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Algorithm to find new identifiable
reparametrizations of parametric rational ODE
models

Nicolette Meshkat, Alexey Ovchinnikov, and Thomas Scanlon

Abstract— Structural identifiability concerns the ques-
tion of which unknown parameters of a model can be recov-
ered from (perfect) input-output data. If all of the parameters
of a model can be recovered from data, the model is said to
be identifiable. However, in many models, there are param-
eters that can take on an infinite number of values but yield
the same input-output data. In this case, those parameters
and the model are called unidentifiable. The question is
then what to do with an unidentifiable model. One can try
to add more input-output data or decrease the number of
unknown parameters, if experimentally feasible, or try to
find a reparametrization to make the model identifiable.
In this paper, we take the latter approach. While existing
approaches to find identifiable reparametrizations were lim-
ited to scaling reparametrizations or were not guaranteed
to find a globally identifiable reparametrization even if it ex-
ists, we significantly broaden the class of models for which
we can find a globally identifiable model with the same
input-output behavior as the original one. We also prove
that, for linear models, a globally identifiable reparametriza-
tion always exists and show that, for a certain class of
linear compartmental models, with and without inputs, an
explicit reparametrization formula exists. We illustrate our
method on several examples and provide detailed analysis
in supplementary material on github.

Index Terms— Parametric ODE Models, Parameter Identi-
fiability, Input-output Equations, Differential Algebra

[. INTRODUCTION

Structural (local) identifiability is a property of an ODE
model with parameters

#(t) = f(z(t), @, u(t))
y(t) = g(x(t), &, u(t)),
as to whether the parameters & can be uniquely determined
(or determined up to finitely many choices) from the inputs %
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and outputs ¢ of the model. If a parameter is not locally iden-
tifiable, then it is not possible to estimate its numerical values
from measurements of the outputs. Non-identifiability occurs
rather frequently in models used in practice [1]. Therefore, it is
important to develop theory and algorithms that can eliminate
non-identifiability. Achieving only local identifiability for a
model (finitely many parameter values fit the data) can still
be problematic for many algorithms and software packages
for parameter estimation. This is because these algorithms
typically cannot find all of the multiple parameter values that
fit the data, and multiple values can fit into the physically
meaningful ranges [1]. As a result, errors in such methods can
easily be much higher than for globally identifiable models,
see the locally identifiable Biohydrogenation, Mammillary 4,
and SEIR models in the tables in [2]. Therefore, it is im-
portant to find a globally rather than just locally identifiable
reparametrization.

In this paper, we discuss closely related properties called
global and local input-output (IO) identifiability, which con-
cern determining the parameters from IO-equations, i.e. the
equations relating the inputs and the outputs obtained by
eliminating the state variables [3], [4], [5], [6]. Global (resp.,
local) 10-identifiability and global (resp., local) identifiability
are not logically equivalent. However, there are sufficient
conditions for the equivalence, see [7], which can be checked
algorithmically and often (but not always) hold in practical
models.

We propose a new method of reparametrizing an ODE
model to achieve at least local structural IO-identifiability
of the parameters of the reparametrized system. Whenever
possible within the framework of our approach, this allows us
to find a globally IO-identifiable reparametrization. However,
there are ODE models for which no globally 10-identifiable
reparametrizations exist regardless of the approach taken, see
[8, Section IV.A]. MAPLE code for our illustrating examples
can be found in [9]. We also prove a new general result
that, for linear models with or without inputs, a globally 10-
identifiable reparametrization always exists. Additionally, for a
class of linear compartmental models with and without inputs,
we obtain explicit reparametrization formulas.

Identifiability of the initial conditions of a model, which is
related to observability of the state variables, is also important.
There is a new approach being developed and tested via simpli-
fying Lie derivatives to find globally observable reparametriza-
tions [10]. Reparametrized models in this approach are
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differential-algebraic systems, i.e. are of the form (1) with pos-
sible additional polynomial constraints. Our algorithm cannot
tackle state observability because state variables do not appear
in the 10-equations. However, reparametrized models in our
approach are of the ODE form (1).

Efficient algorithms are available for finding scaling [11]
or, more generally, linear reparametrizations [12], [13]. Fur-
ther refinements are available for scaling reparametrizations
of linear compartmental models [14], [15]. Several ap-
proaches have been proposed for producing locally identifiable
reparametrizations [16], [17], [18], which succeed in finding
nontrivial parametrizations for models from the literature
but are not guaranteed to produce a reparametrization if
it exists. Another recent approach [8] gives an algorithm
for reparametrizing the model preserving its structure: the
reparametrized system has the same number of equations and
state variables as the old system and the monomials in the
new system are obtained from the monomials of the old
system by replacing the old state variables with the new state
variables. This approach has shown to be practical in many
cases. However, it has a noticeable drawback. In particular, the
requirement in [8] to preserve the structure can result in not
being able to find a globally I0-identifiable reparametrization
when it exists; see [8, Section IV.B] or Section E from our
paper for examples, which is a limitation of that approach
that we do not have in our proposed approach.

The paper is organized as follows. In Section II, we state
the reparametrization problem precisely. Basic definitions,
including 10-identifiability, are given in Section III. Our main
algorithm is in Section IV. We illustrate the algorithm in
Section V using toy models, a Lotka-Volterra model with
input, a chemical reaction network model, a biohydrogenation
model, which is rational (non-polynomial), a bilinear model
with input, and a linear compartmental model for which
no scaling reparametrization exists. In Section VI, based
on our algorithm, we establish the existence of globally
IO-identifiable reparametrizations for linear models, and we
also provide new general explicit reparametrization formulas,
which we discovered using our software.

Il. PROBLEM STATEMENT
Given an ODE system

_, o
DI SA @)
v =gz, a,u),
where f and g are rational functions over Q(&), find 3 in the
algebraic closure of Q(&) and @ in the algebraic closure of
Q(z,a,u,a,u”,...) such that
o there exist ', G in Q(w, B, a,d’,d",...) with |F| = |o|
and |G| = |y| (we write |F'| for the length of the tuple
F) such that

3)
We will denote this system by 2(5).

e all parameters (5 in 3(5) are at least locally IO-
identifiable and

o the 10-equations of (@) and X(3) are the same.

Sometimes in the literature, the ground field is taken to be
C, R, or Q instead of Q. The reader may substitute these larger
fields for Q everywhere in this paper. We prefer to work with
the rational numbers as they are more amenable to machine
computations.

[1I. DEFINITIONS AND NOTATION

In this section, we recall the standard terminology from dif-
ferential algebra that is used in working with IO-identifiability.
1) A differential ring (R,’) is a commutative ring with a
derivation ' : R — R, that is, a map such that, for all
a,be R, (a+b) =a +V and (ab)’ = a’b+ ab'.

2) The ring of differential polynomials in the Varlables
Z1,...,T, over a field K is the ring K[ | 1>
O 1 <5< nJ with a derivation defined on the ring

by (z §z ) := 2" This differential ring is denoted by
K {9:1, . zn}

3) An ideal I of a differential ring (R,’) is called a
differential ideal if, for all a € I, a’ € I. For F C R,
the smallest differential ideal containing the set F is
denoted by [F].

4) For an ideal I and element a in a ring R, we denote

I:a® ={recR|3:a'recl}).

This set is also an ideal in R.

5) Anideal P of a commutative ring R is said to be prime
if, for all a,b € R, if ab€ P thena € P or b € P.

6) Given X as in (2), we define the differential ideal of X
as

Iy = [Q@E@ - f),Q(y — 3)] : @ C Q(a){z,y, u},

where @ is the common denominator of f and g. By
[19, Lemma 3.2], Iy, is a prime differential ideal.
7) A differential ranking on K{xl, ..., &y} is a total order
>on X = {x( 2 |i>20,1< n} satisfying:
o forall x € X, o' >acand
o forall z,y € X, if z >y, then 2’ > ¢/.
It can be shown that a differential ranking on
K{xy,...,z,} is always a well order. The ranking is
orderly if moreover for all 4, j, 01, and 09, if 01 > 09,
then 93(01) > z(%?)
8) For f € K{z1,...,z,}\K and differential ranking >,

o lead(f) is the element of {x( 2 [i>0,1<j<n}
appearing in f that is max1mal with respect to >.

o The leading coefficient of f considered as a poly-
nomial in lead(f) is denoted by in(f) and called
the initial of f.

o The separant of f is #g(f)’
of f with respect to lead(f).

o The rank of f is rank(f) = lead(f)%®eacn /.,

e For S ¢ K{x1,...,2,}\K, the set of initials and
separants of S is denoted by Hg.

o for g € K{zy,...,2,}\K, say that f < g if
lead(f) < lead(g) or lead(f) = lead(y) and
deglead(f) f < deglead(g) g.

the partial derivative



9) For f,g € K{x1,...,2,}\K, f is said to be reduced
w.r.t. ¢ if no proper derivative of lead(g) appears in f
and deglead(g) f < deglead(g) g.
A subset A C K{x1,...,2,}\K is called autoreduced
if, for all p € A, p is reduced w.r.t. every element of
A\ {p}. One can show that every autoreduced set has
at most n elements (like a triangular set but unlike a
Grobner basis in a polynomial ring).
Let A = {A;,...,A,} and B = {By,...,Bs} be
autoreduced sets such that A; < ... < A, and By <
... < B,. We say that A < B if

e 7> s and rank(4;) = rank(B;), 1 < i < s, or

« there exists ¢ such that rank(A,) < rank(B,) and,

for all 4, 1 < i < g, rank(A;) = rank(B;).

An autoreduced subset of the smallest rank of a differen-
tial ideal I C K{z1,...,z,} is called a characteristic
set of 1. One can show that every non-zero differential

10)

11

12)

ideal in K{x1,...,x,} has a characteristic set. Note
that a characteristic set does not necessarily generate
the ideal.

Definition 1 (10-identifiability): The smallest field k£ such
that

e QCkcCQ(&) and

o Iy NQ(a){y,u} is generated as a differential ideal by

Is N k{g, ﬂ}
is called the field of globally 10-identifiable functions. In
differential algebra, such a field k is called the field of
definition of the ideal Is; [20, page 125].

We call h € Q(&) globally I0-identifiable if h € k. We also
call h € Q(a) locally I0-identifiable if h is in the algebraic
closure of the field k.

Remark 1: By [21, Theorem 19], IO-identifiability is equiv-
alent to multi-experimental identifiability [21, Definition 16].
The latter is built using the notion of identifiability, which can
be stated using the language of algebra [21, Definition 7] or
in a more analytic way [19, Definition 2.5].

Definition 2 (10-equations): Given a differential ranking
on the differential variables y and u, the 10-equations are
defined as the monic characteristic presentation of the prime
differential ideal Iz NQ(a&){y, u} with respect to this ranking
(see [7, Definition 6 and Section 5.2] for more details).
For a given differential ranking, such a monic characteristic
presentation is unique [22, Theorem 3].

Let 3 generate the field of globally IO-identifiable functions
of the parameters. The tuple 5 can be computed as the
set of coefficients of input-output equations, which are a
canonical (still can depend on the choice of ranking on the
variables) characteristic set of the projection of (2) to the
(u,y)-variables [7, Corollary 1]. On a computer, this can be
done, for instance, in MAPLE using RosenfeldGroebner
or ThomasDecomposition. An implementation that fur-
ther simplifies (3 is available at https://github.com/
pogudingleb/AllIdentifiableFunctions as a part
of [21].

IV. MAIN ALGORITHM

We break down our approach into the following several
steps, which we describe and justify in detail in Theorem 1:

1) Find input-output equations, view them as algebraic
equations F, and compute the rational parametrization
of the variety V' defined by (E) : Hy induced by the
Lie derivatives of the output variables.

2) Create a polynomial system of equations based on
the computed parametrization whose solutions provide
another rational parametrization of V' but now over (the
algebraic closure of) the field of identifiable functions.
Pick a solution, and therefore, a locally 10-identifiable
rational parametrization of V. Whenever it exists, pick
such a solution that results in a globally IO-identifiable
rational parametrization of V.

3) Reconstruct a locally (or globally if it exists) IO-
identifiable ODE system from the new rational
parametrization, cf. [23].

4) By comparing the two rational parametrizations of V,
find the corresponding change of state variables using
Grobner bases.

Theorem 1: There is an algorithm solving the local 10O-
identifiable reparametrization problem from Section II for
system (2), whose detailed steps are given in the proof.
Furthermore,

e as in [8, Theorem 1], if the sum of the orders with
respect to the y-variables of the IO-equations is equal
to the dimension of the model, the state variables of
the reparametrized system can be expressed as algebraic
functions of Z and &.

o If the ODE system (2) has a globally IO-identifiable
reparametrization whose Lie derivatives have monomial
support being a subset of the monomial support of the
Lie derivatives for (2), then we can find this globally 10-
identifiable reparametrization of (2).

Proof: We follow the four steps outlined above.

1) Rational parametrization of I0-equations. By com-

puting Lie derivatives of g,. .. g™ using (2), for each
1, We can write ygz) as a rational function

hs,i (1%7 d7 ﬁ, e 7@("))
_ Zmeh{l m(O_Z) *Ps,m (f, 1_1,7 - ,ﬂ(’)) (4)
> ments M) - s (2,1, ..., 0)
for some sets M; and M; of polynomials m in the
indeterminates &, where I are the variables from Z that

explicitly appear in the Lie derivatives for 7, ..., 5™,
and the p’s and ¢’s are polynomials over Q. Let

}/S (67:&7"')@(7’5)’@)"'

,dMUZQ 1<s< |y

&)
be the input-output equations E with respect to an
orderly ranking on Q{7y}, where here we write |g|
for the length of the tuple of variables y. Note that
the rational functions h ; considered as functions from
the affine space Al*l with & coordinates to the affine
(n1+ ...+ njy)-space is a unirational parametrization
over Q(B)(@), h : Al*l — V, of the affine variety V
defined over Q(3)(w) by the input-output equations: V'
is the zero set of the ideal

IV = (E) : H]%o
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2)

3)

Since Is: is a_prime differential ideal, the differential
ideal Ix, N Q(B){y,u} is prime. Since F is a character-
istic set of Iy N Q(B){y,u}, we have

I NQBN{y,u} = [E] : HE .

By Rosenfeld’s lemma from differential algebra [20,
Lemma IIL.8.5], the polynomial ideal Iy, is prime as
well, and so V' is an irreducible affine variety.

If |2] = dimV, define & := Z. If |£] > dimV/, then
we look for a linear change of variables £ = AZ for
some matrix A over Q of rank dim V' defining a linear
map L : AYmYV 5 Al#l 5o that ho L : AM™V
V' is a unirational parameterization of V. On general
grounds, almost any A works. Indeed, the condition is
rank(dh o A) = dimV, where dh is the differential of
h.

We then have

ni+. .4y = trdeg Q(@)(7, a)/Q(@) (@) = |#. (6)

Let M = {ma,...,mg}. Note that

Y; (Ba gv ) g(n~)7 ﬂa s 7ﬂ(n5)) |gj(i):hsyi,1<i§ns =0
(7

holds for all s, 1 < s < |g].

Rational parametrization over identifiable parame-

ters. Consider the new indeterminates z1, .. ., 2, and the

rational functions

H,i(Z,&,4,...,0") = he,

L(2)=&, mj=z;,1<j<q»

where 0 < ¢ < n,. Consider the system of polynomial
equations (after clearing out the denominators)

Yo(B,Haoy- s Ho oy .., 0™) =0

®)

in the variables z1,...,z,. It follows from (7) that the
system has a solution in Q(&). Since the coefficients of

the system belong to Q(f3), it has a solution ¥ in the
algebraic closure of Q(5).
Identifiable ODE realization of the I10-equations

given the new rational parametrization. Consider now

HS,O(:Yvwaﬂ)v"'aHs,n3(75w7a7"'7a(nS))7 (9)
in which we replaced Z by the new indeterminates w,

and try to find an explicit ODE system (cf. [23])

*(n+1))
U

) ) 10
) (10

so that the input-output equations of (10) coincide
with (5) as follows by making sure that (9) are the Lie

derivatives of y. We have

H H
Hl,l _ g/ _ Hi,o _ 867;;0 ’lf)/ 88;,0 1_1,/
0H1 O0H, _,
= ? F ?
oo " Tow "

H17’I’L1 = y(nl) = H]/_7n171

_ 8H1,’I’L171 —
 Ow

O0Hy ., —
w/+z gﬂl lﬂ/

Define an (n; + ... + ng|)-vector

Hii—>
Hl,nl -

EIREDY

H

glimyg)

and an (ng + ... +npy) X

n  OHin -1 = (i+1)
> ico u

- 2o

n aHl,o ,a(z_l,_l)
i=0 9

ou®)

n OHjg.0 ~(i+1)
i=0 o U

8H\?7|‘"‘g‘—1

Fro) ,L—L(i+1)

|w|-matrix (see (6))

dH =

T
8H, o OH1 ny—1 0H\5/.0 OH 5| nq—1
BE Bty ey e

Then the above translates into a linear system in F":

dH-F =H.

What if det dH is zero? Then go back and choose a dif-

ferent tuple 4 satisfying (6)
0

and additionally det dH #

4) Corresponding change of variables. This step is done

as [8, Section III, step 4],

which computationally is:

solving the system of polynomial equations (after clear-

ing out the denominators)

Hs,i = hs,i

L(z)=2% for .

This can be done, for instance, by doing a Grobner basis
computation with an elimination monomial ordering.

Remark 2: In all of our examples from Section V, it was
possible to express the w-variables as rational functions of the
original state variables and parameters. However, for some
examples, more general algebraic functions are required for
this change of variables — see Section H.

V. EXPLAINING THE APPROACH USING EXAMPLES

In this section, we illustrate our approach using a series
of examples, intentionally beginning with toy linear models
to show the basics first. The non-linear examples are Lotka-
Volterra models with input, a polynomial chemical reaction
network model, a rational (non-polynomial) biohydrogenation



model, and a bilinear model with input. We also include a
linear compartmental model with input, for which the prior
method of finding scaling identifiable reparametrizations failed
but our more general method succeeded. We end the section
with an example in which radicals appear in the change of
variables.

A. Turning local into global identifiability

Consider the system

xh = axy,
xhy = bxo, (11
y=r + T2,

and so T = (z1,22), § = y, and @ = (a,b). There is no .
The input-output equation is

y' —(a+b)y +ab-y=0. (12)

Therefore, 3 = (a + b,a - b) and the identifiable functions are
K :=Q(a+b,a-b), and so a and b are algebraic of degree 2
over K, therefore, are only locally identifiable. The approach
from Section IV will proceed as follows. For i = 0,1, 2, we
will compute 3 as a function h;(x1, 22, a,b):

ho(x1,x2,a,b) = x1 4 =2,

(13)

<

"= hy(x1,22,a,b) = x| + 25 = axry + bxa,
1 h ( 1

" " 2 2
o1, 22,0a,b) = 27 + x5 = a*x1 + b xa,

<
|

and so & = (v1,22), T = 4, and M = {1,a,b,a?,b?}. The
equations (13) induce the following parametrization of the
plane induced by (12), where, since the equation is linear,
(E): HyY = (E):
Yo —(a+b)Y1 +ab- Yy =0,
YO = + o,
Y1 = ax1 + bxo,

Yy = a’xq + blas.

(14)

We now define
Hy = zywy + zwa,

Hy = z3wy + z4wa, (15)

H2 = Z5W1 + ZgW2.

and search for a reparametrization of (14) of the form defined
by (15):
(zsw1 +26wa) — (a+b)(z3w1 + z4w2) +ab(z1 w1 +z2ws) = 0,
arriving at the following solution set in the z-variables:

z5 = —abzy + (a + b)z3, 2z = —abza + (a + b)z4.

This solution set has 4 free variables, zi,...,z4. For the
simplicity of the next steps, let us make the following choice:

2’1:1, 2’2:0, 2’3:0, 2’4:1,

which we can adjust later if necessary if the choice makes the
next steps degenerate (a non-degenerate choice always exists

according to Section IV). So, we have z; = —ab and 2z =
a + b, which turns (15) into

HO = w1y,

Hy = wo, (16)

Hy; = —abw; + (a + b)ws.
We now construct an ODE realization of (14) from
parametrization Yy = Hy,Y; = H;,Ys = Hy from (16) using
the following equations:
wy = Hy =y,
w) = Hy =y = Hy = s,
wy=H, = () =y" = Hy = —abwy + (a + b)w,.
Thus, we finally have
wh = wa,
wh = (a4 b)ws — abw,
Yy =wq,

We now find the conversion from the xz-variables to the w-
variables:

wy = Ho =Yy =21 + %2,
w2:H1 :Yl :(L.’El-l-bl'g.

B. Making choices for the non-vanishing of det dH

Consider the system

x] = axs,
xh = bxy, 17)
Yy=1=,

so T = (x1,22), ¥ = (y), & = (a,b), and we have no u. The
input-output equation is

y' —ab-y=0. (18)
Therefore, 3 = (ab) and ab is globally identifiable but
neither a nor b is identifiable. Following the approach from

Section IV, let us begin by computing Lie derivatives of ¥.
We have

ho(x1,22,a,0),= 21,

y' = hi(z1,22,0,b) = o) = axy, (19)
y" = hao(z1,22,0,b) = 2 = azy = abx;.
We have & = (x1,22), £ = &, and M = {1,a,ab}.

Equations (19) induce the following parametrization of the
plane defined by the input-output equation, where, since the
equation is linear, (E) : Hy = (E):

Yo —ab-Yy =0, (20)

Yo =,

Y1 = awxs,

Yo = abx;.

We now define

Hy = 2wy,
Hy = zws, (21)
Hy = z3w;.



and search for a reparametrization of (20) of the form defined

by (21):
zzwy — abzywy = 0,

arriving at the following solution set in the z-variables: z3 =
abzy. This solution set has 2 free variables, z; and z5. For the
simplicity of the next steps, let us make the following choice:
z1 = 1,29 = 0, which we can adjust later if necessary if
the choice makes the next steps degenerate (a non-degenerate
choice always exists according to Section IV). So, we have
z3 = ab, which turns (21) into

Hy = wn,
H, =0, 22)
HQ = abwl.

We now construct an ODE realization of (20) from
parametrization Yo = Hy, Y1 = H;,Ys = Hy from (22) using
the following equations:

y = Hy = ws,
w) = H)=vy = H, =0.
However, we cannot find an ODE for wy because it does not

appear in the H;’s. So, let us instead choose a non-zero value
for z5, e.g., zo = 1. Then we have

Hy = wy,
Hy = ws, (23)
Hs = abw;.
and so we obtain:
y = Ho = w,

wy = Hy =y = Hy = wo,
wh=Hi = (y) =y’ = Hy = abuw;.

Thus, we finally have

/
wy = wa,
wh = abwy,
Yy = wy,

We now find the conversion from the x-variables to the w-
variables:

wy = Hy =Yy = =1,
Wy = H1 = Y1 = ary.
C. Lotka-Volterra examples with input

Consider the system

x) = axy — brizs + u,

xh = —cxg + dry e, 24)
Yy=x

with two state variables & = (z1,22), four parameters & =

(a, b, c,d), one output § = y, and one input & = u. The input-

output equation is

yy// _ y/Q _ dy/y2 _|_ cyy/ _|_ uy/

+ ady® + duy® — acy® —u'y — cuy = 0. (25)

So, we have that the field of IO-identifiabile functions is
Q(d,c,ad,ac) = Q(a,c,d). A computation (in MAPLE)
shows that (E') = (E) : Hg® in this case. The Lie derivatives
of the y-variable are as follows:

Yy =2,
"= —bxix9 + ax+u,
L 26)
y' =u —bdrire — buze + au
+ (beg + (—2a + ¢)bxs + a2) 1
We then have & = & = (x1,z2), and we now define
Hy = zywy
Hy = zowiwsg + z3u + z4w
1 2W1 W2 3 4W1 27

2 2
Hy = zswiwy + zgwiw; + 27uws + 2gwiws
/
+ 2ou + z10U + zZ11W1

Making the substitution y = Hy,y' = Hy,y" = Hs into (25),

we obtain the following polynomial system in zq, ..., 21;:
7d2%22 + 2125 = 0
adz} —dz3z4 =0
2126 — z% =0
Ccz120 + 2128 — 22429 = 0
—duz?z3 — acz? + duz? + cz12
1~3 1 1 1<4 (28)

+z1211 — zZ =0
uz127 — 2uz329 + uzg =0
(cuzz — cu+u'z10 — ')z
+u(zg — 22324 + 24) =0
—u?z2 +u?z3 =0

In the above, u and u’ are considered to be in the ground field
for solving purposes, so these do not vanish. Also, if z; = 0,
then (27) is degenerate. So, we may assume that z; # 0. To
preserve input, we may also assume z3 # 0 (so, z3 = 1).
Solving system (28) in MAPLE with these assumptions, we
arrive at the following solution set, in which z1, 27, 219 play
the role of free variables:

2 2
o =22127, z3=1, za=az, 2z5=dziz;, % = 2127,

1 _ !
28 = (20 — c)z127, 29 = aut i~z ( #10)u )
u

zZ11 = a221.
Choosing (since, for us, it is sufficient to pick a solution)
z1 = z7 = z19 = 1, we obtain
Zo=z23=26=1, 24 =29 = a, 25 = d, 25 = 2a—c, z11 = a°.
Substituting into (26), we obtain
HO = wq,
Hy = (a4 wo)wy + u,
Hs = dwiws + (w3 + (2a — c)ws + a®) w1 + (a + wa)u + .
With the above, we now solve
y = Hy = w,
w) = HY,
(wiwz + awy)’ = Hy = H,.



and obtain the following reparametrized system
wh = awy + wiws +u
wh = —cwsy + dwiws
and to find the variable conversion, we solve the system
x1 = ho = Ho = wy,
—bxixo + axy +u = hy = H = wiws + awy + u,

(we omitted the the equation with H, because the first two
were already sufficient, and the additional one is too big
to display and does not change the outcome) finding the

following:
wy; = Ty,
Wy = —bl‘g.

Here is another Lotka-Volterra model with input [24]

(29)

x} = axy — brixe + uzy,

xh = —cxg + dx129 + uTa,

Y =2
We omit the details because they are mostly the same as in the
previous Lotka-Volterra model. The globally IO-identifiable
parameters are a,d,c. According to our code, the same
change of variables (29) results in the following globally IO-
identifiable reparametrization:

wh = awy + wiws + vwy,

wh = —cwsy + dwjws + uwa,

Yy =wi.

D. Chemical reaction network example
Consider the following example based on [25, Example 5]:
x) = (2ky + ka)ad — (ko + 2ke)2? + (ks — k3)x170,
th = —af,
Yy =x.
Our calculation in MAPLE shows that
(4k; + k3 + 2kq — ks5)®
2k1 + ky ’
(8kg + 16kg)k1 + (4ko + 8kg)ky + (k3 — ks)?
2k1 + ky ’
generate the field of globally 10-identifiable functions. And,

using our code, we obtain the following reparametrized model
equations with globally [10-identifiable parameters:

) (4k1tks+2ka—ks)? o

wy = 2k1+ky Wy
_(8k2+16k6)k1+(4k‘2+8k5)]€4+(k‘3—k5)2 w2
4(2k1+k‘4) 1>
o (30)
wh=g
Yy=w

and the following linear change of variables resulting in (30):

w; = Ty,
B ks — ks
w2 = 2(4k1 + ks + 2ky — k5)x1 3D
2k1 + ky

T Ak + kg + 2k — kg 2

E. Biohydrogenation model
Consider the following rational ODE model

, k‘5$4
.fL'4 - — 5
ke + x4
, ksay k7xs
5 = - ,
ke + x4 ks + x5+ 76
. kows ko (k1o — z6)
6 ks + x5 + wg 96 k1o ’
k1o — 6
xh = kngGT,
10
Y = T4, Y2 = Ts,

(see [26, system (3), Supplementary Material 2], initial condi-
tions are assumed to be unknown, the choice of outputs is as in
https://maple.cloud/app/6509768948056064).

We have z = (.134,.235,1‘6,1‘7), y = (y1,y2), a =
(ks, ke, k7, ks, ko, k10), and there is no @. Our MAPLE code
shows that the field of globally IO-identifiable functions is
generated by

k}5, k‘g, k7, AZ:kg, B:=—

We can see from this list that all parameters in this model
ks,...,kyo are at least locally IO-identifiable. Therefore, the
approach from [8] will leave this model as is, and so will not
improve the identifiability properties of the model. In what
follows, we will show how our approach makes the model
globally 10-identifiable. Our MAPLE code then finds that the
resulting reparametrized system is

w) k il
= —Rs
! ke 4+ w1’
’ ((k5 — k7)w2 + k5w3)w1 — k6k7w2
w2 == )
(w2 +w3) (kg + w1) .
, %wzwgfc'wzwgﬂr(MJﬂw)wz«F%wngwg«kwwg
ws = wa+tws
Y1 = Wi, Y2 = W2
(32)
under the following change of variables:
w1 = T4,
w2 = Ts,

w3 = k8+x6'

Using SIAN [27], we have also checked to see that all param-
eters (and initial conditions) in (32) are globally identifiable.
The algorithm from [8] cannot find this reparametrization
because it has a different structure, e.g., a smaller number
of state variables, among other things.

F. Bilinear model with input
Consider the model [28, Example 1]:

Ty = —p171 + p2u,

Ty = —p3T2 + pau,

xy = —(p1 + p3)w3 + (paw1 + pawa)u,
Yy = 3.

)


https://maple.cloud/app/6509768948056064

Our computation shows that the globally 10-identifiable func-
tions are p1ps, p2pP4, 1 + p3 and that the following change of
variables

W1 = P22 + Pali,
= —p1P2Z2 — 2p1paT1 — 2p2P3x2 — P3Pati,

w3 = T3
results in the following reparametrized globally IO-identifiable
ODE system:

wy = (p1 + p3)wy + 2papau + wo,
wh = (=2pf — 5p1ps — 2p3)wi
—3papa(p1 + p3)u + (—2p1 — 2p3)wa,
wy = —(p1 + p3)ws + vw,
Y= ws

On the other hand, if one follows the algorithm from [8],
one would arrive at the following system of equations and
inequations in the unknowns py, p2, p3, p4:

P1P3 = P1Ds,

P2P4 = P2,

p1+p3 = p1+ps,

P1P2ps — p2p3pa # 0.
with solutions sought over the algebraic closure of the field
Q(p1p3,p2pa,p1 + p3). This system does not have solutions
over Q(p1ps, p2ps, p1 + p3) and the method from [8] would
just pick a value for ps, say, po = 1, and so py = pap4. Thus
the method from [8] would arrive at the following ODE model,
which is locally but not globally I0-identifiable:

= —p1w1 +u,

Wy = —P3W2 + P2pal,

—(p1 + p3)ws + (p2pawr + wo)u,
Y = ws.

w3:

Here the limitation of [8] that prevents the method from
achieving global IO-identifiability is the requirement to
keep the same monomial structure in each equation of the
reparametrized vs. original ODE model, cf. [8, Section IV.B].

G. Linear compartmental model with input

We consider a model that does not have an identifiable
scaling reparametrization according to [14] and thus could not
be reparametrized using that approach. We, however, are able
to find a linear reparametrization using our approach.

Ty = anz + a1222 + g
/
Ty = Q2279 + 23T
/2 22%2 2373 (33)
T3 = a31T1 + 3272 + a33x3
Yy = I1.

The I0-equation is
y""—(a11+ax+ass)y”+((a11+azs)aze+a11as3—azszasz)y’

+ (—a11a22a33 + a11a23a32 — A12023031)Y

— uf + (a2 + agz)u) + (—agzass + aszaza)uy = 0.

The coefficients of this equation generate the field of glob-
ally IO-identifiable functions. After simplifying these gen-
erators using https://github.com/pogudingleb/
AllIdentifiableFunctions, we obtain

a11, 12023031, G22 + 433, (22033 — G23032

as generators of the field of globally IO-identifiable functions.
To reparametrize (33), our next step is to find the Lie deriva-
tives, which are:

Yy =1,
Y = a1121 + araz2 + ug,
y' = a§1$1 + a11a12%2 + A12G22T2 + A12a23T3 + U + a11u1,
y" = (0?1 + a12a23a31) 71
+(CL%1CL12 + anaizagg + a12a§2 + a12a23a32) T2
+(a11a12a23 + a12a22a23 + a12a23a33) T3

/" / 2
+uy +ajiuy +ajjug,

which, with undetermined coefficients, takes the form
Hy = w2,
Hy = zouy + 23wy + z4wa,

H2 = zZzu1 + Zﬁull + zrwi + 2gw2 + Z9Ws3, (34)
Hs = ziou1 + z11u) + z12uf
+ z13w1 + 214W2 + 215W3.
Since the 10-equation F is linear, (E) = I : Hg, so we will
be substituting the above H’s into E to obtain the following
system of linear equations in 21, ..., 215, which we solve and
obtain

215 = (@11 + a2 + ass)zo,
214 = (a23a32 — a11G22 — 11033 — a22a33)z4
+(a11 + a2 + ass)zs,
213 = (11022033 — a11023032 + a12a23031)21
—(ar1a22 — ar1a33 — azeasz + az3a32)23
+(a11 + age + asz)zr
Z12 = — ((a11a22 + a11a33 + G22033 — A23a32)U1 22
/
—(a11 + a2z + asz)(u125 + ujz6) + (asase — azass)uy
! 1 "
+(z11 + a2 + as3)u; + w1210 — u1>/u1,

with z1,..., 211 being free variables. We choose the following
values for the free variables:

21 =20 =24 =26 = 29 = 210 = 211 = 1,
2
23 = %5 = 28 = 11, <7 = Qqq.

Substituting this entire solution in (34) and using the relation-
ship H) = Hy, H{ = H,, H), = Hj3, we obtain the following
reparametrized system:

w’l = a11W1 —+ w2 —+ U1

wh = ws

/
wy = a12a23a31W1 + (23032 — az2a33)w2 + (a22 + azz)ws,

Y1 = wq.


https://github.com/pogudingleb/AllIdentifiableFunctions
https://github.com/pogudingleb/AllIdentifiableFunctions

We find the resulting (non-scaling) linear reparameterization:

w; = 71,
W2 = G1272,
W3 = a12022%2 + 41202373

by setting equal (34) with the found z-values to the Lie
derivatives and solving the resulting equations for wy, wa, ws.

H. Radicals in the change of variables

We now present an (artificially constructed) example of a
rational ODE model for which, in our method, the expressions
for w in terms of the original state variables and parameters
involve radicals (see Remark 2). Consider the ODE model

2y = b%z1 + ab(x + x2),

o= 22 — b(23 + 22) — V> (V%1 + ab(2d + 22))
2 = )

ab(2zxq + 1) (%3)

Yy=2x1.
The I0-equation of this system is
ay// 4 y/ _ ay2 _ b2y =0.

Therefore, the identifiable functions of the parameters are
Q(a, b?). The Lie derivatives are:

Yy =,
Y = b%xy + ab(x3 + x2),

1

y' =% — b(x3 + x3).

(36)

To clarify, this example was manufactured by considering
these Lie derivatives first:

Yy =2,

y' = b%z1 + abxs,

y" = 22 — bay,

and then replacing x5 by 23+ to obtain (36). A computation
in MAPLE now shows that the following is a family of
identifiable reparametrizations of (35):

w) = b?wy — z—ia(wg + ws),

. brzwy —wizf — zowa(wy + 1) (ab® + 1)
Wao =

2 20a(2wg + 1) ’

where z; and 2, are any non-zero elements of Q(a, b?), which
originates from the following set of Lie derivatives

Yy = zwy,

y/ = z1b2w1 — Zza(wg + 'LUZ) (37

" 2,,2 2
Yy = 2wy + zo(w3 + we).

Following our usual procedure to find the change of variables,
we equate (36) and (37) and solve for w obtaining:

T
w1 ]
Z1
y — 29 £ /25 — 4b(23 + 72) 22
2 =
22’2 ’

which stays radical for any non-zero choices of z; and 2z from

Q(a, b?).

VI. LINEAR MODELS

In this section, we focus on finding globally 10-identifiable
reparametrizations of linear ODE models. Theorem 2 gives
a general existence result of such reparametrizations based
on analyzing our algorithm. Theorems 3 and 4 provide
explicit globally IO-identifiable reparametrization formulas
for linear compartmental models with single and multiple
outputs, respectively. In these results, there are no inputs.
However, they provide a basic approach that we then use to
find identifiable reparametrizations for systems with inputs
as follows. Theorem 5 provides an explicit globally IO-
identifiable reparametrization formula for a special case of
linear compartmental models with a single input and output
in the same compartment. Each of these explicit results is
preceded by small examples that we calculated using our
software and that gave a hint on what the general result should
look like.

A. General existence result

Theorem 2: Every model (2) in which f and § are linear has
a globally IO-identifiable linear reparametrization obtained by
a linear change of variables. Moreover, this reparametrization
can be found using the algorithm from Section IV.

Proof: Since f and g are linear, the 10-equations are
linear in ,%,...,5™), and so the corresponding variety V
is a hyperplane. The Lie derivatives of y are also linear in &
(though could be non-linear in &, like in (13)). The embedding
L from step | is linear. Since the coefficients of the monomials
in the Lie derivatives are replaced by new indeterminates,
the resulting system (8) is linear in the unknowns z1,..., 24

(and is also consistent), and so it has a solution ¥ in Q(f)
itself (without taking the algebraic closure). Since Q(f3) is the
field of globally IO-identifiable functions, 7 is globally 10O-
identifiable.

With this solution 7, the algorithm then proceeds to con-
struct an ODE realization with the new Lie derivatives. This
step is done by solving a consistent system of linear equa-
tions, and so the result is an ODE system with globally 10-
identifiable parameters. Finally, the change of variables from
the original Z to the new w is linear as it can be found by
setting the old and new expressions of the Lie derivatives of
7,7, ...,9"™, which are all linear (in Z and @, respectively).

|

B. Linear Compartmental Models

Definition 3: Let G be a directed graph with vertex set V'
and set of directed edges E. Each vertex ¢ € V corresponds
to a compartment in our model and an edge 7 — ¢ denotes a
direct flow of material from compartment j to compartment <.
Also introduce three subsets of the vertices In, Out, Leak C
V' corresponding to the set of input compartments, output
compartments, and leak compartments respectively. To each
edge j — 4, we associate an independent parameter a;;, the
rate of flow from compartment j to compartment . To each
leak node ¢ € Leak, we associate an independent parameter
ag;, the rate of flow from compartment ¢ leaving the system.



We associate a matrix A, called the compartmental matrix
to the graph and the set Leak in the following way:

—Q0i = D i ke Oki if i =7 and ¢ € Leak

A = - Zk;erE AL ifi=7and i ¢ Leak
) ay if j — i is an edge of G
0 otherwise

Then we construct a system of linear ODEs with inputs and
outputs as follows:

z(t) = Ax(t) + u(t) yi(t) = x;(t) for i € Out  (38)
where u;(t) = 0 for ¢ ¢ In. The resulting model is called a
linear compartmental model.

For a model as in (38) where there is a leak in every
compartment (i.e. Leak = V), it can greatly simplify the
representation to use the fact that the diagonal entries of
A are the only places where the parameters ag; appear.
Since these are algebraically independent parameters, we can
introduce a new algebraically independent parameter a;; for
the diagonal entries (i.e. we make the substitution a;; =
—@0i = Y ik Oki) tO get generic parameter values along
the diagonal. Identifiability questions in such a model are
equivalent to identifiability questions in the model with this
reparametrized matrix.

We will be considering graphs that have some special
connectedness properties. We define these properties now.

Definition 4: A path from vertex 7, to vertex ip in a
directed graph G is a sequence of vertices ig, 1, %2, ...,
such that ;41 — 4; is an edge for all j = 0,...,k — 1.
To a path P = ig,11,19,...,1;, wWe associate the monomial
a¥ = a;yi, @i iy - @i, i,» Which we refer to as a monomial
path.

Definition 5: A directed graph G is strongly connected if
there exists a directed path from each vertex to every other
vertex.

C. Linear models without inputs

In this section, we give a general technique to reparameter-
ize a linear model without any inputs, but with one or more
outputs. The techniques we use in this section will be used to
prove a special case for linear models with inputs.

Example 1: Consider the following model:

T1 = a1171 + a12T2 + a1373
Ty = an1T1 + AT + A2373
T3 = az171 + azeT2 + azzr3
Y1 =1
Here the identifiable functions are
a1 + ag2 + ass,
— @11022 — (11033 + G12021 + G13A31 — (22033 + (23032,

(11022033 — 611023032 — (33012021 + 612023031

+ a13032a21 — 022013031

as these are the coefficients of the characteristic polynomial
(up to sign). Using the linear reparameterization:

X1 =T
X2 = a1 + a1272 + 41373
X3 = (af; + arzaz1 + aizazi)w
+ (a11a12 + a22012 + a13a32) T2

+ (a11a13 + a12a23 + a13a33) T3
we obtain the following reparameterized system:

X=X,
X, = X3
X3 = (a11a22a33 — Q11023032 — (33012021 + Q12023031
+ ai13azea01 — a22a13a31)X1
+ (—a11a22 — ar1ass + ai2a21 + aizas;
— a22a33 + G23a32) X2
+ (@11 + agz + azz) X3
1) Reparametrization formula for linear systems with one
output: We will now derive an explicit formula for globally
IO-identifiable reparametrization of a linear ODE system with
one output.

Theorem 3: Consider a linear

= (z1,...,Tpn):
T =Ax
y1 =1 = Cx,

where the graph corresponding to A is strongly connected and
there is at least one leak and C' is the matrix where the (1,1)
entry is 1 and all other entries are zero. Then using the linear
reparameterization X = PZ given by:

system over

Xi=x

D (i-1) .
Xi:Zplj Tj, 1=2,...,n,
i=1

where pgij_l) is the sum of all monomial paths of length 7 — 1
from j to 1,
pgij_l) = Z A1ky Qky ko ** " Qlyj
length=:i—1

we get a reparameterized globally IO-identifiable (and, by [29,
Theorem 1] globally identifiable as well) ODE system:

X1 =X>
Xo = X5
: (39)
Xno1 = Xn
Xn =—cX1—1Xo—...—ch_1X,

where ¢; is the n — it" coefficient of the characteristic

polynomial of A, ¢ = 1,...,n. The matrix P is the n X n



observability matrix:

C
CA

CAn—l
Proof: A direct calculation shows that

(

™ e "V 4t oo =0 (40)

is the IO-equation of (44). This can be shown using the
Laplace Transform/Transfer Function approach (see [30] for
more details). This input-output equation is irreducible and of
minimal order by [31, Theorem 3]. Notice the reparameterized
system can be factored as:

0 1 0 0 0
- 0 0 1 0 0 _ L
X = X =AX.
—C —C —C2 —C3 —Cp—1

This is a standard result from differential equations on con-
verting an n** order linear ODE (i.e. the input-output equa-
tion (45)): into a first order system of n ordinary differential
equations via the procedure:

Xi=u

Xo=y1 =X,

X3 =41 =Xz

X, = ygn) —cn_lyY’*l) —...—C1Y1 — CoY1
= —C()X1 — 01X2 — ... Cnlen

Now we show that this procedure leads to the linear reparam-
eterization X = PZ given above. We have:

Xi=y1=m=Cr
Xo =X, =& = a1121 + a12%2 + . .. + a1pzn = CAT
X3 = Xo = X) = &1 = and1 + arda + ... + a1y,
=ay1(a1zr + arexa + ... + a1py)
+ a12(ag1x1 + agexe + ... + aopxy) + ...

+ a1p(An1T1 + Qpas + ... + appry) = CA%Z

X4:X3:X2:X1 = ml :a11i1+a125i:2+...+a1nin

We can write &1, ...,%, in terms of paths:

Zp(l)

N, pfj) is the monomial path of length 1 from
1,

jtoi. Then &; = "7, pyj

Zp ijk Tk
j=1

fori=1,..

%, which is:

which works out to: #; = >, pgj)z] where pz(-?)

of all monomial paths of length 2 from j to ¢,

p'l_] - § Qiky Ak 5

length=2

is the sum

‘We have that xl(.”) =
assume that:

Z;L 1 pﬁj ) g1 (by linearity) and now

xgn—n _ ZPE?_UIJ‘
j=1
where pl(;kl) is the sum of all monomial paths of length n—1
from j to ¢. Then

(n) (1) (n=1),.
;P ZP Tk

z;, where p(f’) is the

which works out to: x(”) Z;;l pl(.?) 1y

sum of all monomial paths of length n from j to i,

E alklaklk,z N

length=n

(n) _

Pij A5+

|

Corollary 1: The reparametrization in Theorem 3 yields X;

that are linearly independent (in particular, are not zero) for

1=1,...,n

Proof: To show linear independence of the X, it is suffi-

cient to show that the Jacobian of the linear reparametrization

is generically full rank. The Jacobian is given by the matrix
P. This is the observability matrix:

C
=aii(andy + apdo + ... + aindy) CA
+ alg(agljﬁl + aooo + ...+ agni}n) 4+ ... :
+ aln(ama’cl + Gpoto + ...+ a,m:bn) = CASi' CAr—1

X, =CA"" 'z
Thus the matrix P is the n by n observability matrix:

C
CA

CAn—l

where C has (1,1) entry equal to 1, all others zero. A
n—compartment model is structurally observable if and only
if the rank of the observability matrix is n [32]. From [33,
Theorem 1], a compartmental model is structurally observable
if and only if it is output connectable, which means there exists
a path from every vertex to the output. Since G is strongly
connected by assumption, it is thus output connectable and
this structurally observable, so the rank of the observability
matrix is n. [ ]



2) Reparametrization formula for linear systems with multiple
outputs:
Example 2: Consider the following model:

1 = a1171 + a1222 + a1323 + 1474 + a1575
T = a21%1 + A22T2 + A2373 + A24T4 + A25T5
T3 = a3171 + a32T2 + a33w3 + az34T4 + a35T5
T4 = A41T1 + A42T2 + A43T3 + A44T4 + A45T5
T = a51T1 + A52T2 + A53T3 + A54T4 + A55T5
Y1 =1

Y2 = X2
Using the linear reparameterization:
X1=x1
X2 = X2

X3

Xy = Ty = an1x1 + a2 + a23%3 + A24%4 + a25T5

=11 = 1171 + a12%2 + a13T3 + 1474 + A15T5

X5 =31 = ann®1 + a19@2 + a1343 + a14%4 + a1545 = . ..

we obtain the following reparameterized system:

X, = X3
Xy = X4
X5 = X5

The expressions for X, and X on the right-hand side can
then be written in terms of X1, ..., X5, but we do not include
these as the expressions get too big to fit on a page.

We can now generalize to the case of multiple outputs and
write a reparametrized linear system.

Theorem 4: Consider

o a linear system over T = (x1,...,%y):
r=Az
Yi = Ty, Z':l,...,m
o C the diagonal m x n matrix in which the (4,4) entry is
1 for ¢ = 1,...,m, all other entries are zero
« the matrix P given by the first n rows of the observability
matrix:
C
CA
(41)
CA™!

If the matrix_ P is invertible, then, using the linear reparam-
eterization X = PZx, we obtain a globally [O-identifiable
reparametrized ODE system

X = PAP'X.

Remark 3: In coordinates, the new variables are given by

X1 21‘1,...,Xm=1?m

Xmy1 = X1 =101

X2m =

Xomi1 = Xmp1 = X1 =0

m — Tm

(42)

Xn = An—m = .n—2m = ..
_ vk _ (k)
- Xn—km =Ty kmo

where k£ > 0 is an integer such that m > n — km > 0. The
reparameterized globally 10-identifiable ODE system is:

X1 = Xy,
X2 = X77L+27

X1 = Xomm
) (43)

Xn—m = Xnv Xn—m+1 = Xn—m+1—m

Xn = Xn—m

Remark 4: 1t would be interesting to know for what classes
of linear systems, the matrix P is invertible. For instance, it
is invertible in Example 2. On the other hand, if A is the zero
matrix and m < n, then P is not invertible.

Proof: Note that we trivially set X7 = x1,..., X, =

T, as we do not want to change the outputs. Following
this same technique as in Theorem 3, we can describe our
reparametrization (42) in terms of C' and powers of A. We
have that

(X1,...,Xm) =Cz,

(Xmats--os Xom) =CAZ, ... (Xp_pm,..., X,) = CAFZ.
This gives the first n rows of the observability matrix in
(41). Our reparametrization in (42) gives the right-hand-side
expressions for X1,..., X m, etc, in (43) by setting them
equal to X,,41,...,X, until all variables X; have been
exhausted. The expressions for Xn_m+1, ... ,Xn in (43) can
be obtained by taking derivatives of the first n —m equations
in (43), as the variables X, _,,41,...,X, appear in the
first n — m equations on the right-hand side of (43) since
n—m+1 < n for m > 1. This introduces second order
derivatives (and higher) of the variables X1,..., X,. To get
the precise form of the right-hand-side of (43) in terms of
X, we use the linear reparametrization X = Pz and get the
reparametrized ODE system X = PAP~!X.

What’s only left to prove is that this reparametrized ODE
system is, in fact, a globally 10-identifiable reparametrization.
Note that each of the expressions X1, ..., X, can themselves
be written in terms of yi,...,y, or their derivatives as



follows:
XZ:I7:y1, iil,...,m,
X;=Xjom = Giom,

X = Xbom = Uk—2m;

j=m+1,...,2m,
k=2m-+1,...,3m,

Thus, we can use substitution to obtain that the equations
in Xn_m+1,...,Xn in (43) are m IO-equations. As the
coefficients of the I0-equations are globally IO-identifiable by
definition, we have a globally 1O-identifiable reparametriza-
tion. ]
Remark 5: Theorem 3 can be seen as a special case of
Theorem 4 for the case where m = 1, and we thus get a single
input-output equation in our identifiable reparametrization.

D. Linear models with inputs

Finding an identifiable reparametrization in the case of
linear models with inputs is a trickier problem than without
inputs. In [14], necessary and sufficient conditions were found
for identifiable scaling reparametrizations, but no work was
done on the general case of linear reparametrizations (i.e. not
just scaling). We generalize our result for linear reparametriza-
tion without input to consider the special case of models with
a single input and single output in the first compartment and
have a single incoming edge and single outgoing edge to
compartment 1, which we call a single-in-single-out matrix.

Definition 6: A matrix A is called a single-in-single-out
matrix if A is strongly connected and the entries of the matrix
A satisfy the following conditions:

ay1; 7 0 for some unique ¢

a1; = 0 for all j # 4

a1 # 0 for some unique k # i
ajp =0 forall [ #k

and there are no cycles of length ¢ for ¢« = 2,...,n — 1
involving compartment 1.
Theorem 5: Consider a linear system over
= (z1,...,Tpn):
= Az + Bu
vy =z = CZ,

where the graph corresponding to A is a single-in-single-out
matrix and there is at least one leak and B and C' are the
matrices where the (1,1) entry is 1 and all other entries are
zero. Then using the linear reparameterization X = PZ given
by:

X =um
o~ (i1)
Xl_zplj Lj, 2227' » 1,
j=1
where pgijfl) is the sum of all monomial paths of length ¢ — 1
from j to 1,

(i-1) _

b1; A1k, Okiky * ° * Qkyj

>

length=:—1

we get a reparameterized globally 10-identifiable (and, by
[29, Theorem 1] globally identifiable as well) ODE system:

Xl =Xo+4u
Xy = X5+ aju
: (44)
Xn—l = Xn + a?l_Qu
Xp=—cXi—a1Xas—...—cp1 Xy + a?l_lu
h

where ¢; is the n — i'* coefficient of the characteristic
polynomial of A, ¢ = 1,...,n. The matrix P is the n x n
observability matrix:

C
CA

CA.nfl
Proof: The 10-equation of our system is

y™ ey b e oy =

ugnil) + dn_2u§n72) + ...+ dyuy + douy, (45)
where cg,cq,...,c,—1 are the n coefficients of the charac-
teristic polynomial of A and dgy,ds,...,d,_o are the n — 1
coefficients of the characteristic polynomial of A;;, which the
is the matrix A with the first row and first column removed
and is derived in [14]. This can also be shown using the
Laplace Transform/Transfer Function approach. This input-
output equation is irreducible and of minimal order by [31,
Theorem 3].

By extending the standard technique of lifting an nth order
ODE (45) to a system with a companion matrix, for a general
matrix A, the reparameterized system can be factored as:

1
0 1 0 0 p(1)
. 0o 0 1 0 ) )
X = . . . X+ | Pu U1
—Cp —C1 —C2 —Cn—1 (n—1)
D11
However, the terms pﬁ), R p(?fl) are not globally identifi-

able in general. Recall that pgil is the sum of all monomial
paths of length ¢ from 1 to 1. If A is a single-in-single-out

matrix, then pgil) reduces to just a},

0 1 0 0 al

. o 0 1 o | 2!
X = . . . X+ | %11 | .

—cp —C1 —C —Cn—1 n—1

aiy

We note that the parameter a;; is globally identifiable as it is
equal to —cp_1 + dp—2, ie. tr(A) — tr(Az1).



The rest of the proof is identical to the proof of Theorem 3
but with the addition of w; as follows:

Xi=u
Xot+ur =y =X
Xz +anu =41 = Xo

X, 4 ai g = y%") = —Cn71y§n71) —...— 11 — CoY1

= 7COX1 — ClX2 i Cn_an
‘We now have:

X =y =2 =CZ,
X2:X1—u1 Zi‘l—ul
= a1121 + a1222 + ... + arpx, = CAT,
X3 = Xo —anuy = Xy — ajuy — g = &1 — ajjug — g
= a11%1 + a12¥2 + ... + a1, Ty, — A11U1
= a11(e11e1 + ai2®2 + ... + G1pTn + 1)
+ alg(aglxl —+ ag9xo + ...+ agnI") + ...

+ 10 (An1T1 + Qn2®2 + ...+ Qupry) — arnug = CA?T,
X, =CA" 1z

Example 3: Consider the following model:

T1 = a11%1 + a13T3 + U1
Ty = 2171 + G22T2 + A23T3
I3 = a32%2 + a3373

Y1 =71

Notice that a12 and ag; have been set to zero to satisfy the
single-in-single-out condition. This is an example of a model
for which there is no identifiable scaling reparametrization
using the results from [14] (it is not an identifiable cycle
model), thus, by Theorem 2, a linear reparametrization must
be made. Linear compartmental models like this one come up
in areas such as pharmacokinetics, physiology, cell biology,
and ecology [31]. The identifiable functions are

ai,

413032021,

az2 + ass,
22033 — (23032,

which can be easily found from the coefficients of the input-
output equation. Using the linear reparameterization:

X1 =T
Xo = ap1wy + arpr + a13x3

X3 (a%l)xl + (a13a32)®2 + (a11013 + a13a33)x3

we obtain the following reparameterized system:
Xl =Xo+u
Xo = X3 + aju
X3 = (011022%3 — a11023032 + a13a32a21)X1
+ (—ai1a22 — a11a33 — azzazs + azzazz) Xo
+ (@11 + a22 + ass3) Xs + a?lul

VIlI. CONCLUSION AND FUTURE WORK

We have presented a new algorithm for finding globally
identifiable reparametrizations of ODE models, which has
wider applicability than the existing methods. We have not sys-
tematically analyzed the scalability of our algorithm in relation
to the number of parameters and state variables and degrees
of nonlinearity. Just like with identifiability analysis [27], we
do not see a clear dependence here besides non-polynomial
rational models taking typically much longer computation time
(e.g., NFxB model is much bigger than Pharm, but the latter
is rational and much less efficient for identifiability analysis).

The two main bottlenecks for us are the computation of 10-
equations and polynomial system solving, with the latter likely
playing a bigger role. More and more efficient algorithms
are being developed for both bottlenecks at the moment, see
e.g. [34], [35]. The complexity of polynomial system solving
is typically more affected by the number of variables. The
number of variables in our approach is determined by the
degrees of terms in Lie derivatives. The largest biological
model we have seen that passes through the bottlenecks of
computing I0-equations and polynomial system solving is the
Akt pathway model [36], which is a non-linear model with
16 parameters, 9 state variables, 1 input, and 3 outputs, as in
[34, Example 11].

Some biological models, such as the glucose-insulin model
from [37], involve high-degree but relatively sparse polynomi-
als in the right-hand side of the ODE system. Developing an
approach that takes advantage of sparsity would significantly
improve the efficiency of the current algorithm. This model is
the smallest one in size (besides having a term of degree 8
in the ODE) we have seen that does not pass the bottleneck
of polynomial system solving. The polynomial system we are
solving has 150 equations of average degree 5 per equation, in
59 unknowns, with rational function coefficients. Solving did
not finish after 20 days of sequential computing time, having
consumed 120 GB of RAM.
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