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Introduction 
Circuits controlling safety-critical systems:
• Automated vehicles
• Robotic surgery
• Automatic systems in emergency rooms
• Human-robot collaboration

Formal verification: digital domain   hybrid domain   transistor level

Approaches for formal verification on transistor level :
• Not scalable (5-40 Transistors)
• Exception: formal verification of linear circuits 
• The nonlinear behavior often causes system failure 
• Misses an automatic and formal process for abstract model generation
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Overview

Vera

Region identificationHybrid states identification Eigenvalues clustering
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Hybrid automata

Overview

Reachability

Back transformation

Hybrid states identification

Cora
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Abstraction of Analog Behavior:

Hybrid automataDiscretized state space
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A State Space Sampler: Vera 
X    Vector of unknowns 
e.g: [݅ ܸ௨௧ ܸ ܸଶ	 ܸ]‘
Charge oriented equation: 

DC and all other operating points
f x = 0 :
௪ݔ = ௗݔ + ିଵf(x)ܬ
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State Space Sampler: Vera 

VeraVera
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Kronecker form + order reduction
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Parsing State Space Data

Vera .acv file 
parser

matlab structure 
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State space Clustering using Eigenvalues
Create cluster with k-means + The silhouette method

Two regions
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Region Identification
Three approaches to find the regions inside a group: 

Approach 1: using k-means on the energy states

Approach 2: breadth-first search 

Approach 3:  connection Graph
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Region Identification: Approach 1
Using k-means on the states

Two regions

Two regions
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Region Identification: Approach 2
Breadth-first search on connection graph

ܸܧ
1
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Region Identification: Approach 2 (cont.)
Breadth-first search on connection graph 
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Region Identification: Approach 3
Connection Graph
+ correction: distance smaller than discretization step?
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Locations of Hybrid Automata
Guards and invariants ?

For each region:
1. Calculate the operating point in the region

In the ܺ௦ Domain  (Reduced state space)

2. Based on the o.p. transform all points from
the X domain to the ܺ௦ domain

3. Use convex hulls  on the regions
Invariants

4. Edges of the convex hulls to the 
other Groups
Guards
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Guards and Invariants
Works for n dimensions: e.g 3rd order lowpass
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Guards and Invariants
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Experimental Results 

Reachability

Back transformation

Cora
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Comparison Netlist vs. Hybrid Automata 

Gnucap
Cora 

Gnucap
Cora 
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Comparison Netlist vs. Hybrid Automata 
(cont.)

Gnucap
Cora 
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Experimental results 

Automatic Abstraction of Transistor Level Circuits to Hybrid Automata

2nd order low
pass

3rd order low
pass RCLD Bandpass

Sampled points 1619 12256 30716 3801
Reachable points 501 1043 1437 2428
Order 2 3 2 2
Dim ܩ 6x6 7x7 6x6 17x17
Points with silhouette 
> 0.8 10 12 26 590

Percentage of 
outcasts silhouette 0.74 % 2% 1.8 % 24 %

Parser Time 0.72 5.99 21.17 1.66
Matlab read time 4 56.5 74.84 15.85
Abstraction time 2.65 10.83 2.66 3.97
Abstraction time with 
plot 4.753 13.32 5.6 6.51

Max edges of convex 
hull 8 56 10 12

Locations 3 3 2 2
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Conclusion
Automatic abstraction of analog circuits and systems to hybrid automata

• makes use of system properties (eigenvalues)
• clusters a discretized state space into linear systems
• builds a hybrid automata
• allows performing a reachability analysis

Main Properties:
• States of the hybrid automata are linear 
• Large amount of data was clustered into few regions
• Fully automated 
• Can be used on nonlinear as well as on linear systems
• Discontinuities in back transformed results
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Future Goals
• Compositional hybrid automata
• Higher order examples
• Big netlists
• Error measure
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Thank you for your attention

Questions?
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LIBRARY ieee;

USE work.electrical.all,
ieee.math_real.all;

ENTITY chargepump IS

GENERIC( v_max : real := 4.8;
i_max : real := 0.12);

PORT( terminal clk, terminal out, 
gnd : electrical );

END chargepump;

…

Behavioral Model
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Dynamics in
state space

Dynamics
in state 
space

• 50 equations/transistor
• Implicit, strongly nonlinear equations
• Use of numerical evaluation

 Use gnucap simulator as back end.

Equivalence Checking Concept
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Analog circuit (design under verification)

Differential algebraic equation system

Continuous state space

Discrete transition system

Model checking 
algorithms

ASL property
specification

MNA

Solve

Discretize

Data structure

t=1ms

t=2ms

t=3ms

Model Checking Flow
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Vera - Concept
Alog:
Read netlist
For all input voltages

find the DC operating point
Calculate G & C Matrices
Calculate the F matrix
For all point in the state space

shift the point
find a consistent solution

Calculate G & C Matrices
Calculate the F matrix
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Bandpass
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RCLD
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