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Sparse Identification of Posynomial Models
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Abstract

Posynomials are nonnegative combinations of monomials with pos-
sibly fractional and both positive and negative exponents. Posynomial
models are widely used in various engineering design endeavors, such
as circuits, aerospace and structural design, mainly due to the fact that
design problems cast in terms of posynomial objectives and constraints
can be solved efficiently by means of a convex optimization technique
known as geometric programming (GP). However, while quite a vast
literature exists on GP-based design, very few contributions can yet
be found on the problem of identifying posynomial models from exper-
imental data. Posynomial identification amounts to determining not
only the coefficients of the combination, but also the exponents in the
monomials, which renders the identification problem numerically hard.
In this draft, we propose an approach to the identification of multivari-
ate posynomial models, based on the expansion on a given large-scale
basis of monomials. The model is then identified by seeking coefficients
of the combination that minimize a mixed objective, composed by a
term representing the fitting error and a term inducing sparsity in the
representation, which results in a problem formulation of the “square-
root LASSO” type, with nonnegativity constraints on the variables.
We propose to solve the problem via a sequential coordinate-descent
scheme, which is suitable for large-scale implementations.
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1 Introduction

A posynomial model is defined by a function v of the form
d(w) =) ciw™ (1)
i=1

where w € R* (the positive orthant), ¥ (w) € R, ¢; > 0 are coefficients,
a; = [ayp - ozmw]T € R™ are vectors of exponents with «;; € R, and w®

is defined as
Naw
. Qg
w = | I w; .
J
j=1

The term c;w® is called a monomial. Note that, while in polynomial mod-
els the exponents «;; are nonnegative integers, in posynomial models these
exponents may also be negative and/or noninteger.

Posynomial models are of great importance in many fields of technology,
ranging from structural design, network flow, optimal control (see [2, 33]),
to aerospace system design [14], circuit design [5 [8, 26], antennas [I] and
communication systems [7]. The interest in posynomials is motivated by
the fact that they lead to computationally efficient geometric programming
models for optimal system design, see, e.g., [10, 2, [33].

Despite the fact that a consistent number of papers is available in the
literature where posynomial models and geometric programming are used
for design purposes, very few works can be found to date addressing the
relevant problem of identifying a posynomial model from experimental data;
see [8] for such an exception. Typically, the model is assumed known (i.e.,
the coefficients ¢; and the exponents «;; are assumed known), and then it is
processed by geometric programming to obtain an optimal design. However,
in most real-world applications, the model is not known a priori, and has to
be identified from experimental data.

Identification of posynomial models can be performed following the stan-
dard approach used for polynomials. In this approach, an heuristic search
finalized at finding a viable model structure, i.e., a suitable set of exponent
vectors {«;} is first carried out. Once the exponent vector set has been
chosen, the coefficients ¢; are estimated by means of least-squares or other
convex optimization algorithms, see, e.g., [29, 24, [8]. A critical issue in this
approach is that the model structure search may be extremely time con-
suming and in most cases leads only to approximate model structures, see
[21]. An alternative approach is to assume (or estimate by means of some
heuristic) a value 7, for the basis cardinality n., and then estimate ¢; and



«; by means of nonlinear programming algorithms. However, these kind of
algorithms are non-convex and thus do not ensure convergence to the op-
timal parameter estimate. A third approach, which overcomes the issues
of the other two, consists in considering an over-parametrized model and
inserting in the optimization problem a sparsity promoting term (or con-
straint), given by the ¢;-norm of the coefficient vector. This term allows one
to efficiently select the model structure and, at the same time, to avoid the
problem of overfitting. This approach is based on the well-known LASSO
(least absolute shrinkage and selection operator) or other similar algorithms
(see, e.g., [30L 16}, B, 22] for applications of the approach to identification of
polynomial models). The optimization problem is in this case convex but,
due to the over-parametrization, it typically involves a very large number of
decision variables.

In this paper, we follow this latter approach: we minimize a convex
objective, defined as the sum of a regularized accuracy term based on the
£o-norm of the estimation residual, and a sparsity-inducing term given by a
weighted ¢1-norm of the coefficient vector. We name this approach nonneg-
ative reqularized square-root LASSO or nnrsqrt-LASSO, since it is similar to
LASSO but presents three differences which may give advantages in terms
of computational efficiency and model regularity. The first one is to use
in the objective function an accuracy objective that is the square-root of
the one used in LASSO. With this choice, we obtain an a-priori and easily
checkable sufficient condition that, if satisfied for a certain monomial, guar-
antees that that monomial will not appear in the representation (i.e., it has
a null coefficient). This condition (called feature elimination condition) can
be verified very efficiently, and can thus be used in a pre-optimization phase
to eliminate all the monomials which have very low relevance in explaining
the data. The second difference is to include an £y regularization in the
accuracy term, allowing us to implicitly account for uncertainty in the data,
and to improve the numerical conditioning of the problem. The third differ-
ence consists in using a weighted ¢1-norm of the coefficient vector in place
of the standard ¢1-norm. This allows for more flexibility in problems where
the entries of ¢ have different scales. Note that in the nnrsqrt-LASSO the
variables are constrained to be nonnegative, as required for the identification
of posynomial models.

In order to solve the nnrsqrt-LASSO problem, we propose a large-scale-
capable iterative algorithm based on sequential coordinate descent.

The remainder of the paper is organized as follows. In Section [2, the
problem of identifying a posynomial model is introduced and then formu-
lated in terms of a nnrsqrt-LASSO optimization problem. In Section [3] the



dual formulation of this optimization problem is developed and the feature
elimination condition is derived. Section{d]shows how the univariate nnrsqrt-
LASSO optimization problem can be solved in closed form. Based on this
result, in Section a sequential coordinate descent scheme is proposed,
allowing us to solve the multivariate optimization problem. The compu-
tational aspects of the proposed scheme are also discussed in this section.
Finally, in Section [6] two numerical examples are presented. The first one
regards identification of a posynomial with negative and non integer expo-
nents; the second one is about identification of a posynomial model for a
NACA 4412 airfoil.

2 Identification of posynomial models

2.1 Model setup

Consider a posynomial
Nec

) = 3 et (2)
i=1
where the coefficients ¢}, the exponent vectors o and the expansion cardi-
nality n. are not known. Suppose that a set of noise-corrupted measurements
is available:

D = {y(k),wk)}L,
where

y(k) = P°(w(k)) + e(k)

and e(k) € R is a noise term. The problem considered in this paper is to
estimate from these data the unknown parameters cf, of, i = 1,...,n., and
the cardinality n..

To this end, we define an over-parametrized posynomial family

blw) = 3zt (3)
=1

where n > n.. In real-world situations, this over-parametrization can be
obtained from the available prior information on the exponents afj. For
example, a certain exponent may be unknown but it can be known to be
integer and to belong to a given interval; another one may be known to be
fractional in another interval; another one can be known to be negative, etc.



More formally, suppose that the following prior information is available
on the exponents:

a;j € Q; (4)
where Q; is a set of exponents which, on the basis of the available prior
information, can be considered reasonable for the variable w;. Then, the set
of exponent vectors defining the over-parametrization can be constructed
as

Nw
Sa = {O‘i}?:l = H Qj

j=1
where ] denotes the Cartesian product. Note that this approach can be
adopted also if an exponent is known to belong to a continuous (finite)
interval, in which case the set (); can be obtained by properly discretizing
the interval.

If the information is correct, then S, is guaranteed to contain the

true exponent vectors:

S D Sae = {af}re, .

2.2 Square-root LASSO formulation of the identification prob-
lem

Model identification is here performed by minimizing with respect to the
coeflicients x; in the expansion an objective function defined as the sum
of an accuracy objective and a sparsity-promoting term, allowing us to select,
in the over-parametrized family, a parsimonious model structure. Define

y=1[y(1) - y(m)]", &z =[z1 - x,]", and
w(l)* w(1)nw
¢ = : :
w(m)al w(m)anw

The objective we consider is of the form

=[]

where o > 0, A € R with A > 0 (component-wise), and |z| denotes a vector
whose entries are the absolute values of the entries in x. We define, for

notational compactness,
F o P - 1Y T i
il PR H R

+ AT ()
2
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where qNSi, i=1,...,n, denotes the i-th column of ®, and e; is the i-th vector
of the standard basis of R"™. The objective thus becomes

fl@) =[Pz —glla + AT |a]. (6)

Note that AT |z| is a weighted £;-norm. Vector \ is thus a penalty factor
which quantifies the tradeoff between the accuracy objective ||®z — 7|2 and
the term AT ||, which is a proxy for sparsity in the solution, see [13] 31}, 9, 6].
Clearly, for A = 41 (where 1 is a vector with all entries equal to one), and
o = 0, the rsqrt-LASSO problem coincides with the standard sqrt-LASSO.
The use of the sparsity promoting term AT |z| instead of the standard term
v||x||1 allows for more flexibility, in problems where the entries of x have
different scales. The regularization parameter ¢ > 0 is introduced to improve
the numerical conditioning of the problem, guaranteeing (if o > 0) that ®
has full rank, and that the ¢» term of the objective remains differentiable
for all x.

We hence consider the following two optimization problems, which we
name regularized square-root LASSO (rsqrt-LASSO)

p" = min f(z), (7)

and nonnegative regularized square-root LASSO (nnrsqrt-LASSO)

L= min f(a), 5)
where R} = {x € R" : x > 0} (the inequality is component-wise). The first
model can be used for polynomial model identification, and the second one
for posynomial model identification (the focus in this paper is on this latter
case).

As already mentioned, the solutions of the optimization problems @
and tend to be sparse, i.e., to have only a few non-zero components.
This important feature is produced by the ¢; term, which is able to select
among the large set of monomials only those which are relevant to explain
the data. Indeed, the ¢1-norm is the convex envelope of the ¢y quasi-norm,
a quantity defined as the number of vector non-zero elements, which is com-
monly used to measure vector sparsity. Minimizing the ¢;-norm allows one
to approximately minimize the ¢y quasi-norm, and thus to maximize the
coefficient sparsity [13, BI, O [6]. While the ¢y quasi-norm is non-convex
and its minimization is a NP-hard problem, the ¢1-norm is convex and its
minimization can be performed quite efficiently. Conditions under which



the #; minimization problem provides a maximally sparse solution, i.e., a
solution of the corresponding {o minimization problem, are given, e.g., in
[22]. Note that the sparsity property is important also to allow an efficient
implementation on real-time processors, which may have limited memory
and computational capacity [23].

Remark 1 Notice that the cardinality n of the set S,, and hence the di-
mension of the decision vector x, may be very large, since it is given by
the product of the cardinalities of Q;, for j = 1,...,n,. For this rea-
son, although the two previous problems are standard convex optimization
problems, they may not be practically solved using standard interior-point
methods for convex optimization. Actually, in some cases, even just stor-
ing in memory the data matrix ® may be unfeasible due to dimensionality
issues. 0

In the following sections, we describe a simple scheme for solving both the
unconstrained and the constrained versions of the regularized sqrt-LASSO
problem, based on a two-phase procedure. In the first phase, we apply a
feature elimination step to eliminate a-priori all variables that are guaran-
teed to be zero at optimum, thus possibly reducing the dimensionality of the
problem. In the second phase, we apply a coordinate-descent scheme to the
reduced problem, in order to find the optimal solution. This latter phase is
based on the fact that we can find in “closed form” an optimal solution to
the univariate restriction of the above problems.

We shall assume throughout that y # 0, since for y = 0 the optimal
solution of both problems , is trivially «* = 0.

3 Dual formulations and feature elimination

We next derive dual formulations of the rsqrt-LASSO and nnrsqrt-LASSO
problems, and then show how a feature elimination condition is obtained
from these dual formulations.

3.1 Dual of the rsqrt-LASSO problem

We here derive a dual formulation for problem (7). To this end, we first recall
the definition of dual norm: if || - || is a vector norm, then the corresponding

dual norm is defined as

|||, = max v'z.

[vll<1



It is well known, for instance, that the dual of the #5 norm is the 5 norm
itself, and that the dual of the /., norm is the ¢; norm, and vice versa.
Therefore,

@z —jllo = max u' (Px — 7).
l[ufl2<1

Also, one can readily verify that
n
Mz| = \i|zi| = max vz
o= 3 A =

We can thus rewrite problem as

* = min max u' (Px—§) +v .

I e Y

Then, a standard saddle-point result (see, for instance, Sion’s theorem, [15,
28]), prescribes that we may exchange the order of min and max in the
previous expression without changing the optimal value, whence

o= max  min u' (Pz — )+ .

[Jull2<1,|v|<A\ z€R™

Notice further that the infimum over z € R” of the term (u'® + v ')z is
—00, unless the coefficient ' ® + v is zero, hence

p* = max —u'
w
st ®Tu+v=0
Jull2 <1
lv| < A.

Eliminating the v variable, we obtain the following formulation for the dual
of problem

p* = max —u'g 9)
u
st flufz <1
piul < N, i=1,...,n. (10)



3.2 Dual of the nnrsqrt-LASSO problem

The derivation of the dual for the nnrsqrt-LLASSO problem (8)) follows similar
lines, noticing that, for > 0, we have AT|z| = ATz, hence

* T - T
pL = max minu (Px—g)+ A x
e ) ’

and the infimum over z > 0 of the term (u'® + A7)z is —oo, unless u ' ® +
AT >0, thus

p = max —u'y (11)
u
s.t. lull2 <1
dlu+X>0, i=1,...,n. (12)

3.3 Safe feature elimination

In this section we analyze the dual formulations of problems , , in order
to derive a simple sufficient condition that permits to predict when an entry
x; is zero at optimum, and hence to eliminate a priori some features (i.e.,
columns of i)) from the problem. This type of condition, first introduced by
[11] in the context of the standard LASSO problem, is named safe feature
elimination. Observe that

mox (670 = = || 2

flull2<1

2
Therefore, if for some i € {1,...,n} it holds that

I

then the corresponding constraint in , as well as in , will certainly
be satisfied with strict inequality, that is, it will be inactive at the optimum.
This means that it can be safely eliminated from the dual optimization
problem, without changing the optimal objective value. Defining

2
= [[6ill3 + 0 < A
2

FO)={i: i3 +0” 2, i=1,...,n},
we thus have that
p* = max —u'g (13)
st lull2 <1
|67 ul < Ay i€ F(N),



which is the dual of the “reduced” primal problem
pr= m{in 1@ — dill2 + XTI, (14)

where @ F(\) Is a matrix containing by columns vectors q;i, i€ F(N),and ¢ is
a decision variable vector, having dimension equal to the cardinality of F(\).
In other words, the features x; in the primal problem corresponding to
indexes 7 in the set £(A\) complementary to F(\), defined as

EN ={i: ol +0* <X, i=1,...,n},
are certainly zero at the optimum, that is

lgill3+ 02 <X = af

. =0. (15)
Similarly, we have that
p} = max —u'g (16)
s.t.: lull2 <1
dlu+ N >0, i€ F(N),

is the dual of the “reduced” primal problem

* s T - T
P = min 1P r0)E — Flla + AT [E]- (17)

3.3.1 When is x =0 optimal?

Point z = 0 is optimal for problem (7) if and only if p* = ||g||2, which
is equivalent to v = —g/||7||2 being optimal (hence feasible) for the dual
problem. This happens if and only if

that is, since ¢; § = ¢, y, ||7ll2 = ||yll2, if an only if

Similarly, point = = 0 is optimal for problem if and only if p% = ||7]|2,
which is equivalent to u = —g/||g||2 being optimal (hence feasible) for the
dual problem, which happens if and only if

6L g < il i=1,....n,
or, equivalently,

¢1Ty < Xllyll2, i=1,...,n.

10



4 Univariate solution of rsqrt-LASSO and nnrsqrt-
LASSO

Consider the following rsqrt-LASSO problem with a single scalar variable z:

min f(x
z€R gexr — 9

where \,0 > 0, ¢ € R™,y € R™, £ € R" are given, and e is a vector of all
zeros, except for an entry in generic position ¢, which is equal to one, and
correspondingly we postulate that & = 0, thus it holds that e' ¢ = 0. We

set for convenience ¢
SRS ~ . | Y
=1 2 e (18)

Thus, the problem rewrites to

+ Az,

min f(z) = ||z — g2 + Az|. (19)
TzER

We assume that § # 0 and ¢ # 0, otherwise the optimal solution is simply
x = 0. Let us define . -
¢y ¢y

ol l1l3 + 0%’

which corresponds to the solution of the problem for A = 0. The following
theorem holds.

Ty =

Theorem 1 Consider problem (@, with § #0, ¢ #0, A > 0.
1. z* =0 is an optimal solution for (19) if and only if
6751 < Mgl

(notice, in particular, that if |p|la < A, then the above condition is
certainly satisfied, hence x* =0).

2. If 1679 > Mjll2 (hence ||¢lla > A), then the optimal solution of (@

s given by
B 131311513 — (57 7)° ”
e ||¢|2\/ 18112 = ' 20

11




Proof. The problem is convex but nonsmooth, hence we write the optimal-
ity conditions in terms of the subdifferential of the objective:

0 € df(x) = gz — gll2 + Az,

where
i 91 (gz—9) if bz —§#£0
Ngx —gll2 = gz — 7|2 ;
{679+ lgll2 <1} if gz —5 =0,
B sgn (x) ifx#0
Ozl = { {v: v <1} ifz=0.

For point 1. we thus check under what conditions 0 is contained in the
subdifferential of f at x = 0, that is

x* = 0 is optimal

.
0 € af(0) = {fﬁTf’ T, o] < 1}.

Since the term A\v may take any value in the interval [\, A], it follows that
the above condition is satisfied if and only if [¢'§|/||7]l2 < A, which proves
the first part of the theorem. Also, since by the Cauchy-Schwartz inequality
it holds that

0751 < 16ll213ll2,

it is clear that ||¢[lz < A implies 1675 < A||g||2, hence the optimal solution
is certainly zero when ||¢[|2 < A.

Consider next the case when the optimal solution is nonzero, i.e., when
167 9] > A||7]l2, thus ||@]2 > X. We initially assume for simplicity that ¢ and
y are not collinear, so that &x—gj # 0 for all z; later we show that the derived
solution is still valid if this assumption is lifted. With this assumption, and
since x # 0, we have that

o
xisoptimal <& 0=0f(z)= w + Asgn (z),
[z — g2
that is, since ||¢z — §||2 # 0, for
¢ (¢ — §) = =g — gll2sgn (). (21)

12



All solution to this equation are also solutions of the squared equation
(6" bz —¢'§)* = N6z — 3, (22)
which is a quadratic equation in x, equivalent to:
1811316115 = A*)2? — 26 §([I8]13 — A*)z + (679)* = A||3]l3 = 0.
The roots of this equation are in
. \/%2 _@Ti)? — Xll3
Iol3(l2l13 — A?)

Observe that the term under the square root is nonnegative, since

B Ol ) 1 S AR ) B AL e 1
1130813 =22~ llgl*  1GIBIBIE - »2)

X 61l — (67 5)

1913 193016153 - »2)

)

where, under the conditions of point 2., |3 — A* > 0, and [|@|3]|7]5 —
(&ng)Q > 0, by the Cauchy-Schwartz inequality. Further, § > 0 is smaller
in magnitude than 1,2, since the condition |¢'§| > A||7[2 implies that
2152 — 6 > 0. It follows that the sign of x4+ = x5+ V4 is the same sign of x4
(since adding +v/9 to x5 cannot change its sign). Then, plugging = + x4
into equation , we have the left-hand side

Il52+ — &7 = [IBlI3(z1s £ VE) — $T§ = V6
and the right-hand side
—A| s — Gllasen (w+) = Az — §llasen (z1s).

Thus, sign consistency is obtained by choosing the solution with “+” when
Tis is negative, and with “-” when x5 is positive. In conclusion, the unique

solution to eq. is given by

x (19131513 — 672
1013V le13 -2

which is the expression we wished to prove.

" = x5 — sgn (x15) ,

13



It only remains to be proved that the above expression is still valid also
when § and ¢ are collinear. In this case, since 012119113 = (67 9)2, eq.
gives " = x5, and we have that ¢pz* —y = 0. Let us check that this solution
is indeed optimal. The subdifferential of f at x* # 0 such that ¢z* — § =0
is

Of(5*) = {67 + Asen (=*), llgl < 1},

and we see that 0 € df (z*) if ||¢||2 > A, which is indeed the condition under
which the expression for z* holds. O

4.1 Univariate solution of nnrsqrt-LASSO

The solution of the univariate nnrsqrt-LASSO problem in the scalar variable
T
min f(z) = [[¢x — gll2 + Az, (23)
>0

can be readily obtained from the solution of the corresponding unconstrained
problem , by the following reasoning. Since is a convex optimization
problem in one variable and one linear inequality constraint, its optimal
solution is either on the boundary of the feasible set (in this case, at = =
0), or it coincides with the solution of the unconstrained version of the
problem. Thus, we solve the unconstrained problem : if this solution
is nonnegative, then it is also the optimal solution to ; if it is negative,
then the optimal solution to is = 0. Since the sign of the solution of
is simply the sign of qETyj, we can state the following theorem.

Theorem 2 Consider problem , with § #0, ¢ #0, A > 0.

1. =¥ =0 is an optimal solution for if and only if
6T 5 < Alglla-

2. Otherwise, the optimal solution of s given by

e [Id0Ba — G o
RN lolz—» 24

Remark 2 For the specific structure of gg and g in , we have that

7 T~ T ~
1915 = llelz + 0% &'g=20"y, |9l15 = Ilyl3 + I&]I3,

14



and the solutions in theorems [1|and [2 can be expressed accordingly in terms
of Ty, |oll2, [|yll2, ||€]l2, and o, X. In particular, the condition for 2 = 0

being optimal becomes
-
6"yl < M/ llyl3 + 11113,

which, in particular, is satisfied if ||¢[|3 + o < A2

Notice further that ¢z — g = 0 for x = 0, since we assumed ¢ # 0, and that,
for 0 > 0, ¢z — § # 0 also for = # 0, since the i-th entry of £ is zero by
definition. Therefore, for o > 0, the f2-norm part of the objective is always
nonzero, and hence differentiable. O

5 Sequential coordinate descent scheme

We next outline a sequential coordinate-descent scheme for the rsqrt-LASSO
problem @ Suppose all variables z;, j € {1,...,n} \ i, are fixed to some
numerical values, and we wish to minimize the objective in @ with respect
to the scalar variable x;. We have that

filws) = 1) djai —glla+ Y Mgl
j=1 j=1

[ @si — G(i) 2 + Ml + D Alal,
J#i

where we defined §(i) =9 —>_, ¢jx;. We thus have that
x} = arg ming, fixy)
= argming, [|¢iz; — (i) + Alzil,

where the minimizer ] is readily computed by applying Theorem

A sequential coordinate-descent scheme works by updating the variables
x; sequentially, according to the above univariate minimization criterion.
The scheme of the algorithm is as follows.

1. Initialize (®) = 0 (an n-vector of zeros), k = 1;

2. Fori=1,...,n, let

xgk) = argming, f(xgk), - ,x&)l, Zq,
k—1 k—1
xEH ),...,3:1(1 ));

15



3. If stopping criterion is met, finish and return z(*), else set k + k + 1,
and goto 2.

The detailed data management involved in applying this scheme to our spe-
cific problem is described in Section

Remark 3 As a stopping criterion, one may use a standard check on suf-
ficient progress in objective reduction, or the approach described in Sec-
tion [5.1} based on the evaluation of a lower bound on the duality gap. O

Remark 4 Observe that, due to Theorem [I] all variables z; for which
|dillz < Ai are never updated by the algorithm, i.e., they remain fixed
at their initial zero value. The inner loop on ¢ can thus be sped up by con-
sidering only the indices i such that ||¢;|2 > A;, which can be determined a
priori (feature elimination). O

Remark 5 The same coordinate-descent scheme can be used also for solv-
ing the nnrsqrt-LASSO problem , by using the result in Theorem |2| for
updating the i-th coordinate. O

Convergence of the proposed scheme is established in the following the-
orem, which is a direct consequence of a result in [32].

Theorem 3 (Convergence) For o > 0, y # 0, the sequential coordinate
descent algorithm converges to an optimal point, for both the rsqrt-LASSO
and the nnrsqrt-LASSO problems.

Proof. The function f(z) in (b)) that we minimize using coordinate descent
is convex and composite:

f(z) = fo(z) + Zwi(%‘)a

where 1); are convex and nonsmooth. In the unconstrained case, we have
¥;(x;) = A\i|x;|. The constrained case, where z; > 0, can also be tackled as
an unconstrained one, by considering ©;(x;) = A\;|x;| + I+ (x;), where I (x;)
is equal to zero if z; > 0 and it is +oo otherwise. Further, the function
fo(x) = ||®2 — |2 is convex and, for ¢ > 0 and y # 0, it is differentiable
over all z € R™. Since the objective we minimize satisfies the hypotheses
of Theorem 5.1 in [32], convergence of the sequential coordinate descent
algorithm to an optimal point is guaranteed for both the rsqrt-LASSO and
the nnrsqrt-LASSO problems. U

16



5.1 Dual-bound based stopping criterion

Inspecting the primal and dual problems , @D, we see that if z* is primal
optimal, then the dual-optimal variable u must be

ut = 721) z —NQ .
[P — g2
This suggests considering, for the candidate solution z(*) at iteration k of

the algorithm, an associated vector

bk _ g
B = gk k) = 2T Y

7 [D2®) — g5’
where ~
1 if |&Tak)| <X
(k) _ ,
a = min ————  otherwise.
 leram)

Such u®) is, by construction, feasible for the dual problem @, hence

~12 _ ~T& (k
40 = Ty g 83— g7 e
|2z ) — 7]l

is a lower bound on the primal optimal value p*, that is d®) < p* < pk),
where p) = f(a:(k)). As z(®) converges to z*, u¥) should converge to u*
and d®) to p*. Hence, if at iteration k it holds that

o) ) < ¢,

we can terminate the algorithm with a solution z(*®) that guarantees e-
suboptimality.

An analogous approach can be followed for determining a dual lower
bound for the nnrsqrt-LASSO problem . The only difference is in the
choice of a®) | which is now given by

1 if dTak) > )\
alk) = i

min otherwise.

{i:gT at <-2} | a¥))|

5.2 Data management and cost per iteration

We next analyze in more detail the data management and the computational
cost per iteration of the coordinate-descent scheme.
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5.2.1 Variable update

Suppose we have a current value of z and we want to update the i-th coor-
dinate of . Suppose further that the following quantities are available:

h = &'y

c = |irll3,
where }

r=o&x—y

is the current value of the residual vector (as we shall see, we do not need
to store r: only h and ¢ need be updated). We set up the univariate mini-
mization problem B

min ¢z = §(i)l2 + Ailz];

where
§i) = G- ;= dimi — (dx — )
J#i
= qZN)zl’z —T.

Notice that all we need in order to compute the optimal coordinate z*, by
applying Theorem (1| (or Theorem [2| in the nonnegative constrained case) is
the following data:

5T30) = 1603 — i
1G5 = |ldill327 + ¢ — 22;h,.

Therefore, we find the optimal z*, and we update the solution x to
Ty =x+e(2" —x;) =+ €0,

where §; = z*—x;. Also, we update the data necessary for the next iteration.
Since

ry = Qxp—j=r+did,
we have that
e = |lryll3 = e+ [|6ilI367 + 26ihs,
hy = ®'rp=h+o ¢

Then, we let ¢ <~ ¢+ 1, h < hy, ¢ < ¢4, < x4 and iterate. The whole
process is initialized with z =0, h = —® ", ¢ = |73

18



5.2.2 Storage and computational cost per iteration

Let us define the kernel matrix K € R™" and the projected response vector
qgeR"

K = o"d =K+,
g = d'g=0aTy,

where K = &' ®. Initialization of the coordinate descent method requires
h = —q, and ¢ = ||y||3, as described previously.

For updating the i-th variable, the method does not necessarily need
to store or access the whole kernel matrix K. Indeed, computing the i-th
optimal update just requires access to ||¢;||3 = Ki;, and O(1) operations.
Then, the update of the h vector requires access to the i-th column of K,
and then n operations for computing h .

The storage requirement of the method is thus essentially given by keep-
ing in memory h € R" and 2 € R™, so it is O(n), if K is not stored.
Evaluating the i-th column of the kernel matrix requires O(mn) operations,
unless the values of the kernel can be obtained directly (i.e., without actu-
ally performing the inner products (ﬁiT ¢;), as it is the case, for instance, for
polynomial kernels.

6 Numerical examples

6.1 Example 1: posynomial with negative and non-integer
exponents

As a first numerical experiment, we have considered the problem of identi-
fying the posynomial function 1° : R® — R defined as

V0 (w) = wiPwi 4+ 2wiwg ! + 3w + 4wSwy *ws, (25)

which contains monomials with negative and non-integer exponents.

A set © = {y(k) = ¢°(w(k)) + e(k), w(k)};-, of m = 600 input-output
data points has been generated from , for randomly chosen values of w;
in the interval [0.2,3.2], for ¢ = 1,2, 3. The sequence e(k) has been generated
as a Gaussian noise with zero mean and a noise-to-signal standard deviation
ratio of 1%.

The exponent sets

Q1 =1{0,05,...,3.5,4}
Q2 =1{-2,-1.9,...,3.9,4}
Q3 ={-1,0,...,3,4}

19



09

0.8-

0.7

In(y)=-2.1282
o6l ()

05

RE error

04t
03l In(y)=-2.8974
0.2t

0.1f In(y)=-4

In(y)=—4.8205

0 1 2 3 4 5 6 7
cardinality

Figure 1: Example 1. Pareto trade-off curve.

have been assumed. For m = 600 and for this exponent set, ® results to be
a 600 x 3294 matrix.

We set A\; = 7| @[3, i = 1,...,3294, and o = min; \;/10. Tt has been
observed in several numerical experiments that this choice is effective to
penalize monomials with large powers. We considered several values of =,
logarithmically spaced in the interval [107°,1072]. For each value of +, the
optimization problem has been solved using the approach described in
Sections Then, the following quantities have been recorded:

e the cardinality (i.e., the number of nonzero entries) of the solution z
of the optimization problem ;

e the relative error RE = ||[®x — y|l5 / [|yllo-

Figure[I]shows the Pareto trade-off curve, reporting the RE values versus the
solution cardinality. Based on this curve, the parameter value v = 10~ has
been chosen, since providing the best trade-off between the model complexity
(measured by the cardinality of x) and its accuracy (measured by the relative
error RE). The model identified with this value of v is given by

Y(w) = 0.99wiSws + 1.99wiwg ! + 2.94w3? + 4wdSwy ?ws.

It can be noted that the identification algorithm has been able to recover
the “true” monomials and to accurately estimate the coefficients of these
monomials. The model is compared with the “true” posynomial in Figure
where some sections of the two functions are shown.
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In order to validate the identified model (supposing that the “true” func-
tion was not known), a new set of 600 data has been randomly generated
from , where the same intervals for w; and the same type of noise and
have been considered (although using noise free data for the validation would
have allowed us to assess the quality of the model more accurately, here we
used noise corrupted data to be closer to a real situation). The relative error
obtained by the model on this validation data is RE = 0.012.

Then, two Monte Carlo simulations have been performed, each consisting
of 100 repetitions of this data generation-identification-validation procedure.
Noise-to-signal standard deviation ratios of 1% and 3% have been considered
in the two simulations, respectively. In the first one, the nnsqrt-LASSO
algorithm has been able to find the “true” monomials 97% of times; the
average relative error RE = 0.011 on the validation data has been obtained.
In the second one, the “true” monomials have been recovered 67% of times;
the average relative error RE = 0.021 on the validation data has been
obtained.

We next discuss a few relevant aspects related to the identification pro-
cess.

The safe feature elimination discussed in Section 3.3 reduced the number
of columns of ¢ from 3294 to 2587 (average value obtained in the two Monte
Carlo simulations), suggesting that this elimination phase can be useful in
practical large-scale problems.
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The time taken for applying the safe elimination and solving the opti-
mization problem with the approach described in Sections is about
91 seconds on a PC with a Core i7 processor and a RAM memory of 8GB
(average time obtained in the two Monte Carlo simulations).

6.2 Example 2: identification of airfoil drag force

As a second numerical experiment, we have considered the problem of iden-
tifying a posynomial model for the drag force (per unit length) of a NACA
4412 airfoil.

This force can be evaluated as a function of the air flow density p, the
wing chord 7, the incidence angle 6 and the flow velocity v, that is

FD = wo(w)

where w = [pn 0 v]T. No analytical expression is available for this function.
The values ¢°(w) can be obtained via simulations based on CFD (computa-
tional fluid dynamics), by integration of the Navier-Stokes equations. Each
evaluation is numerically very costly, thus it is of interest to obtain a simple
model for Fp, to be used, for instance, in a later stage of system evaluation
or design.

In this example, we identified a posynomial model for the drag force of
the airfoil, from data obtained from the CFD simulations. The posynomial
form is important since it allows the application of geometric programming
algorithms, which in turn allow for efficient optimization of the airfoil char-
acteristics, see, e.g., [14].

A set © = {y(k) = ¢°(w(k)),w(k)};~, of m = 50 input-output data
points has been obtained, for randomly chosen values of p, 1, 6 and v in the
intervals shown in Table [l

PARAM. | Minimum | Maximum | Dimension
p 0.039 1.2250 [kg/m3]
n 0.1 1 [m)]
0 -5 10 [deg]
v 0 40 [m/s]

The exponent sets

Table 1: Parameter intervals considered in the CFD simulations.

Qj:{_27_1303172},jzl,...,4.
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Figure 3: Example 2. Pareto trade-off curve.

have been assumed, following the approach described in Section [2.1l This
choice has been made after a preliminary trial and error process. For m = 50
and for the exponent sets , ® results to be a 50 x 625 matrix.

We set for simplicity A = 1, 0 = v/10, and we considered several values
of v, logarithmically spaced in the interval [1,10°]. For each value of v,
the optimization problem has been solved using the approach described
in Sections For each value of v, the following quantities have been
recorded:

e the cardinality (i.e., the number of nonzero entries) of the solution x
of the optimization problem ;

e the relative error RE = || Pz — y”z / H?JHQ

Figure[3|shows the Pareto trade-off curve, reporting the RE values versus the
solution cardinality. Based on this curve, the parameter value v = 785 has
been chosen, since providing the best trade-off between the model complexity
(measured by the cardinality of x) and its accuracy (measured by the relative
error RE).

In order to verify the reliability of an identified model, we carried out
a leave-one-out (LOO) cross validation, on a subset of the available data.
In particular, we used for cross validation data points w(j) that lie within
0.75% from the boundary of the the hyperrectangle defining the minimum
and maximum deviation for each parameter (as defined in Table [I). This
was done to avoid points near the boundary of the w domain, which are too
close to the non-explored region.
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For each pair (y(j),w(j)) in the LOO validation set, a posynomial model
has been identified from the data set © \ (y(j),w(j)). This model has then
been tested on the single datum (y(j),w(j)), and the relative error v; =
ly(5) —9(9)|/llyrooll2 has been evaluated, where §(j) is the output provided
by the model, and ||yrool|2 is the Euclidean norm of the vector with entries
y(j), for j in the validation set. The accumulated relative error is given by

AFE = | /Zj 1/]2. In our experiment, with v = 785, we obtained AE = 0.25.

This value appears to be quite low: a model identified using the proposed
approach is able to approximate the unknown function quite accurately, even
if only 50 points are used to explore its 4-dimensional domain.

The same LOO validation has been performed considering v = 1438 and
v = 127, obtaining AF = 0.38 and AFE = 0.25, respectively. The model
identified using v = 785 has thus the most advantageous trade-off between
complexity and accuracy. This model is given by

Y(w) = 9034077?12 + 3?440,01)2 + 36465P77112 + x565p2v2

where 2340 = 1.2746 x 1074, 2440 = 3.5469 x 1073, 2465 = 2.8703 x 1074, and
o565 = 5.0722x10~* (the units of these coefficient can be inferred from Table
. It is interesting to note that a dependence of the drag force on the square
velocity has been found by the algorithm and this result is consistent with
the well-known drag equation. No significant dependence on the incidence
angle # has been observed. A possible interpretation for this latter result
is that the range considered for 6 is not sufficiently large compared to the
ranges considered for p, n and v (see Table |1) and, consequently, the force
variations due to 6 are negligible with respect to those produced by the other
three parameters.

We next discuss a few relevant aspects related to the identification pro-
cess.

The safe feature elimination discussed in Section 3.3} reduced the number
of columns of ® from 625 to 222 (this latter is the average value obtained
in the LOO validation), suggesting that this elimination phase can be quite
useful in practical large-scale problems.

The time taken for applying the safe elimination and solving the opti-
mization problem with the approach described in Sections is about
0.35 seconds on a PC with a Core i7 processor and a RAM memory of 8GB
(average time obtained in the LOO validation).

Acknowledgments: We thank Valentina Dolci (Politecnico di Torino)
for providing us with the fluid dynamic simulation data used in the example.
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7 Conclusions

An approach for the identification of posynomial models has been presented
in this paper, based on the solution of a nonnegative regularized square-root
LASSO problem. In this approach, a large-scale expansion of monomials is
considered and the model is identified by seeking coefficients of the expansion
that minimize an objective composed by a fitting error term and a sparsity
promoting term. A sequential coordinate-descent scheme has been proposed
to solve the nnrsqrt-LASSO problem. This scheme guarantees convergence
to a minimum of the objective function and is suitable for large-scale im-
plementations. Two numerical examples have finally been shown to demon-
strate the effectiveness of the approach. The first one regards identification
of a posynomial with negative and non integer exponents; the second one is
about identification of a posynomial model for a NACA 4412 airfoil.

References

[1] A. Babakhani, J. Lavaei, J. Doyle, and A. Hajimiri. Finding globally
optimum solutions in antenna optimization problems. In IFEFE Inter-
national Symposium on Antennas and Propagation, 2010.

[2] C.S. Beightler and D.T. Phillips. Applied geometric programming. Wi-
ley, New York, 1976.

[3] M. Bonin, V. Seghezza, and L. Piroddi. NARX model selection based
on simulation error minimisation and LASSO. IET Control Theory and
Applications, 4(7):1157-1168, 2010.

[4] J.M. Boone, T.R. Fewell, and R.J. Jennings. Molybdenum, rhodium,
and tungsten anode spectral models using interpolating polynomials
with application to mammography. Medical Physics, 24(12):1863-1873,
1997.

[5] S.P. Boyd, S.J. Kim, D.D. Patil, and M.A. Horowitz. Digital circuit op-
timization via geometric programming. Operation Research, 53(6):899—
932, 2005.

[6] E.J. Candes and T. Tao. Near-optimal signal recovery from random
projections: Universal encoding strategies? IEEE Transactions on
Information Theory, 52(12):5406 —5425, dec. 2006.

25



[7]

8]

[15]

[16]

M. Chiang. Geometric programming for communication systems. Com-
mun. Inf. Theory, 2:1-154, 2005.

W. Daems, G. Gielen, and W. Sansen. Simulation-based generation
of posynomial performance models for the sizing of analog integrated
circuits. IEEFE Transactions on Computer-Aided Design of Integrated
Circuits and Systems, 22(5):517-534, 2003.

D.L. Donoho, M. Elad, and V.N. Temlyakov. Stable recovery of sparse
overcomplete representations in the presence of noise. IEEE Transac-
tions on Information Theory, 52(1):6 — 18, jan. 2006.

R.J. Duffin, E.L. Peterson, and C. Zener. Geometric programming:
theory and application. Wiley, New York, 1967.

L. El Ghaoui, V. Viallon, and T. Rabbani. Safe feature elimination for
the LASSO and sparse supervised learning problems. Pacific Journal
of Optimization, 8(4):667-698, 2012.

J. Fan and 1. Gijbels. Local Polynomial Modelling and its Applications.
Chapman & Hall, 1996.

J.J. Fuchs. Recovery of exact sparse representations in the presence of
bounded noise. IEEE Transactions on Information Theory, 51(10):3601
—3608, oct. 2005.

W. Hoburg and P. Abbeel. Geometric programming for aircraft design
optimization. In 8th AIAA MDO Specialist Conference, Honolulu, HI,
USA, 2012.

H. Komiya. Elementary proof of sion’s minimax theorem. Kodai Math.
J., 11:5-7, 1988.

S.L. Kukreja, J. Lofberg, and M.J. Brenner. A least absolute shrinkage
and selection operator (LASSO) for nonlinear system identification. In
14th IFAC Symp. on System Identification, pages 814-819, Newcastle,
Australia, 2006.

I. Lebert, V. Robles-Olvera, and A. Lebert. Application of polynomial
models to predict growth of mixed cultures of pseudomonas spp. and
listeria in meat. International Journal of Food Microbiology, 61(1):27—
39, 2000.

26



18]

[21]

[22]

I.J. Leontaritis and S.A. Billings. Input-output parametric models for
non-linear systems - part i: deterministic non-linear systems. Int. J.
Control, 41:303-328, 1985.

I.J. Leontaritis and S.A. Billings. Input-output parametric models for
non-linear systems - part ii: stochastic non-linear systems. Int. J. Con-
trol, 41:329-344, 1985.

C. Liu. Gabor-based kernel pca with fractional power polynomial mod-
els for face recognition. IFEE Transactions on Pattern Analysis and
Machine Intelligence, 26(5):572-581, 2004.

M. Milanese and C. Novara. Set membership identification of nonlinear
systems. Automatica, 40/6:957-975, 2004.

C. Novara. Sparse identification of nonlinear functions and parametric
set membership optimality analysis. IEEE Transactions on Automatic
Control, 57(12):3236-3241, 2012.

C. Novara, L. Fagiano, and M. Milanese. Direct feedback control design
for nonlinear systems. Automatica, 49(4):849-860, 2013.

T. Pulecchi and L. Piroddi. A cluster selection approach to polynomial
NARX identification. In American Control Conference, pages 852-857,
New York City, USA, 2007.

L. Quanhong and F. Caili. Application of response surface methodology
for extraction optimization of germinant pumpkin seeds protein. Food
Chemistry, 92(4):701-706, 2005.

S.S. Sapatnekar, V.B. Rao, P.M. Vaidya, and S.M. Kang. An exact
solution to the transistor sizing problem for CMOS circuits using con-
vex optimization. IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems, 12(11):1621-1634, 1993.

J.I. Schmidt, S. Evans, and J. Brinkmann. Comparison of polynomial
models for land surface curvature calculation. International Journal of
Geographical Information Science, 17(8):797-814, 2003.

M. Sion. On general minimax theorems. Pacific J. Math., 8:171-176,
1958.

W. Spinelli, L. Piroddi, and M. Lovera. A two-stage algorithm for struc-
ture identfication of polynomial NARX models. In American Control
Conference, pages 23872392, 2006.

27



[30] R Tibshirani. Regression shrinkage and selection via the Lasso. Royal.
Statist. Soc B., 58(1):267-288, 1996.

[31] J.A. Tropp. Just relax: convex programming methods for identifying
sparse signals in noise. IEEFE Transactions on Information Theory,
52(3):1030 —1051, mar. 2006.

[32] P. Tseng. Convergence of a block coordinate descent method for nondif-
ferentiable minimization. J. of Optimization Theory and Applications,
109(3):475-494, 2001.

[33] D. Wilde. Globally optimal design. Wiley interscience publication, 1978.

28



	1 Introduction
	2 Identification of posynomial models
	2.1 Model setup
	2.2 Square-root LASSO formulation of the identification problem

	3 Dual formulations and feature elimination
	3.1 Dual of the rsqrt-LASSO problem
	3.2 Dual of the nnrsqrt-LASSO problem
	3.3 Safe feature elimination
	3.3.1 When is x=0 optimal?


	4 Univariate solution of rsqrt-LASSO and nnrsqrt-LASSO
	4.1 Univariate solution of nnrsqrt-LASSO

	5 Sequential coordinate descent scheme
	5.1 Dual-bound based stopping criterion
	5.2 Data management and cost per iteration
	5.2.1 Variable update
	5.2.2 Storage and computational cost per iteration


	6 Numerical examples
	6.1 Example 1: posynomial with negative and non-integer exponents
	6.2 Example 2: identification of airfoil drag force

	7 Conclusions

