the singular values, Or+i(0) represents the 
original singular value, and m(sm) is the dimension of the 
sub-matrix sm. p is the total number of nearly collinear 
sub-matrices Gnc(sm). Additional explanation of Equation 
11 is provided beloW. 

[0068] The objective function is to maximize the portion 
of the smaller singular values of all nearly collinear sub 
matrices. The Weighting factor, l/or(sm)+i(0), means the 
smaller the original singular value, the more improvement 
the optimizer Will attempt to obtain. Constraint 11.1 repre 
sents the alloWed variation for each model element. All 
uik(sm) and vJ-k(sm) (as Well as uik(q) , vJ-k(q) , uik(t), and 
vJ-k(t)) are the singular vectors calculated from the original 
sub-matrix Gnc(sm) (or Gnc(q), Gnc(t)), and hence the same 
directionality is alWays maintained. Constraint 11.2 is the 
alloWed singular value variation range, Which is discussed 
further beloW. 

[0069] Constraint 11.3 is needed if there are tWo sub 
matrices Who share the same element in the original model 
matrix. In this case, any adjustment made for one sub-matrix 
Will automatically be coordinated With another associated 
sub-matrix, and hence remove the “zigzag problem.” 

[0070] The ?nal goal is to maximize the condition number. 
Equation 11 does not explicitly employ a condition number 
because directly optimizing a condition number Will pose a 
computation problem so di?icult as to be unrealistic. As 
such, an approximation is made by maximizing the portion 
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of the smaller singular values, While keeping the other 
singular values from dropping too loW. For this purpose, the 
bounds for each singular value should be set as folloWs: 

[0071] 1. For oi<, i=1, . . . , r, the singular values are 

only alloWed to decrease, but not beloW or+l(0). 

[0072] 2. For oi<, i=r+l, . . . , m, the singular values are 

only alloWed to increase, but not above or(0). 

That is: 

[0073] Equation 11 is a standard QP formula, and hence, 
can be solved globally and e?iciently. 

[0074] FIG. 1 illustrates a How diagram of Process 15, 
embodying a method of the present invention. A model gain 
matrix is imported at Step 1. For example, the model gain 
matrix can be imported from a MPC-based system, such as 
a system running a computer based control softWare (e.g., 
one for use in the chemical, petrochemical, pharmaceutical, 
petroleum, electric poWer, food, consumer products, metals, 
or mineral industries). Examples of such softWare include 
DMCplus® (available from Aspen Technology, Inc. of Cam 
bridge, Mass.) or RMPCT (available from HoneyWell, Inc., 
of Morris ToWnship, NeW Jersey). For example, in a DMC 
plus® application, this step can include loading a MDL ?le. 
Any feed-forWard variables should be excluded. 

[0075] At Step 2, the upper and loWer bounds for the gain 
matrix are de?ned. For example, this can be the previously 
discussed uncertainty bounds or the percentage of gain 
variation alloWed. Then a collinear threshold is speci?ed at 
Step 3. 

[0076] At Step 4, the matrix is examined to identify all 
near-collinear sub-matrices. In some embodiments, this is 
accomplished With the use of Equation 5. Before any SVD 
calculation is carried out, a sub-matrix can be scaled so that 
the scaled sub-matrix has a condition number close to its 
optimal value. 

[0077] Step 5 includes presenting the folloWing results to 
the user: 

[0078] all near-collinear sub-matrices, 

[0079] their singular values, 

[0080] Weak inputs and outputs, and 

[0081] control action magnitude. 

[0082] Step 6 includes providing a scaling factor for each 
near-collinear sub-matrix so that the user can scale the Weak 
outputs to a more meaningful or desired range. The control 
action magnitude is then automatically adjusted accordingly. 
In some embodiments, this is accomplished With the use of 
Equation 8. 

[0083] At Step 7, the practitioner speci?es What kind of 
model repair should be taken (e.g., CollineariZation or 
UncollineariZaton), and then selects Which sub-matrix Will 
participate in the repairs. 

[0084] Then at Step 8, the optimiZation program con 
structs a QP problem based on the inputs (e.g., submatrices 
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that are to be repaired) and runs a QP solver to produce a 
neW model gain matrix. In some embodiments, this is 
accomplished With the use of Equations 10 and/or 11. 

[0085] At Step 9, the results are evaluated and if the results 
are not satisfactory, Process 15 is repeated, starting at Step 
4, With the neWly generated model matrix. This loop is 
repeated until satisfactory results are obtained. 

[0086] With satisfactory results, the threshold or uncer 
tainty bounds are modi?ed at Step 10, and the method is 
started again. Once the nearly collinear submatrices are 
repaired to the extent desired, then a practitioner proceeds to 
Step 11, Which includes exporting the neW model matrix. 

[0087] The present invention also includes computer 
implementation of methods to detect, verify, and repair the 
collinearity of a model or its subsets, such as models used for 
MPC-based control. FIG. 2 illustrates one embodiment of 
such a computer implementation. Client computer(s) 50 and 
server computer(s) 60 provide processing, storage, and 
input/output devices executing application programs and the 
like. Client computer(s) 50 can also be linked through 
communications netWork 70 to other computing devices, 
including other client computer(s) 50 and server computer(s) 
60. Communications netWork 70 can be part of the Internet, 
a WorldWide collection of computers, netWorks, and gate 
Ways that currently use the TCP/IP suite of protocols to 
communicate With one another. The Internet provides a 
backbone of high-speed data communication lines betWeen 
major nodes or host computers, consisting of thousands of 
commercial, government, educational, and other computer 
netWorks, that route data and messages. In another embodi 
ment of the present invention, the methods are implemented 
on a stand-alone computer. 

[0088] FIG. 3 is a diagram of the internal structure of a 
computer (e.g., client computer(s) 50 or server computers 
60) in the computer system of FIG. 2. Each computer 
contains system bus 80, Where a bus is a set of hardWare 
lines used for data transfer among the components of a 
computer. Bus 80 is essentially a shared conduit that con 
nects different elements of a computer system (e.g., proces 
sor, disk storage, memory, input/output ports, netWork ports, 
etc.) that enables the transfer of information betWeen the 
elements. Attached to system bus 80 is I/O device interface 
82 for connecting various input and output devices (e.g., 
displays, printers, speakers, etc.) to the computer. NetWork 
interface 86 alloWs the computer to connect to various other 
devices attached to a netWork (e.g., netWork 70 of FIG. 2). 
Memory 90 provides volatile storage for computer softWare 
instructions used to implement an embodiment of the 
present invention (e.g., Program Routines 92 and Data 94, 
such as Process 15, DMCplus®, and corresponding MDL 
?les). Disk storage 95 provides non-volatile storage for 
computer softWare instructions and data used to implement 
an embodiment of the present invention. Central processor 
unit 84 is also attached to system bus 80 and provides for the 
execution of computer instructions. 

EXAMPLES 

[0089] Some examples are provided here to illustrate the 
methodology described above. The examples are not to be 
interpreted as limiting in any Way. 
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Example 1 

Verifying Collinearity Using the Directional Test 
and Identi?cation 

[0090] Consider a 2x2 distillation process With the fol 
loWing con?guration: 

[0091] mvl=Re?ux FloW With typical operating range 
[79] 

[0092] mv2=Reboiler Steam With typical operating 
range [5,7] 

[0093] 
[69] 

[0094] cv2=Bottoms Impurity With typical operating 
range [3,13] 

cvl=Top Impurity With typical operating range 

[0095] The process is simulated by linear dynamics shoWn 
in FIG. 4, Which has the folloWing gain matrix: 

—1.0005 
G = 

1.0183 

1.0599 

—1.1694 

[0096] In the simulated process, certain colored noise is 
added to the output signals. 

[0097] First, a regular step test is carried out and the test 
data is shoWn in FIG. 5. A process model is then identi?ed 
using DMCplus® Model 5.0 and the model has the folloW 
ing gain matrix: 

—1.0057 
RT = 

1.0710 

1.0078 —1.1564 

[0098] A collinearity check on the identi?ed gain matrix is 
run, and the SVD calculation shoWs the folloWing result: 

2.1236 0 
0' = ] 0 0.0394] 

-0.6917 0.7222 

_] 0.7222 0.6917] 
0.6703 -0.7421 

_ ]-0.7421 -0.6703] 

Based on the Weak direction (using Equations 8 and 9 With 
0t=—1), to achieve a delta change in 

Am -0.6917 
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Would need a control action of 

Amvl 18.8349 

]Amv2] _ ]17.0125] 

This control action may be too aggressive from the engi 
neering point of vieW and hence the process may have 
collinearity issues. To verify if the real process is the case, 
a directional test is carried out de?ned by the Weak direction. 
That is, 

The test data is shoWn in FIG. 6. 

[0099] The transformed input and output are: 

[0100] A model for (mt,ct) is identi?ed using the direc 
tional test data and is shoWn in FIG. 7. This model has a gain 
of gD=0.04665, Which is close to the smallest singular value 
0.0394. A SVD calculation on the true process model G 
indicates the smallest singular value for the process is 
0.0426. This suggests that the estimated value from the 
directional test is very close to the true one. To this point, it 
is concluded that the analysis of collinearity based on the 
identi?ed model Grt is valid. 

[0101] To illustrate the importance of directional testing to 
a nearly collinear process, an identi?cation is run in the same 
transformed space, but With the regular test data (i.e., 
Without the directional test). FIG. 8 illustrates the model, and 
it has a gain of gR=0.15531. This value differs greatly from 
the true one. 

[0102] An improved model can be identi?ed if both data 
sets (obtained from the regular test and the directional test) 
are utiliZed. The neW model has a gain matrix of 

—1.0049 1.0661 
CDT: 

1.0029 —1.1675 

Example 2 

CollineariZation or UncollineariZation Modi?cation 
of a Gain Matrix To MaximiZe or MinimiZe the 

Condition Number 

[0103] Let’s consider a gain matrix shoWn beloW: 

—0.6112 —0.8705 —0.8161 —2.2515 0 0 0 0 0 0 4.4013 0 

—2.8114 —5.3374 —10.1706 —30.0073 1.8984 1.8283 0.1132 0.0153 0.1204 0.0495 0 0 

—2.0609 6.0295 9.4035 24.5094 —1.6758 —1.7359 —0.154 —0.0253 —0.1818 —0.0677 0 0 

G = —0.6244 —1.4399 —2.5429 —7.4598 0.4203 0.4147 0 0.0091 0.0456 0.0187 0 —0.2577 

0.1446 0.3026 0.5424 1.5888 —0.0855 —0.0843 0 —0.0016 —0.0105 —0.004 0 0.1572 

—1.7149 —2.731 6.9034 17.5966 —1.2014 —1.2893 0 —0.0407 —0.1277 —0.0382 0 0 

—0.0015 —0.0034 0.004 0.0227 0 —0.0016 0 0 0 0 0 0 
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[0104] Given a threshold of s=0.0001, the following three 
sub-matrices are identi?ed to be collinear: 

6.0295 

_ -1.4399 

—1.7359 
Gr 

0.4147 

With singular values o=(0.831627 7.57818e-5) 

—1.6758 —0.1818 

2: -0.4203 0.0456 

With singular values o=(3.44311 6.69126e-5) 

—2.8114 1.8984 1.8283 0.0153 

—2.0609 —1.6758 —1.7359 —0.0253 

—0.6244 0.4203 0.4147 0.0091 ’ 

—1.7149 —1.2014 —1.2893 —0.0407 

G3: 

With singular values o=(3.2117 1.89876 0.60946 3.5965e 
5) 
[0105] Assuming that each gain element is alloWed to vary 
no more than 10% from its nominal value. 

[0106] The CollineariZation results: 

6.0302 —1.73614 

1: —1.44011 0.414617 ’ 

With singular values o=(0.831509 0) 

—1.67583 —0.181804 
G2 = 5 

—0.420308 0.0455975 

With singular values o=(3.44302 0) 

—2.81033 1.89821 1.82815 0.0153128 

—2.0605 —1.67583 —1.73614 —0.0254196 

—0.62416 0.420308 0.414617 0.00902449 ’ 

—1.71455 —1.20166 —1.28927 —0.0405464 

With singular 

values o=(3.21072 1.89861 0.602891 0) 

[0107] The uncollineariZation result: 

5.56824 —1.59648 
G1 = , 

— 1 .32195 0.408456 
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With singular values o=(0.905079 0.0169216) 

—1.5367 —0.1818 
G2 = , 

—0.414725 0.0456 

With singular values o=(3.64152 0.0666536) 

—3.09168 1.8772 1.79803 0.01377 

G —2.11308 —1.5367 —1.59648 —0.02277 

3- —0.68684 0.414725 0.408456 0.00819 

—1.76702 —1.09372 —1.18305 —0.0400757 

With singular 

values o=(3.23766 1.9333 0.648371 0.00239357). 

What is claimed is: 
1. A method of analyzing a model for Model Predictive 

Control, the method comprising the steps of: 

a) obtaining a model gain matrix of a subject model used 
for Model Predictive Control of a given process; 

b) identifying any near-collinear sub-matrices of the 
obtained model gain matrix; 

c) adjusting the collinearity of any identi?ed sub-ma 
trixes; and 

d) optimiZing adjusted sub-matrixes to form a neW model 
gain matrix for the subject model. 

2. The method of claim 1, Wherein the identi?cation step 
includes searching the model gain matrix With SVD. 

3. The method of claim 1, further including a step of 
estimating a control action magnitude. 

4. The method of claim 1, further including a step of 
exciting the given process in a Weak direction. 

5. The method of claim 1, further including a step of 
verifying Whether at least some portion of the given process 
is collinear or nearly collinear. 

6. The method of claim 5, Wherein a CollineariZation 
procedure is implemented if at least a portion of the process 
is veri?ed as being nearly collinear. 

7. The method of claim 6, Wherein the smallest singular 
values in at least one subset of the model are set to exactly 
Zero. 

8. The method of claim 5, Wherein the directionality of the 
subset of the model is unchanged. 

9. The method of claim 5, Wherein an UncollineariZation 
procedure is implemented if at least one portion of the 
process is veri?ed as being noncollinear. 

10. The method of claim 1, Wherein the method is 
simultaneously applied to more than one subset of the 
model. 

11. The method of claim 1, Wherein the method is applied 
to a square matrix or a square matrix subset that is at least 
2><2 in siZe. 

12. The method of claim 10, Wherein the square matrix or 
square matrix subset is at least 3x3 in siZe. 

13. The method of claim 12, Wherein the square matrix or 
square matrix subset is at least 4><4 in siZe. 
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14. The method of claim 12, wherein the square matrix or 
square matrix subset is at least 5><5 in siZe. 

15. The method of claim 12, Wherein the square matrix or 
square matrix subset is at least 6><6 in siZe. 

16. A method of detecting, verifying, and repairing col 
linearity or near collinearity in a model, comprising the steps 
of: 

a) de?ning bounds for a gain matrix; 

b) specifying a collinear threshold; 

c) examining the matrix to identify all near-collinear 
sub-matrices; 

d) scaling at least one Weak output for each near-collinear 
sub-matrix; 

e) adjusting a control action magnitude; 

f) determining What type of model repair Would be 
desirable; 

g) constructing a quadratic programming problem; and 

h) solving the quadratic programming problem to gener 
ate a neW model matrix. 

17. The method of claim 16, further comprising the step 
of using an optimiZation formula to perfectly collineariZe a 
selected sub-model While maintaining directionality and 
minimiZing model deviation. 

18. The method of claim 17, Wherein the optimiZation 
formula includes at least one singular value, at least one 
singular vector, and a model matrix. 

19. The method of claim 17, Wherein multiple sub 
matrices are solved simultaneously. 

20. The method of claim 17, Wherein a linear constraint is 
imposed, Wherein the linear constraint includes the uncer 
tainty bound in a transformed space. 

21. The method of claim 16, further comprising the step 
of using an optimiZation formula to decrease collinearity in 
a selected sub-model While maintaining directionality and 
minimiZing model deviation. 

22. The method of claim 21, Wherein the optimiZation 
formula includes at least one singular value, at least one 
singular vector, and a model matrix. 

23. The method of claim 22, Wherein multiple sub 
matrices are solved simultaneously. 

24. The method of claim 22, Wherein a linear constraint is 
imposed, Wherein the linear constraint includes the uncer 
tainty bound in a transformed space. 
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25. A computer program product, comprising: 

a) a computer usable medium; and 

b) a set of computer program instructions embodied on 
the computer useable medium for detecting, verifying, 
and repairing collinearity or near collinearity in a 
model used for Model Predictive Control purposes. 

26. The computer program of claim 25, Wherein at least 
some portion of the computer program instructions include 
instructions to request data or request instructions over a 
telecommunications netWork. 

27. The computer program of claim 25, Wherein at least 
some portion of the computer program is transmitted over a 
global netWork. 

28. The computer program of claim 25, Wherein the 
computer usable medium includes a removable storage 
medium. 

29. The computer program of claim 28, Wherein the 
removable storage medium includes any of a CD-ROM, a 
DVD-ROM, a diskette, and a tape. 

30. A computer system for detecting, verifying, and 
repairing collinearity or near collinearity in a model used for 
Model Predictive Control purposes, the computer system 
comprising: 

a) a data transfer means for transferring data among 
components of a computer; 

b) a digital processor coupled to receive input from the 
data transfer means, Wherein the digital processor 
executes a method for analyzing a model used for 
Model Predictive Control purposes, 

Wherein the method: 

i) detects collinearity or near collinearity in the 
model, 

ii) veri?es the collinearity or near collinearity in the 
model, and 

iii) repairs the collinearity or near collinearity in the 
model; and 

c) an output means coupled to the digital processor, 
Wherein the output means provides to a user the ana 
lyZed model. 

31. The computer system of claim 30, Wherein the com 
puter system enables transmission of at least a portion of 
data over a global netWork. 

32. A chemical species manufactured by a process that 
includes the method of claim 16. 

* * * * * 


