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Abstract— This paper adopts a contraction approach to the
analysis of the tracking properties of dynamical systems under
high gain feedback when subject to inputs with bounded
derivatives. It is shown that if the tracking error dynamics
are contracting, then the system is input to output stable with
respect to the input signal derivatives and the output tracking
error. This result is then used to demonstrate that the negative
feedback connection of plants composed of two strictly positive
real LTI subsystems in cascade can follow external inputs with
tracking errors that can be made arbitrarily small by applying
a sufficiently large feedback gain. We utilize this result to design
a biomolecular feedback for a synthetic genetic sensor to make
it robust to variations in the availability of a cellular resource
required for protein production.

I. I NTRODUCTION
High gain feedback can be an effective control strategy
for achieving stabilization, disturbance rejection and tracking
in applications where there is little scope for sophisticated
control algorithms to be implemented and where there is
knowledge of the structure, but not the exact parameters,
of a plant to be regulated [2], [3], [4], [5], [6]. Motivated
by design constraints in the regulation of synthetic genetic
circuits, this paper presents an input to output stability
approach [7], [8], [9] that derives from contraction theory
[10], [11], [12], [13] to the problem of tracking inputs with
bounded derivatives.
Control via high gain feedback has been extensively
researched for several decades. Early works on linear time
invariant systems investigated the asymptotic behavior of
the root loci of multivariable systems under high feedback
gains [14], [15], [16]. In [17], it was shown that high gain
feedback introduces a separation of timescales in relative
degree one LTI systems, dividing the state space into modes
with slow eigenvalues and modes with eigenvalues that can
be made arbitrarily fast by sufficiently strengthening the
feedback gain. When the fast eigenvalues are stable, singular
perturbation theory shows that high gain feedback stabilizes
the system trajectories to a small neighborhood of the slow
manifold, the subspace spanned by the slow eigenvectors.
Reference [6] extended [17] to nonlinear systems with affine
inputs. In [18], the results of [17] were also extended to
LTI systems of relative degree greater than one. These
methods and their applications to input tracking in singularly
perturbed systems are summarized in [3], [2], [19], [20].
Following [18], [21] used a singular perturbation approach
to construct a decentralized dynamic feedback controller
with high observer gain for LTI systems. This controller
ensures that the effect of exogenous disturbances on the
output of an LTI system is attenuated below a pre-specified
tolerance. Nonlinear extensions to [18] were reported in [5].
Problems of disturbance attenuation for nonlinear systems
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were addressed using singular perturbation techniques in
[22], [23].
In contrast to the singular perturbation techniques used
in the above references, in this paper we analyze the
tracking properties of systems under high gain feedback
using an input to output stability approach [7], [8]. In [24],
Hoppensteadt’s lemma [25] is used to show that for systems
with slowly varying exogenous inputs, uniform asymptotic
stability for all constant inputs of a system’s equilibrium
implies that the system is ISS with respect to input
derivatives. Here, we leverage a result originally reported
in [26] to show that systems that satisfy a contraction
property [10] are input to state stable [27] and, under
further assumptions, also input to output stable. Using this
result, we show that if the feedback system’s error dynamics
are contracting, then it is input to output stable from the
derivatives of the exogenous input to the tracking error. We
then use this result to show that LTI systems composed of the
cascade of two strictly positive real (SPR) subsystems under
high gain feedback are able to track external inputs with
a tracking error that is inversely proportional to the square
root of the feedback strength and proportional to a bound
on the input time derivatives. With respect to [21], we are
only interested in quantifying the tracking error bounds that
are achievable with a static output feedback, without access
to state information. Furthermore, the approach we present
here is applicable to nonlinear systems.
As discussed in [10], [12], a system can be shown to
have the contraction property over a domain if there exists a
common Lyapunov-type function for the system Jacobian at
all points in the domain. To prove this contraction property
for the cascaded SPR feedback system, we use the fact that a
diagonal Lyapunov function for the interconnection of SPR
systems can be constructed from the storage functions of the
individual subsystems [28], [29], which exist by virtue of
the KYP lemma [20]. By appropriately scaling the resulting
composite diagonal Lyapunov function, we are able to arrive
at a matrix measure that proves contraction.
The case of cascaded strictly positive real systems under
feedback is of interest in design applications in synthetic
biology as many chemical reactions can, at a certain level
of abstraction, be dynamically modeled as processes that
are SPR. For our purposes, we are interested in designing
a genetic sensor, the protein output concentration of which
tracks the concentration of an input transcription factor.
Often, such sensors are subject to perturbations arising
from changes in the availability of cellular resources [30],
[31], [32], [33]. We propose to use high gain negative
feedback to regulate the sensor against such perturbations.
With our results, we are able to show that the effects
of varying resource availability are diminshed under high
gain autoregulation by a biomolecular feedback that is
engineered into the gene network of interest. Because SPR
is a structural property of the sensor’s chemical reactions,
this tracking property is preserved regardless of the exact
reaction parameter values.

This paper is organized as follows. In Section II, we
present the main theoretical result, which gives conditions
under which contracting dynamical systems are input to
output stable. Then, we show how this result can be applied
to determine the input to output stability of a tracking error
with respect to the derivatives of input signals. In Section
III, the main result is applied to a class of LTI systems. We
present examples in the design of a genetic sensor in Section
IV and summarize our results in Section V.
II. M AIN RESULT
Consider a system of the form:
ξ˙ = F̄ (ξ, t) + B̄v̄
e = h̄(ξ, t)

(1)

evolving on a convex set of states E ⊆ Rn . We assume that
F̄ is C 1 on E, for each fixed t ≥ 0, and denote by DF̄ (ξ, t)
the Jacobian of F̄ with respect to ξ, evaluated at (t, e). The
map h̄ : E → Rq is thought of as an output map (if we are
only interested in state results, we let e = ξ). Inputs v̄(t) take
values on a set V ⊆ Rm and outputs e(t) on a set Z ⊆ Rq .
We use the same notation |v̄| and |e| for two arbitrary
p-norms on Rm (for input signals v̄) and Rq (for output
signals e). For norms on state vectors, we adopt the notation
|ξ|p,Q to denote a weighted p-norm induced by the symmetric
2
positive matrix Q on Rn , so that |ξ|22,Q = ξ T Q
 ξ. We define
1
−1
µp,Q (Ā) := limhց0 h I + hQ ĀQ − 1 as the matrix
measure of Ā ∈ Rn×n associated to the weighted norm on
states |·|p,Q . For further details on the computation of matrix
measures, we refer the reader to [34], [13]. For an input
v̄ : [0, t] → V, kv̄k[0,t] is by definition the supremum norm
sup0≤s≤t |v̄(s)|. An “input” will be, by definition, a function
which is continuous except at most in a discrete set, and
one-sided limits exist at all discontinuities. Finally, we write
B̄ 2,Q to denote the induced operator norm of B̄ : Rm →


Rn , so that B̄ 2,Q = sup|v̄|≤1 B̄v̄ p,Q / |v̄| . The main
result is as follows.
Theorem 1: Assume that F̄ (0, t) = 0 for all t ≥ 0.
Suppose that two positive constants c and d are such that:
sup
t≥0, ξ∈E

µp,Q [DF̄ (ξ, t)] ≤ −c

that system (1) is input to output stable with respect to input
v̄ and output e.
In the following sections, we will analyze the tracking
error in a class of linear systems under negative output
feedback of gain g. Since the systems considered are linear,
the error dynamics can be written in the affine form (1).
Under additional assumptions, including assumptions of
observability, we will construct, in Lemma 1, a matrix
weighting Q to show that condition (2) is met. Under the
same assumptions, we will show, in Lemma 2 that when
z = h̄(e) = √
e (the tracking error), condition (3) is satisfied
with d = O( g).
With these results we can apply Theorem 1 to obtain
the tracking error estimates (4) and (5). Subsequently,
we demonstrate in Lemma 3 that the quantity B̄ /c is
independent of the feedback gain g, from which we show,
in Theorem
√ 2, that the tracking error upper bound estimate
is O(1/ g), so that, given a bound kv̄k[0,∞] on the input v
and its derivatives, the tracking error can be made arbitrarily
small by sufficiently increasing the feedback gain g.
III. A PPLICATION TO LTI

Consider the LTI dynamical system in Figure 1.
Assumption 1: It is assumed that
1) Subsystems Σ1 , Σ2 have strictly positive real, strictly
proper, real rational transfer functions H1 (s), H2 (s),
respectively, with minimal realizations given by
n
ẋ = A x + Bi ui , x1∈Rm1 , x2∈Rm2 , ui ∈ R,
Σi= y i = C ix i
yi ∈ R
i
i i

d |e| ≤ |ξ|p,Q

u1 = g(v − y2 ), u2 = y1 , g ∈ R,

(3)

Then, for every solution ξ(·) corresponding to an input v̄(·),
and each t ≥ 0, we have the following input to output
stability estimate:
d |e(t)| ≤ exp(−ct)|ξ(0)|p,Q +

1 − exp(−ct)
B̄
c

2,Q

In particular,
lim sup |e(t)| ≤
t→∞

1
B̄
cd

2,Q

kv̄k[0,∞] .

kv̄k[0,t] .
(4)
(5)

Proof: See Appendix I.
We should like to apply Theorem 1 to analyze tracking
error e := h(x) − v in the dynamical system
ẋ = F (x, v), x ∈ Rn , v ∈ R
y = h(x), y ∈ R.

(6)

Suppose there exists a coordinate transformation ξ =
ψ(x, v̄) such that it is possible to represent (6) in the affine
input form (1), where v̄ is a function of the derivatives of v.
If the conditions of Theorem 1 are satisfied, then it follows

(8)

where v is an external input.
The feedback system composed of (7), (8), satisfies
ẋ = Ax + gBv, y = Cx

(2)

for all ξ ∈ E.

(7)

2) The transfer function H1 (s)H2 (s) contains no pole-zero
cancelations.
3) Subsystems Σ1 ,
Σ2 are connected via the
interconnection rules

x

=

T
, y
=
xT1 xT2
B1
−gB1 C2
B :=
0
A2


(9)

y2 and
A1
A :=
B 2 C1
0
C2 ]
C := [
Define the tracking error between
input v and output y2

T
to be e := y2 − v and v̄ := v v̇ v̈ · · · v (n)
.
We will show that the upper bound on |e| can be made
arbitrarily small by sufficiently increasing g as long as |v̄| is
bounded. For brevity and without loss of generality, we will
henceforth consider the case where Σ2 is a scalar system
(m2 = 1), with C2 = 1. The analysis of the case of higher
dimensional Σ2 , which will be presented in later work, is
similar to that presented here, and involves expressing the
state space realization of Σ2 in Isidori normal form.
Theorem 2: Under Assumption 1, suppose (9) is subject
to an input signal v with v̄ ∈ L∞ . Then,
√ the tracking error
e(t) satisfies lim supt→∞ |e(t)| = O(1/ g).
As a direct consequence of Assumption 1, we have the
following proposition.
Proposition 1: Under Assumption 1 the feedback
interconnection (9) is observable from output y2 .
where

and

SYSTEMS

y1

v

g
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y2

Σ2

−
Fig. 1. Feedback interconnection of systems Σ1 , Σ2 and feedback gain g.

Since (9) is observable by Proposition 1, it has an
invertible observability matrix. We denote the inverse of the
observability matrix by T , so that

T
T −1 = C T (CA)T · · · (CAn−1 )T
.
(10)

Proposition 2: Under Assumption 1, there exist
symmetric matrices Pi > 0, i = 1, 2 and scalars λi > 0
such that ATi Pi + Pi Ai < −λi Pi , and Pi Bi = CiT
Proof: The result follows from the application of the
KYP lemma [20] to systems Σ1 , Σ2 . 
P1
0
Proposition 3: Let P :=
0 gP . Then, the matrix
2

P satisfies AT P + P A < −λP where λ := min{λ1 , λ2 },
with λ1 , λ2 given in Proposition 2.
Proof: Note that

 T
A P +P A
S
AT P + P A = 1 1 T 1 1
T
S
g(A2 P2 +P2 A2 )

where S = g(P2 B2 C1 )T − gP1 B1 C2 . From Proposition 2,
Pi Bi = CiT for i = 1, 2, and therefore g(P2 B2 C1 )T −
gP1 B1 C2 = g(C2T C1 )T − gC1T C2 = 0. It follows that
AT P + P A =



AT1 P1 + P1 A1
0

AT2 P2

0
+ P2 A 2



< −λP

which concludes the proof.
For system (9), we will show that when bounds are placed
on the derivatives of v, the tracking error e := y − v =
C2 x2 − v becomes small as feedback gain g grows. To
this end, let Hi (s), the strictly proper transfer function of
Ni (s)
subsystem Σi , be such that Hi = D
, where Ni (s), Di (s)
i (s)
are polynomials in s, the roots of which are respectively the
zeros and poles of Hi (s). Denoting the Laplace transforms
of y, e, v as Y (s), E(s), V (s), respectively, the transfer
function from V (s) to E(s) is then
E(s)
Y (s) − V (s)
D1 (s)D2 (s)
=
=
.
V (s)
V (s)
D1 (s)D2 (s) + gN1 (s)N2 (s)

Let n := m1 + m2 be the dimension of (9). Then, for
constants a0 , · · · , an−1 , ā0 , · · · , ān−2 , b0 , · · · , bn that are
independent of g, we have
n

n−1

0
0
..
.
0
b1


T
Defining e := e ė ë · · · e(n−1)
, it follows that
the error vector e obeys the state space description
ė = Āe + B̄v̄

(11)

where
0
..
.
0
−(a0 + gā0 )

1
..
.
0
−(a1 + gā1 )

···
..
.
···
···


0
..


.

1
−an−1

···
···
..
.
···
···

0
0
..
.
0
bn−1

0
0
..
.
0
bn





.


Proposition 4: The dynamics of the error system (11) are
such that Ā = T −1 AT , where T is the inverse of the
observability matrix in (10).
Proof: This follows by taking n − 1 derivatives of the
error e = Cx − v to form an new n-dimensional basis for
system (9) to take it into canonical form.
For any Ā ∈ Rn×n , the matrix measure µ2,Q (Ā) is the
largest eigenvalue of the symmetric part of QĀQ−1 , which
is the largest number τ such that ĀT Q2 + Q2 Ā ≤ 2τ Q2 (see
Lemma 3 in [13]). Hence, we have the following lemma:
Lemma 1: The matrix measure µ2,Q (Ā) associated with
the weighted norm induced by the symmetric positive matrix
1
Q := (T T P T ) 2 on Rn satisfies µ2,Q (Ā) ≤ − λ2 where λ =
min{λ1 , λ2 }.
Proof: From Proposition 3 we have the relation AT P +
P A < −λP , from which it follows that AT (T −1 )T T T P +
P T T −1 A < −λP . Pre-multiplying both sides of this
inequality by T T and post-multiplying both sides by T yields
λ
T T AT (T −1 )T T T P T + T T P T T −1 AT < −2 T T P T
2

which gives the result using the fact that, from Proposition
4, Ā = T −1 AT .
Lemma 2: Define the output z ∈ R as z := h̄(e) = e.
1
Then, d h̄(e) ≤ |e|2,Q , with Q := (T T P T ) 2 and d =
√
gP2 .
Proof: Since the first row of the observability matrix
T −1 is C = [ 0m1 1 ], we can deduce that its inverse has
the structure


T̃
T =
1 0m1
2

where T̃ ∈ Rm1 ×m1 +1 . Then, |e|2,Q = eT T T P T e =
eT T̃ T P1 T̃ eT + gP2 e2 > gP2 e2 , from which the result
follows.
With the upper bound on the matrix measure µ2,Q from
Lemma 1 and d from Lemma 2, we can apply Theorem 1
to system (9), as in the following corollary.
Corollary 1: Suppose (9) satisfies Assumption 1 and that
it is subject to an input signal v which is such that v̄ ∈ L∞ .
Then the tracking error e(t) satisfies
lim sup |e(t)| ≤
t→∞

1

= (bn sn + bn−1 sn−1 + · · · + b1 s + b0 )V (s).


Ā := 


 0
 0

B̄ :=  ...

0
b0

n−2

(s + an−1 s
+ (an−2 + gān−2 )s
+ · · · + (a1 + gā1 )s + (a0 + gā0 ))E(s)



and

2
√
B̄
λ gP2

2,Q

kv̄k[0,∞] .

(12)

where Q := (T T P T ) 2 .
To arrive at Theorem 2, we will need the following lemma.
Lemma 3: The induced matrix norm B̄ 2,Q , with Q :=
1
(T T P T ) 2 is independent of the feedback gain g, and
therefore there exists K > 0 such that for all g > 0,
B̄ 2,Q < K.
1
Proof: With Q := (T T P T ) 2 , we have B̄ 2,Q =
B̄ T T T P T B̄. We will show that the elements of B̄ T T T P T B̄
are not functions of g. For a matrix M , denote by {M }i,j
the matrix resulting from the deletion of the ith row and j th
column of M . For a row vector R, denote by {R}j the row
vector resulting from the deletion of the j th element of R.

We also
 re-write the matrix
 A in (9) as A = Ã−gBC where
A1
0m1 ×1
Ã := B C
.
A2
2 1
To show that elements of B̄ T T T P T B̄ do not grow
unbounded with g, we first make the following two claims,
the first of which is proven in Appendix II.
Claim 1: The determinants det({T −1 }n,j ) and det(T −1 )
are independent of g.
Claim 2: The determinant det({T −1 }n,n ) = 0.
This latter claim
the fact that the first row

 follows from
of T −1 is C = 0Tm1 C2 and C2 ∈ R.
Next, note that the only non-zero elements of the matrix B̄
lie along its nth row. Therefore columns of the matrix T B̄ are
scalings of the nth column of T . The j th element of the nth
column of T is given by (−1)n+j det({T −1 }n,j )/ det(T −1 ).
From
1and 2 the nth column of T can be expressed
 Claims
T
T
T
as q1 q2
, where

place on relatively fast timescales, those reaction rates are
scaled by a factor of 1/ǫ, where ǫ is small.Thus, when the
amount of protein p falls, due to a shortage of ribosomes,
the rate of mRNA degradation by p also falls, leading to a
resurgence in the protein concentration.
∅ −−→ m

R-2

m−
→∅

R-3
R-4

m −→ p + m
γ
p−
→∅

T B̄ =

h

b0

h

q1
q2

R-5

···

bn

h

q1
q2

Transcription
Natural mRNA degradation

R

Translation
Protein degradation

k1 /ǫ

−−
⇀
p+m↽
−−
−
−Γ

RNAase p binds mRNA, forms complex Γ

k2 /ǫ

R-9

i

δ

TABLE I
R EACTIONS OF THE GENE EXPRESSION MODEL .


T R-6
(−1)n+1 det({T −1 }n,1) · · · (−1)n+n−1 det({T −1 }n,n−1)
R-7
q1 =
det T −1
R-8

is independent of g. Hence

gv

R-1

k

3
p
Γ −−→

δ

Γ−
→p
R

Γ −→ p + m
γ
Γ−
→m

RNAase p degrades mRNA
Natural mRNA degradation
Translation of mRNA in complex Γ
Natural protein degradation

TABLE II
R EACTIONS OF THE M RNA REGULATION MECHANISM .

i i

and, from the definition of P in Proposition 3,




B̄ T T T P T B̄ = qT1 P1 q1 


b20
b1 b0
..
.
bn b0

b0 b1
b21
..
.
bn b1

···
···
..
.
···

b0 bn
b1 bn
..
.
b2n







From the reactions in Tables I and II, we obtain the
following ODE model:
(13)

the elements of which are independent of g. It therefore
follows that kB̄k2,Q is bounded for all g, and K is the
subordinate norm of (13) on Rn×m , induced by the norms
on Rm and Rn .
Since, by Lemma 3, B̄ 2,Q does not depend on g,
Corollary 1 shows that the upper bound error estimate (12)
can be made arbitrarily small by sufficiently increasing g, as
was formalized in Theorem 2.
IV. E XAMPLE
This example is motivated by design considerations that
arise in the construction of synthetic genetic circuits in which
it is desired that the total concentration of a protein p is
made to track the concentration of a transcription factor v
(see Table I). As many translational processes simultaneously
take place inside the cell, significant variations in the
concentration of available ribosomes R arise [31], [30], [33],
[32], [35], making the process of translating the mRNA
to the protein subject to disturbances. Here, we propose a
design where the rate of transcription can be amplified by the
introduction of high concentrations of the RNA polymerase
T7RNAP [36], resulting in a transcription rate g, where g is
large. Furthermore, it is assumed that the mRNA degrades at
a rate δ, the protein p degrades at a rate γ and the translation
rate is R, the concentration of available ribosomes.
To analyze the potential of feedback regulation to attenuate
disturbances that affect the protein’s ability to track the
transcription factor concentration v, we analyze a circuit in
which the protein p is an RNAase that regulates its own
translation by binding with, and degrading, the mRNA m
(Table II). Since the binding and unbinding reactions take

k1
k2
mp − Γ − k3 Γ − δΓ − RΓ − γΓ
ǫ
ǫ
k2
k1
ṁ = gv − δm − mp + Γ + RΓ + γΓ
ǫ
ǫ
k1
k2
ṗ = Rm − γp − mp + Γ + k3 Γ + δΓ + RΓ.
ǫ
ǫ
Γ̇ =

Define the total mRNA concentration m̂ := m + Γ and
total protein p concentration p̂ = p + Γ. Since the binding
and unbinding reactions are relatively fast, we have the
quasi-steady state approximation k1 mp ≈ k2 Γ, from which
1m
p̂2 . If we assume that the RNAase
we obtain that Γ ≈ k2k+k
1m
strongly binds the mRNA so that k1 ≫ k2 we obtain Γ ≈ p̂.
By choosing an RNAase that degrades mRNA sufficiently
fast, we can also make the approximation k3 ≈ g. We
therefore obtain the reduced order system
˙ = gv − δ m̂ − g p̂
m̂
p̂˙ = Rm̂ − γ p̂

(14)

The simplified model (14) can be decomposed into the
form (7), with Σ1 = (A1 , B1 , C1 ), Σ2 = (A2 , B2 , C2 ), with
A1 = −δ = −1, B1 = 1, C1 = 1, A2 = −γ = −1,
B2 = R, C2 = 1. Note that systems Σ1 and Σ2 are both
strictly positive real, respectively having transfer functions
1
R
H1 = s+δ
and H2 = s+γ
, each of which has strictly positive
real parts. Therefore, the results of Theorem 2 can be applied
to this system. Figure 2 shows a simulation of system (14),
subject to an external input v = D sin(t/1) + 20. At t =
100 the ribosome availability undergoes a step change from
R = 0.5 to R = 4. At t = 200 the input signal’s sinusoidal
amplitude D undergoes a step change from D = 10 to D =
20. As can be seen, high gain feedback is able to maintain
a small tracking error between the transcription factor input
signal v and the protein concentration p.

In the presence of a protease, the system (14) is
transformed into a nonlinear model of the form
˙ = gv − δ m̂ − g p̂
m̂
p̂˙ = Rm̂ − γ p̂ −

(15)

p̂
1 + p̂

To analyze the tracking error e := v − p̂, we first transform
T
(15) to a coordinate system in the coordinates e = [ e ė ] ,
as described in Section II, to obtain the time varying system
ė = Ā(t)e + B̄v̄






0
1
0
,
B̄
=
1 ,
−a0 − gā0 (t) −a1 (t)
1
a0 = δ, ā0 (t) = 1, a1 (t) = γ + (1+p̂(t))
2 + δ and


p̂(t)
1
v̄ = δ 1+p̂(t) + δv + δ + γ + (1+p̂(t))2 v̇ + v̈. Note that
if v, v̇, v̈ ∈ L∞ then v̄ ∈ L∞ if p̂(t) > 0, ∀t. Without loss

1
g 12 2
of generality, let γ = 1. Then, defining Q =
,
1
1
2
Theorem 1 can be applied to (15) if we can find c, d such
that µ2,Q ≤ −c and d|e| ≤ |e|2,Q . Therefore c should satisfy
M := −2cQ2 − Ā(t)T Q2 + Q2 Ā > 0. Pick c  = 4a11 .
We then obtain that M (2, 2) = 4a21 − 2a21 − 1 /(2a21 ).
Since a1 > 1 we have M (2, 2) > 0. To ensure that
M > 0 we need det(M ) > 0. Evaluating this determinant,
we find that det M = gρ1 (a1 ) − ρ0 (a1 , δ), with ρ1 (a) =
a4 −4a31 δ+4a21 δ 2 +4a1 δ−a21 + 41
8a31 −8a21 +1
and ρ0 (a1 , δ) = 1
. Note
4a21
4a21
2
that since a1 > 1 we have ρ1 (a1 ) > 1/4a1 . Therefore, with
c = 4a11 , we have det(M ) > 0 as long as g > ρ̄ :=
where Ā(t) =

a21 (a1 −2δ)2 +4a21 δ
> ρρ01(a(a11,δ)
) . To ensure condition (3), note
4a21
1 2
2
> (g − 4 )e . Therefore Theorem 1 can be applied
that |e|2,Qq
with d = g − 41 , as long as g > max(ρ̄, 41 ). Finally, note

V. C ONCLUSIONS
We have shown that dynamical systems that are
contracting in the sense of [10] are, under the assumptions
of Theorem 1, input to output stable. This result was
subsequently employed to show that if the tracking error
dynamics of a system subject to an exogenous input are
contracting, then the tracking error is input to output
stable with respect to the derivatives of the input. For a
dynamical system composed of two LTI strictly positive
real systems in cascade, we have shown that the tracking
error is proportional to the inverse of the square root of
the feedback gain and proportional to a bound on the
input derivatives. Our results find application in the design
of synthetic biomolecular networks. In this setting, most
system parameters are not well characterized. Since the
SPR property is a structural one, the tracking abilities of
the cascaded SPR feedback systems we have analyzed will
therefore be robust to parameter changes. Characterizing
dynamical systems through their structural properties in
this way therefore enables the rational design of control
architectures in highly uncertain environments.
A PPENDIX I
P ROOF OF T HEOREM 1
Theorem 1 follows immediately as a special case of the
more general incremental input to state stability result proved
here. Henceforth we drop the notation | · |p,Q , µp,Q , k·kp,Q
and use | · |, µ[·], k·k for shorthand.
Theorem 3: Suppose there exists c > 0 is such that
sup
t≥0, e∈X

with DF̄ being the Jacobian of F̄ .Consider the difference
between any two solutions corresponding to possibly
different inputs and initial states:

that as t → ∞, we obtain the upper bound estimate on the
tracking error
lim sup |e(t)| ≤
t→∞

4a1 B̄
q
g−

2,Q
1
4

4a1
kv̄k[0,∞] = q
g−

1
4

kv̄k[0,∞]

45
40

F̄ (t, p) + B̄v̄1
F̄ (t, q) + B̄v̄2 .

Denote e(t) := p(t) − q(t). Fix any τ ≥ 0 and let
sup B̄v̄1 (t) − B̄v̄2 (t)

0≤t≤τ

(where the norm is the norm in Rn being considered). Then:
1 − exp(−cτ )
r.
c

This theorem is the same as Theorem A in [26]. The proof
of that theorem is provided here with some additional details.
Proof: Observe that, for any 0 ≤ t ≤ τ , we have ė(t) =
A(t)e(t) + m(t), where

30
25

A(t) =

20
15

Z

1
0

DF̄ (t, λp(t) + (1 − λ)q(t)) dλ,

and m(t) = B̄v̄1 (t) − B̄v̄2 (t). Consider the norm of e(t)
and its (upper) Dini derivative:

10
5

D+ |e(t)| = lim sup

0
−5
0

=
=

|e(τ )| ≤ exp(−cτ ) |e(0)| +

Input signal v
Protein p with g=1
Protein p with g=100

35

Concentration

ṗ
q̇
r :=

showing that the tracking error can be made arbitrarily small
by sufficiently increasing g.

µ[DF̄ ] ≤ −c .

h→0+

50

100

150

200
Time

250

300

350

400

Fig. 2. Simulation of system (9) with g = 0.1, 100. At time t = 100 there
is a step change in the available ribosome concentration from R = 0.5 to
R = 4. At time t = 200 there is a change in the input amplitude from
D = 10 to D = 20.


1
|e(t + h)|−|e(t)|
h


1
|e(t)+hA(t)e(t)+hm(t)+o(h)|− |e(t)|
= lim sup
h→0+ h

1
|e(t) + hA(t)e(t)| − |e(t)| + |m(t)|
≤ lim sup
h→0+ h

1
kI + hA(t)k − 1) |e(t)| + r
≤ lim sup
h
h→0+
= µ(A(t)) |e(t)| + r ≤ −c |e(t)| + r .

Since the function |e(t)| is continuous, we may apply the
subdifferential version of Gronwall’s inequality to conclude
|e(t)| ≤ exp(−ct)ψ(0) +

Z

t
0

exp(−c(t − s))r ds

for all t, which gives the desired conclusion.
To prove Theorem 1 from Theorem 3, we compare a
solution of ė = F̄ (t, e) + B̄v̄ with the constant solution
q ≡ 0 corresponding to v̄2 ≡ 0 and v̄ = v̄1 . Note that
r ≤ B̄ kv̄k[0,∞] .
A PPENDIX II
P ROOF OF C LAIM 1
Proof: We can write the k th row of T −1 as CAk−1 =
C(Ã−gBC)k−1 . The binomial expansion of (Ã−gBC)k−1
results in a sum of 2k−1 terms composed of the matrix
products M1 M2 · · · Mk−1 , with each Mi either Ã or −gBC.
Each term in the sum resulting from the expansion of
C(Ã − gBC)k−1 is therefore a scalar multiple of C Ãi with
i ∈ {0, · · · , k − 1}, given by
C(Ã − gBC)k−1 = C Ãk−1 +

k−2
X

αk−1,j C Ãj

(16)

j=1

with αi,j ∈ R. It follows that as T −1 = DΩ where Ω is the
(Ã, C) observability matrix and




D=


1
α1,1
..
.
αn−2,1
αn−1,1

0
1
..
.
αn−2,2
αn−1,2

···
···
..
.
···
···

0
0
..
.
1
αn−1,n−1

0
0
..
.
0
1







Since D is lower triangular, det(D) = 1, hence det(T −1 ) =
det(D) det(Ω) = det(Ω), which is independent of g.
From (16) we
readily obtain that {C(Ã − gBC)k−1 }i =
Pk−2
k−1
{C Ã
}i + j=1 αk−1,j {C Ãj }i , from which we have




{T −1 }n,i=


{C}i
{C(Ã − gBC)}i
..
.
{C(Ã − gBC)n−2 }i





={D}n,n {Ω}n,i


Therefore det({T −1 }n,i ) = det({D}n,n ) det({Ω}n,i ) =
det({Ω}n,i ) which is independent of g.
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[5] E. Bullinger, F. Allgöwer, “Adaptive λ-tracking for nonlinear higher
relative degree systems.” Automatica 41.7 (2005): 1191-1200.
[6] R. Marino, “High-gain feedback in non-linear control systems.”
International Journal of Control 42.6 (1985): 1369-1385.
[7] E.D. Sontag, Yuan Wang, “Notions of input to output stability.”
Systems & Control Letters 38.4 (1999): 235-248.
[8] E.D. Sontag, “Input to state stability: Basic concepts and results.”
Nonlinear and optimal control theory. Springer Berlin Heidelberg
(2008): 163-220.
[9] E.D. Sontag and Y. Wang. Lyapunov characterizations of input to
output stability. SIAM J. Control Optim., 39(1):226-249, 2000

[10] W. Lohmiller, J.J.E. Slotine, “On contraction analysis for non-linear
systems.” Automatica 34.6 (1998): 683-696.
[11] W. Wang, J.J. E. Slotine, “On partial contraction analysis
for coupled nonlinear oscillators.” Biological cybernetics 92.1
(2005):38-53.
[12] A. Pavlov, A. Pogromsky, N. van de Wouw, H. Nijmeijer, “H.
Convergent dynamics, a tribute to Boris Pavlovich Demidovich”.
Systems & Control Letters, 52.4 (2004):257-261.
[13] Z. Aminzare, E.D. Sontag, “Contraction methods for nonlinear
systems: A brief introduction and some open problems.” Proc. 53rd
IEEE Conf. on Decision and Control. 2014.
[14] B. Kouvaritakis, U. Shaked, “Asymptotic behaviour of root-loci of
linear multivariable systems.” International Journal of Control 23.3
(1976): 297-340.
[15] B. Kouvaritakis, J. M. Edmunds, “Multivariate root loci: a unified
approach to finite and infinite zeros.” International Journal of
Control 29.3 (1979): 393-428.
[16] S. Sastry, C. Desoer, “Asymptotic unbounded root loci–Formulas
and computation.” IEEE Transactions on Automatic Control, 28.5
(1983): 557-568.
[17] K. Young, P. Kokotovic, V. Utkin, “A singular perturbation analysis
of high-gain feedback systems”, IEEE Transactions on Automatic
Control, 22(1977): 931 -938.
[18] P. Sannuti, “Direct singular perturbation analysis of high-gain and
cheap control problems.” Automatica 19.1 (1983): 41-51.
[19] P. Kokotovic, H.K. Khalil, and J. O’Reilly, “Singular perturbation
methods in control: analysis and design”. SIAM 25 (1999).
[20] H.K. Khalil, “Nonlinear Systems”, Third Edition, Prentice Hall
(2002).
[21] A. Saberi, “Output-feedback control with almost disturbance
decoupling property
a singular perturbation approach.”
International Journal of Control 45.5 (1987): 1705-1722.
[22] D. Del Vecchio, and J.J.E. Slotine. “A contraction theory approach
to singularly perturbed systems.” IEEE Transactions on Automatic
Control, 58.3 (2013): 752-757.
[23] S. Jayanthi, D. Del Vecchio, “Retroactivity attenuation in
bio-molecular systems based on timescale separation.” IEEE
Transactions on Automatic Control, 56.4 (2011): 748-761.
[24] H.K. Khalil and P. Kokotovic, “On stability properties of nonlinear
systems with slowly varying inputs”, IEEE Transactions on
Automatic Control, vol. 36.2 (1991): 229.
[25] F.C Hoppensteadt, “Singular perturbations on the infinite interval.”
Transactions of the American Mathematical Society (1966):
521-535.
[26] C. Desoer, H. Haneda, “The measure of a matrix as a tool to analyze
computer algorithms for circuit analysis.” IEEE Transactions on
Circuit Theory, 19.5 (1972): 480-486.
[27] E.D. Sontag, “Smooth stabilization implies coprime factorization.”
IEEE Transactions on Automatic Control, 34.4 (1989): 435-443.
[28] M. Arcak, E.D. Sontag, “Passivity-based Stability of
Interconnection Structures”. Recent Advances in Learning and
Control, 371:195-204. Springer-Verlag, NY (2008).
[29] M. Arcak, and E.D. Sontag, “Diagonal stability of a class of cyclic
systems and its connection with the secant criterion.” Automatica
42.9 (2006):1531-1537.
[30] A. Gyorgy and D. Del Vecchio, “Limitations and Trade-offs in Gene
Expression due to Competition for Shared Cellular Resources,”
IEEE Conference on Decision and Control (2014).
[31] D. Del Vecchio and R. M. Murray, “Biomolecular Feedback
Systems.” Princeton University Press (2014).
[32] Y. Qian, D. Del Vecchio, “Effective interaction graphs arising
from resource limitations in gene networks.” American Control
Conference (2015).
[33] A. Hamadeh, D. Del Vecchio, “Mitigation of resource competition
in synthetic genetic circuits through feedback regulation.” IEEE
Conference on Decision and Control (2014).
[34] C.A. Desoer, M. Vidyasagar, “Feedback Synthesis: Input-Output
Properties”. SIAM, Philadelphia (2009).
[35] D. Del Vecchio, “Modularity, context-dependence, and insulation in
engineered biological circuits.” Trends in biotechnology 33.2 (2015):
111-119.
[36] R. Sousa, S. Mukherjee, “T7 RNA polymerase.” Progress in nucleic
acid research and molecular biology 73 (2003): 1-41.
[37] T. Lorenz, “Mutational Analysis A Joint Framework for Cauchy
Problems in and Beyond Vector Spaces”, Springer (1996).

