
nature computational science

https://doi.org/10.1038/s43588-026-01064-z

News & views

Complex systems

Steering complex rhythms

Fan Jin

A recent study reports a property-first 
computational strategy, identifying 
coordinated parameter changes that can tune 
several features of a complex oscillator at the 
same time.

A heartbeat can speed up while its amplitude changes little, and a cir-
cadian clock can shift its timing while keeping protein levels within a 
safe range. Such selective adjustments are easy to describe but hard to 
design, because the properties of an oscillator are entangled through 
the parameters that generate them. This is a fundamental problem 
across many areas of computational science. Oscillators are described 
by measurable features — period, amplitude, peak, trough and relative 
phase — while their dynamics are controlled by reaction rates, coupling 
strengths, circuit components or environmental conditions. Alter-
ing one parameter usually moves several features at once. Classical 

control often aims to drive the full state of a system along a prescribed 
trajectory; here, by contrast, the objective is to make a smaller set of 
observable properties reach specified values. This remains difficult 
because the selected properties are coupled through the same underly-
ing parameters, even when other details of the waveform are allowed to 
vary. In this issue, Cai and colleagues present a mathematical and com-
putational framework for deciding when several oscillatory properties 
can be specified together and for finding the coordinated parameter 
changes that realize them1.

Biological oscillators have long served as test beds. The repressilator 
showed that a synthetic gene network could generate sustained rhythms2. 
Later studies linked feedback architecture to tunability3 and redesigned 
circuits to adjust amplitude and period more independently4,5. Yet many 
such strategies rely on scanning large parameter grids or on redesigning 
a particular system. Both become less effective as the number of tunable 
parameters and requested properties grows.

The authors bring structure to this inverse problem by distin-
guishing three levels of ‘modulatability’: whether a target point can be 
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Fig. 1 | From rhythmic properties to coordinated parameter changes. a, Period, amplitude, extrema and relative phase define a space of target behaviors.  
b,c, Rather than scanning parameter combinations, the framework follows a selected path through this property space and computes the corresponding path through 
adjustable parameters. Adapted from ref. 1, Springer Nature America, Inc.
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reached, whether all targets in a region can be reached, and whether a 
continuous route between two target states has a corresponding con-
tinuous route through parameter space. Under stated non-degeneracy 
conditions, they show that a locally unique solution requires the num-
ber of independent adjustable parameters to equal the number of 
target properties. Thus, two independently specified features generally 
call for two independent handles, and three features call for three. The 
qualification matters: the result is local and depends on regularity, 
rather than promising a feasible solution for every target.

Network simulations then probe this rule in higher dimensions. 
Across gene-regulatory and neuronal networks with varied sizes, topol-
ogies and target thresholds, successful modulation generally appears 
when the number of perturbed edges reaches the number of target 
amplitudes. These tests support the design rule numerically, but do 
not turn the local theorem into a global guarantee.

As Fig. 1 illustrates, the computational scheme starts by describing 
a rhythm through measurable properties such as period and amplitude. 
It then selects a route from the current rhythm to the desired target in 
this property space and calculates the coordinated changes in adjust-
able parameters needed to follow that route. A change of time coordi-
nates, a compact representation of the waveform and an iterative solver 
carry out this calculation. The practical idea is to specify the destination 
first and then determine how the controls must move together.

The authors test the framework on networks of coupled gene- 
regulatory and neuronal oscillators, several biological circuit models 
and an electronic analogue of the repressilator. The electronic circuit 
is a particularly informative test because it links model-based calcu-
lations to measurements: voltage traces allow the framework first 
to infer component values from selected oscillatory properties and 
then to tune the physical circuit. The framework also handles a derived 
observable rather than a model variable directly, illustrated by the 
total abundance of a circadian protein across cellular compartments.

These examples support the breadth of the formulation, although 
most biological demonstrations remain model based. The main 
advance is therefore not a universal recipe for manipulating any living 
oscillator. It is a common language and a constructive route for prob-
lems that were often treated separately: existence, local uniqueness, 

parameter inference and multi-property tuning. Benchmarks against 
standard sampling and optimization methods show why avoiding 
exhaustive parameter search can help as the number of targets grows, 
while also making clear that the cost still rises with model size, wave-
form resolution and numerical stiffness.

Important limitations point to the next steps. The method assumes 
a mechanistic model and accessible parameters, whereas experimental 
systems are often only partly known and only a few controls can be 
changed safely. A path may also end at a bifurcation, cross an unstable 
regime or fail because the initial and target rhythms lie in disconnected 
feasible regions. Property matching does not by itself provide uncer-
tainty intervals for inferred parameters. Combining the framework with 
statistical inference, experimental feedback and automated detection 
of path failure would make it more useful in noisy settings.

Most oscillators will not yield to a single control parameter. Their 
useful behaviors are more likely to be reached by coordinated changes, 
and those changes have a geometry. The framework of Cai and col-
leagues makes that geometry calculable, turning reachability, required 
controls and routes between rhythms into questions that can be posed 
before an experiment is attempted.
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