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Acumen: An Environment for Rapid Prototyping 
of Cyber-physical Systems 

Yun Zhu 

Abstract 

Cyber-Physical Systems (CPS) combine discrete and continuous physical processes. 

Developing a new cyber-physical system is an iterative process that involves design, 

simulation, prototyping, and production. Writing simulation code using current tech

niques is time consuming. My thesis is that a carefully designed, domain-specific 

language can alleviate this difficulty. To demonstrate this thesis, I designed and 

implemented a prototype of a novel simulation environment called Acumen. The 

centerpiece of Acumen is a physical description language called PhyDL, which allows 

the user to directly describe dynamic equations governing the system being modeled, 

making the writing of simulation code much easier for engineers. A series of auto

matic transformations convert the high-level descriptions into a form that is directly 

machine executable. This thesis presents the design of PhyDL and several case stud

ies of using PhyDL for designing CPS systems, which show that PhyDL is accurate 

and easy to use for domain experts. 
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Chapter 1 

Introduction 

Cyber-physical systems (CPSs) are integrations of digital components and physical 

processes. With the increase in the applications of embedded computing, scientists 

and engineers are building more cyber-physical systems, in which software applica

tions operate in a physical context. Embedded computers and networks monitor and 

control the physical processes, usually with feedback loops in which physical processes 

affect computations and vice versa. Applications of CPS are ubiquitous, appearing in 

advanced automotive systems, airplanes, spacecraft, robots, high-confidence medical 

devices and systems, traffic control, manufacturing equipment, assisted living, and 

communication systems. 

Figure 1.1 : The development cycle for physical systems. 

Developing a new cyber-physical system is an iterative process that starts with 

design, then progresses to simulation, prototyping, and finally deployment (Figure 

1.1). Because simulation can help reveal design flaws at a much earlier stage and with 

lower failure cost, it is a critical part of the development process. However, existing 

modeling and simulation approaches generally employ a formalism that is distant 

from that which engineers naturally use to design and model physical systems. This 

creates an artificial difference between the core of the engineer's work and what the 

engineer needs to do to employ the available computing resources. 
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My thesis is that we can make simulation much easier by bridging the gap between 

the user specification and the machine executable. To investigate the viability of 

this approach, I have designed and built a prototype of a simulation environment 

called Acumen. The centerpiece of Acumen is a physical description language called 

PhyDL, which allows the user to directly describe dynamic equations governing the 

system being modeled. A series of automatic transformations convert the high-level 

descriptions to a form that is directly machine executable. By raising the level of 

abstraction for the developer, Acumen can help the engineers to be more productive 

by making the modeling and simulation process less time-consuming and less effortful. 

This chapter presents the need for simulation, how simulation codes are developed, 

and my solution to making simulation easier, which is the carefully designed simu

lation environment called Acumen, mentioned above. Evaluation results of Acumen 

using various case studies are reported, followed by the contribution of this thesis. 

Chapter 2 discusses existing tools and languages for CPS simulation that are most 

closely related to our work. 

1.1 A Case for Simulation 

The importance of simulation is in CPS development. Design is usually represented 

by a mathematical model, which is a simplified representation of the actual system 

that is intended to promote understanding. The process of deriving this model is 

called modeling. Simulation is a particular tool for system analysis, and it generally 

refers to a computerized version of the model that is run to study the model. We 

view a simulation as the execution of a model, represented by a computer program 

that gives information about the system being investigated. 

Modeling and simulation are commonly used to develop a level of understanding of 

the system behavior under design. They reveal the interaction of the parts of a system 

with one another and the working of the system as a whole. Modeling and simulation 

are performed at the very beginning of the design flow of a CPS, and they only 
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involve mathematical and programming processes. Thus, modeling and simulation 

can help reveal design flaws at a much earlier stage and with lower failure cost. 

Usually, the designer will iterate through the modeling and simulation steps several 

times to converge on a mathematical model that satisfies the system specifications 

before going to system prototyping. After system prototyping, if further changes 

need to be made to the design, the designer will go back and repeat the modeling 

and simulation process to revise the design. The same type of iteration happens even 

after the production of the system. 

To illustrate the critical role of simulation in CPS design, we show an example of 

controller design enabled by simulation. Figure 1.2 shows a bus suspension system, 

and our aim is to control the suspension system, so that the bus can oscillate as little 

as possible when running on a rough road. We focus on one of the four bus wheels, 

and assume that all wheels experience the road in the same way and at the same time. 

This simplifies the problem to a one-dimensional spring-damper system as shown in 

the Figure 1.2. 

m^ body mass 
m2: suspension mass 
k7: spring constant of suspension system 
bj: damping constant of suspension system 
k2: spring constant of wheel and tire 
b2: damping constant of wheel and tire 
u: external control force 
w: height of the contact between tire and road 
Xj: height of the bus body 
x2: height of the suspension 

Figure 1.2 : A bus suspension system. 

We assume that the initial compressions of the springs compensate the gravity in 

the model and make the length of both springs zero. The force equations governing 
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the behavior of two masses would be as follows: 

m,\x'[ = —b\{x\ — x'2) — k\{x\ — xi) + u 

1712X2 = bi(x[ - x'2) + k\{x\ — x2) + b2(w' - x'2) + k2(w — x2) — u. 

Here, w describes the shape of the road surface, which is a function of current bus 

position. Because the bus position is a function of time, so w is also a function of 

time. We assume that the bus is traveling with a constant speed unit. 

Now, the control force to be applied to this system is modeled as variable u, which 

is to be controlled by a digital micro-processor. 

We simulate the bus suspension system with four different controllers: 

1. An open-loop controller defined by the following equation: 

2. A proportional-integral-differential (PID) running on a "high-speed" micro con

troller (100 Hz): 

u = u-PID = -Kd(x\ - x'2) - Kp(xi - x2) - Ki (xi - x2)dt. 

where u is recomputed every 0.01 seconds, and Kd = 10, 000; Kp = 1,000; and 

Ki = 100. 

3. A PID control running on a "slow-speed" micro controller (10 Hz): 

U = U-piD. 

where u is recomputed every 0.1 second. 

4. A robust controller: 

u = if E > EQ then 0 else U-pip. 

The energy E is computed as the product of the previous value of u and the 

change in the spring length x\ — x2. The threshold value EQ = 19. The in

telligent controller computes the recent energy applied to the system, which is 
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the product of recent force and the length change of the spring. If the energy 

applied to the system is greater than the threshold value EQ, U = 0; otherwise 

u = U-PID. 

<CZresonance frequenc)!^^ 

open loop / PID@100Hz PID@10Hz Robust @10Hz 

bus os 
height 

(m) .05 

spring05 

length 
(m) -os 

control5 
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Figure 1.3 : Four different bus suspension controllers. 

Figure 1.3 shows the results of running the bus on a bumpy road with surface 

height described as 

w = 0.1sin(i * 2*). 

Road height is shown at the bottom of Figure 1.3. Above it, each column shows 

the simulation results when using each of the four different controllers. For each 

controller, we plot the control force u, spring length dx, and bus height X!. 
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For the open-loop controller, the control force u is always zero. Notice that the 

spring length dx = x_l - x_2 and bus varying height x_l both oscillate with increas

ing amplitude at the beginning, but stabilize after the frequency of the road passes 

the system's resonance frequency. 

For the PID @ 100 Hz controller, the maximum varying height of the bus is much 

smaller than using the first controller. The bus oscillates significantly less than in 

the first column, which means that the PID controller described in PhyDL is well 

behaved at a high frequency of 100 Hz. The sub-plot for the control force shows that 

we are applying an increasing control force into the system, which is not desired in 

reality. 

For the PID @ 10 Hz controller, the control force is computed using the same 

equation as for the PID @ 100 Hz controller, but the clock rate is changed from 0.01 

to 0.1, which means that the control force is computed every 0.1 second. This models 

the impact of change of clock rate on the controller, and shows what can happen if 

100 Hz is not guaranteed. At the beginning, when the road height frequency is low, 

the controller is as well behaved as when using the second controller. But when the 

road height frequency becomes higher and the clock rate is not fast enough to capture 

the changes in the road and bus, the applied control force makes the bus vibrate much 

more than with the no-control-force case. 

For the robust @ 10 Hz controller, control is active only as long as it is safe. In 

particular, the controller keeps track of the energy it applies to the system, and if 

the energy goes beyond a certain threshold, the control force is shut down. From the 

plot of the varying height of the bus, we can see that the controller has much better 

performance than the third controller when used on the slow processor. 

This example indicates two benefits of using simulation, as follows. (1) It helps 

us to discover controller flaws early. The second and third controllers have the same 

design but with different clock speeds. The results from using those two controllers are 

very different: one is well-behaved and the other creates an artificial singularity. This 
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tells us that a good design might still fail to produce good performance, if controller 

frequency is not taken into consideration. (2) Simulation helps us to develop and 

validate solutions. The third and fourth controllers use the same basic equation for 

the control force and are applied with the same clock frequency, but the fourth one is 

applied conditionally. The simulation results indicate the latter can be a good design 

in practice. 

Next, we discuss how simulation code is written given the mathematical descrip

tion of a system. 

1.2 Developing Simulation Codes by Hand 

Today, a significant portion of the mapping from mathematical equations to coding 

is done by hand. Figure 1.4 shows steps that a typical engineer needs to do. Using 

existing simulation tools, the engineers need to perform most of these steps by hand. 

In what follows, we look closely into each of these steps. 

Model system mathematically 

Y - ^ " ^ . . ^ 
— < g a u s a l ? > -

direct equations 

* 
* identify ODEs | 

Laplace 
Transform 

l ^ r e t order?^: 

reduce order 

; 
discretization 

Y 

<—' 

Figure 1.4 : From equations to code. 

Direct ing equat ions 
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A mathematical model is a simplified representation of the actual system, which is 

a series of mathematical equations used to describe the system dynamics and kinemat

ics as well as constant parameters (e.g., mass, length, etc.). Depending upon whether 

the equations have explicit data flow, a model can be classified as causal or acausal 

(non-causal). In a causal model, the order of the equations agrees with the order of 

how to compute the value of each variable. The same order can be used to derive 

a sequential program to compute the variables, but the burden of keeping the data 

flow is on the people who builds the model. On the other hand, in an acausal model, 

only constraints between variables are given. It is easier to derive the mathematical 

model, but equations must be directed before converting to a sequential program. 

Identifying and classifying ODEs 

System dynamics and kinematics are ordinary differential equations (ODEs). To 

simulate a system, one needs to solve the ODEs to yield each variable represented 

independently as a function of time. Techniques for finding solutions to linear and 

nonlinear ODEs are different. Thus, the system ODEs are usually classified as linear 

or nonlinear ODES and treated differently. 

Solving linear and non-linear ODEs 

There are analytical methods for solving linear ODEs. However, there are no gen

eral methods for solving ODEs of nonlinear systems. For nonlinear ODEs, numerical 

methods are usually used to find an approximate solution. The key idea of numerical 

methods is to discretize the continuous time and to approximate a continuous behav

ior as a finite set of pairs of time instance and behavior value at the time instance. 

Depending upon the highest-order derivative appearing in the ODEs, a system can 

be classified as first-order or higher-order. Numerical methods can only be directly 

applied to first-order ODEs. Thus, a step to reduce the order of the ODEs needs to 

be performed before solving them numerically. 

It is time consuming to perform most of those steps by hand. I propose Acumen 

to automate those steps for the user so that it will be much easier for the engineers to 
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write simulation code. Before the design of Acumen is introduced, the next section 

presents some related work and existing tools. I examine how simulation is done with 

these tools and examine the strengths and limits of each tool. 

1.3 Acumen: A Tool for Making Simulation Easier 

Existing modeling and simulation techniques can only automate a small portion of 

work during those steps. Thus, it becomes the engineer's work to employ the available 

computing resources and to convert the mathematical model to a specific form that 

can be executed on a machine. In other words, there is a gap between what engineers 

naturally use to model a system and what a machine can execute. Artificial work is 

created on top of the core of the engineer's work, which makes it time consuming to 

write simulation code for a cyber-physical system. 

To make simulation easier, I have surveyed existing tools for simulation, and 

studied what can be automated to bridge the gap between a mathematical model 

and a simulation program. I have designed a language that allows engineers to write 

their mathematical model in mathematical form, and I have developed a simulation 

environment that translates a program in this language to machine executable and 

runs the simulation. In the next two subsections, I will introduce the simulation 

environment Acumen and the physical description language PhyDL. 

1.3.1 PhyDL and RIDL 

Figure 1.5 illustrates the two key components of Acumen: PhyDL and RIDL. The 

physical description language, PhyDL, can describe dynamic equations governing the 

system being modeled, and the reactive/interrupt description language, RIDL de

scribes model discrete events and control algorithms in an event-driven programming 

paradigm. RIDL was previously designed by Kaiabachev [31]. The focus of my work 

is the design of PhyDL. 

The two language components in Acumen corresponds to the physical elements 
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Acumen = PhyDL + RIDL 
PhyDL 

Describes Physics 

-pi »>i 1 

TJK 
x, | m2 1 

IK 
Idealized 
mathematical 
semantics of 
environment 

RIDL 
Describes 

Events 

u=0.5*x, 

Quantization and 
discretization must 
both be addressed 
in this language. 

Figure 1.5 : Acumen = PhyDL + RIDL. 

and computational elements in a cyber-physical system. Modeling of the physical 

elements takes place in PhyDL, and modeling of the computational elements takes 

place in RIDL. For example, for the bus suspension system, the ODEs that govern 

the dynamics and kinematics are easily modeled in PhyDL. Different controllers are 

modeled in RIDL. The clock speed of the controllers and the communication between 

PhyDL and RIDL are also described in PhyDL. Therefore, a RIDL program describes 

the control information of a system, and is treated as an external section of PhyDL. 

However, there are also other external sections that can interact with PhyDL, such 

as an external section for interactive GUI or MATLAB. 

After modeling a system in Acumen, a series of automatic transformations will 

convert the high-level PhyDL description into a form that is directly machine exe

cutable. Thus, the user is relieved from the burden of taking all the steps needed to 

convert a mathematical model to a simulation program and thus can focus on the 

real design work. By raising the level of abstraction for the developer, Acumen can 

accelerate the modeling and simulation process of cyber-physical systems. 

The Acumen environment has a convenient user interface for the execution of the 

PhyDL program and all of its external sections. The interface consists of two parts: a 
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control panel for starting, pausing, and terminating a simulation, and a display panel 

for showing the final and intermediate results. Detailed usage of the user interface is 

introduced in Section A.6. 

The design details of the language PhyDL is presented in Chapter 3. Numerical 

methods are used in PhyDL to solve ODEs. Chapter 5 introduces error models of ODE 

solvers. The purpose is to understand the source of errors in numerical approximation 

and how error estimation methods can be used in Acumen. 

1.3.2 Evaluation of Acumen 

The usability and accuracy of Acumen is examined using some case studies. In this 

section, I will present two important applications of Acumen. One is using Acumen 

for interactive simulation, and the other is using Acumen for industrial applications. 

To run interactive simulation, an interface for interactive input/output is needed. 

Also, the simulated system needs to be synchronized with the user clock, which means 

that the simulation must run in real time. Acumen is extended to iAcumen to support 

interactive simulation (Chapter 6). 

In the industrial application, a complicated tractor system has been modeled in 

both Acumen and MATLAB/Simulink. We compared the code quality of the Acumen 

and Simulink models, and found that the Acumen code is more concise and easier 

to understand. We also compared the simulation results of the two models, and the 

simulation results were very close to each other. MATLAB/Simulink is known to 

have acceptable accuracy, and the result indicates that the accuracy of Acumen is at 

least as good as MATLAB/Simulink. 

1.4 Summary of Contributions 

The contribution of this thesis may be summarized as follows: 

• The integration of the reactive/interrupt description language RIDL in the Acu-
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men environment. Discrete events and controllers can be described in an event-

driven paradigm in Acumen in a natural way. (Section 1.3.1) 

• The design of PhyDL, a language that can directly describe the dynamic equa

tions governing the system being modeled. Systems can be described acausally, 

and both nonlinear and higher-order ODEs can be expressed. Notation is care

fully designed to be close to what engineers already use, and it contains a module 

system to avoid code duplication. (Chapter 3). 

• A type system for PhyDL (Section 4.2). 

• Semantics for PhyDL, including numerical solvers for ODEs that are used for 

program execution (Section 4.3). 

• Evaluation of Accuracy by comparing Acumen to MATLAB/Simulink. (Section 

4.4). 

• A survey of error models of these ODE solvers is presented to explain how to 

bound the simulation errors in PhyDL (Chapter 5). 

• An interface for coupling with external devices. The extension of Acumen with 

external interface is called interactive Acumen, or iAcumen for short (Chapter 

6). The interface allows conceptually clear access to the low-level codes needed 

to inject these external devices into the real virtual world. 

• Several examples and case studies developed by various people in the Acumen 

group have been presented in Chapter 7. 
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Chapter 2 

Related Work 

This chapter reviews software packages and languages with features similar to those 

of Acumen. Because mechanical simulation is highly important in many industrial 

fields, it is not surprising that numerous computer tools have been developed to cater 

to this need. Successful programs tend to find niche markets where they are far 

superior to the competition rather than attempting to function as an end-all solution 

to any conceivable problem. Therefore, it is helpful to survey a wide field of software 

on the market and languages widely used in order to see what is already available 

and what Acumen can do better for physical system simulation. 

2.1 Relation to Other Systems 

In this section we briefly disucss some related software and languages that serve a 

similar purpose as Acumen but are based on different technologies. 

2.1.1 Tools Based on Block Diagrams 

In this section, we introduce several tools with graphical syntax. Graphical syntax 

is very intuitive, and all of these tools come with a rich library of components that 

can be used to compose a system. Each library component is represented as a block 

diagram. 

2.1.1.1 Imagine.Lab AMESim 

Imagine.Lab AMESim [11] is a professional one-dimensional (1-D), multi-domain 

system-simulation platform produced by LMS International and available for Win-
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dows and UNIX/Linux. The components of the model are described by analytical 

models representing the hydraulic, pneumatic, electric, or mechanical behavior of 

the system via an interactive graphical interface. The program eliminates the need 

to develop numerical models or custom code by focusing on physics-based building 

blocks. 

Model development in AMESim is greatly facilitated by the availability of a large 

library of pre-defined components from diverse physical domains and engineering ap

plications, including fluid, thermal, mechanical, electromechanical, power train, and 

control. For example, vehicle dynamics can be easily modeled through the Vehi

cle System Dynamics Solutions, which includes vehicle dynamics, vehicle dynamics 

controls, braking systems, power steering, and suspension and anti-roll. 

AMESim features extensive interfaces with third-party software tools for control, 

real-time simulation, multi-body simulation, process integration, and design optimiza

tion. For example, for control, AMESim can interface with Mathworks Simulink and 

NI System Build. 

A strength of AMESim is the ability to simulate systems before the exact physical 

geometry is known. If the geometry is known, AMESim can be easily integrated with 

LMS Virtual.Lab, a unified, 3-D simulation environment. This allows the simulation 

of the performance of mechanical systems in terms of structural integrity, noise and 

vibration, durability, system dynamics, ride and handling, etc. 

2.1.1.2 VisSim 

VisSim [27] is a visual block-diagram language for modeling, simulating, and analyzing 

dynamic systems produced by Visual Solutions available for Windows. The graphical 

interface features drag-and-drop block diagram construction, with a library of over 

110 linear and nonlinear blocks, eliminating traditional programming. The simulation 

engine provides fast and accurate solutions for linear, nonlinear, continuous-time, 

discrete-time, time-varying, SISO, MIMO, and hybrid system designs. 
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Toolbox functions are available for control, electromechanical design, hydraulics, 

signal processing, process, chemical, thermal, and turbines; the algorithms available 

include Euler, trapezoidal, Runge Kutta 2nd and 4th orders, adaptive Bulirsh-Stoer 

and Runge Kutta 5th order, stiff backward Euler, and Lawrence Livermore inte

gration algorithms. Simulation outputs may be graphed within the user interface 

with interactive XY, time domain, FFT, and discrete plots and strip charts. The 

VisSim/Motion software allows accurate simulation of motion and motor control sys

tems, and it includes a comprehensive motion-control block library comprising over 

40 motion and motor-control blocks. 

Custom blocks can be constructed in C, C++, Fortran, and Pascal, and integra

tion is possible with MATLAB, Mathcad, and Maple. For example, A MATLAB 

Expression Block enables MATLAB scripts to be edited and executed directly from 

the VisSim environment. In addition, VisSim features efficient C code generation. 

2.1.1.3 Working Model 2-D 

Working Model 2-D [32] is a graphical motion simulator and mechanical system analy

sis software produced by Design Simulation Technologies that is available for Windows 

and Mac OS. The program allows the user to construct two-dimensional mechanical 

systems comprising stiff or flexible solid objects, springs, dampers, pin joints, slots, 

motors, etc. Once a system is constructed, the user can run the simulation and watch 

the results in real time, and the resulting animation can be exported in AVI format. 

Environmental parameters, such as gravity and air resistance, can also be modeled. 

All system variables, such as spring heights, force vector components, displace

ments, torques, etc., can be recorded and easily graphed in the simulation window. 

The software can also produce shear and bending moment diagrams. Every system 

variable can be expressed as a mathematical formula using the built-in formula lan

guage. For example, an active suspension system can be modeled by representing the 

damping constant as a function of the suspension spring length or the road height, 
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or by adding an input force, the magnitude of which is a function of other system 

variables. 

For expanded functionality, Working Model 2-D can be integrated with Excel or 

MATLAB. For modeling more complicated controllers, the controller algorithms can 

be programmed into MATLAB, which communicates in real time with Working Model 

2-D. Controller equations can also be written in Excel, which links dynamically to 

Working Model 2-D. 

2.1.2 Tools Based on Symbolic Computation 

Some tools for solving equations have been used for modeling and simulation, such 

as Mathematica [21], Maple [26], and SciLab [10]. These tools are capable of equa

tion solving. In general, using such solutions becomes very clumsy if the virtual 

environment to be modeled involves both continuous behaviors and discrete events. 

Additionally, these tools do not provide an interface for interactive user input and 

output. 

2.1.2.1 Mathematica 

Mathematica is a computational software program used in scientific, engineering, and 

mathematical fields and other areas of technical computing. Mathematica is split 

into two parts: the "kernel" and the "front end." The kernel interprets expressions 

(Mathematica code) and returns result expressions. The Mathematica Front End 

provides a GUI that allows the creation and editing of Notebook documents that can 

contain program code with pretty printing and formatted text, together with results 

including typeset mathematics, graphics, GUI components, tables, and sounds. 

The features related to physical system simulation in Mathematica include: li

braries of mathematical functions; solvers for systems of equations, ordinary differen

tial equations (ODEs), partial differential equations (PDEs), and differential algebraic 

equations (DAEs); numeric and symbolic tools for discrete and continuous calculus; 
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and a programming language supporting procedural, functional, and object-oriented 

constructs. 

Communication with other applications occurs through a protocol called Math-

Link, which allows communication between the Mathematica kernel and front-end 

and also provides a general interface between the kernel and other applications. Wol

fram Research freely distributes a developer kit for linking applications written in the 

C programming language to the Mathematica kernel through MathLink. Two other 

components of Mathematica, whose underlying protocol is MathLink, allow devel

opers to establish communication between the kernel and a .NET or Java program: 

.NET/Link and J/Link. 

2.1.2.2 Maple 

Maple is a general-purpose commercial computer algebra system. Users can enter 

mathematics in traditional mathematical notation. Custom user interfaces can also be 

created. There is extensive support for numeric computations, to arbitrary precision, 

as well as symbolic computation and visualization. 

Maple is based around a small kernel, written in C, that provides the Maple 

language. Most functionality is provided by libraries, which come from a variety of 

sources, and many numerical computations are performed by the NAG numerical 

libraries, ATLAS libraries, or GMP libraries. Most of the libraries are written in 

the Maple language; those have viewable source code. Features of Maple include: 

integration, root finding, solving equations and inequalities, plotting of functions, 

and solving of ODEs and PDEs. 

2.1.2.3 Scilab 

Scilab is a numerical computational package developed and maintained by the IN-

RIA. Scilab is a high-level, numerically oriented programming language that provides 

an interpreted programming environment, with matrices as the main data type. By 
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utilizing matrix-based computation, dynamic typing, and automatic memory manage

ment, many numerical problems may be expressed in a reduced number of code lines, 

as compared with similar solutions using traditional languages, such as Fortran, C, or 

C++. This allows users to rapidly construct models for a range of mathematical prob

lems. While the language provides simple matrix operations such as multiplication, 

the Scilab package also provides a library of high-level operations such as correla

tion and complex multidimensional arithmetic. The software can be used for signal 

processing, statistical analysis, image enhancement, fluid dynamics simulations, and 

numerical optimization. Scilab also includes a package called Scicos for modeling and 

simulation of explicit and implicit dynamical systems, including both continuous and 

discrete sub-systems. 

2.1.3 Solidworks and ProEngineer 

Solidworks [18, 16] and ProEngineer [5] are 3-D mechanical CAD programs aimed 

at design automation and optimization. These tools are widely used by product 

designers and mechanical engineers for drafting their products. They provide a sys

tematic way for constructing solid objects and assemblies. However, Solidworks and 

ProEngineer only provide limited support for modeling system dynamics and object 

interactions. For example, system dynamic equations cannot be easily modeled using 

these tools. 

2.1.4 Tools Based on Functional Programming 

Functional Reactive Programming (FRP) [30] is a functional reactive programming 

framework that is highly suited for causal hybrid modeling. The framework is em

bodied in a language called Yampa as an extension of Haskell. FRP permits dynamic 

hybrid systems to be described in a high-level, declarative manner. The key ideas 

in FRP are its notions of behaviors and events. Behaviors are time-varying, reactive 

values, while events are time-ordered sequences of discrete-time event occurrences. 
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Every dynamic variable in FRP is implicitly a function of time. FRP provides a 

family of functions called "lift," which can lift an ordinary value or function to an 

analogous behavior. The same idea is used in PhyDL. 

While acausal modeling is essential to modeling dynamic physical systems, there 

was an attempt to combine the strengths of functional programming in FRP and 

acausal modeling. How functional programming techniques would play a pivotal role 

in improving dynamic system modeling was articulated in [17], but no further results 

have been reported. 

2.2 Detailed Comparison with MATLAB/Simulink 

MATLAB/Simulink[23] is an environment for multidomain simulation and model-

based design for dynamic and embedded systems. It provides an interactive graph

ical environment and a customizable set of block libraries that let the user design, 

simulate, implement, and test a variety of time-varying systems. 

2.2.1 Relating MATLAB/Simulink to Acumen 

I have studied MATLAB/Simulink in detail in my thesis for the following reasons: 

1. MATLAB/Simulink has great power and is widely used for modeling and simu

lation. However, to convert a mathematical model to MATLAB/Simulink code 

can be time consuming. Acumen is designed as a tool that bridges the gap. 

2. MATLAB/Simulink lacks a clear and formal semantics. The user needs to have 

a deep knowledge of Simulink to correctly interpret the results of its simulations. 

Fully understanding what takes place inside the tools would be important for 

preventing unpleasant surprises. The lack of formal semantics of the models 

used inside Simulink has been considered a serious drawback, especially in aca

demic circles. In contrast, Acumen is designed with a formal semantics. 
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3. MATLAB/Simulink is an integrated environment in which some parts can be 

used as external sections or references of Acumen. For example, currently Acu

men uses MATLAB display functionalities for displaying simulation results. In 

addition, MATLAB/Simulink is known to have good precision for numerical 

computation. Therefore, we are using Simulink as a reference to eveluate the 

accuracy of Acumen simulation results. Finally, Simulink has a powerful compu

tation/analysis back-end. Thus, one very practical direction for our future work 

is to generate Simulink code to do the back-end computation of the Acumen 

program. 

2.2.2 Comparing MATLAB/Simulink to Acumen with Small Examples 

In the rest of this section, we will show some small examples that compare the code 

quality of Acumen and MATLAB/Simulink. 

2.2.2.1 Example 1: Bus Suspension System 

The first example uses the same problem description as in Section 1.1. 

MATLAB/Simulink and PhyDL Code 

Table 2.1 shows the MATLAB/Simulink code and the Acumen code for the bus 

suspension system. 

• For MATLAB/Simulink Frequency Domain 

det 
m\s2 + b\s + k\ —(hs + ki) 

-(hs + h) (m2s
2 + (h + b2)s + (h + K2)) 

xi(s) - x2(s) - mi&2S3 - miA^s2 

a f " = -^vur~ " A ' 
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Table 2.1 : MATLAB/Simulink and PhyDL Code for the Bus Suspension System. 

MATLAB 

/Simulink 

Frequency 

Domain 

MATLAB 

/Simulink 

Time 

Domain 

PhyDL Time 

Domain 

ml=2500; m2=320; kl=80000; k2=500000; bl=350; b2=15020; 

num=[-(ml*b2) -(ml*k2) 0 0] ; 

den=[ml*m2 (ml*(bl+b2))+(m2*bl) 

(ml*(kl+k2))+(m2*kl)+(bl*b2) (bl*k2)+(b2*kl) kl*k2] 

' G ( s ) 2 ' 

p r i n t sy s (0 . l *num, den) 

'/,step(0.1*num, den) . 

ml=2500; m2=320; kl=80000; k2=500000; bl=350; b2=15020; 

A=[0 1 0 0; 

-(bl*b2)/(ml*m2) 0 

( ( b l / m l ) * ( ( b l / m l ) + ( b l / m 2 ) + ( b 2 / m 2 ) ) ) - ( k l / m l ) - ( b l / m l ) ; 

b2/m2 0 0 1; k2/m2 0 0 0 ] ; 

B=[0 0; 1/ml (bl*b2)/(ml*m2); 0 - (b2 /m2) ; 

( l /ml ) + (l/m2) - ( k 2 / m 2 ) ] ; 

C= [0 0 1 0] ; 

D= [0 0] ; 

*/,step(0. l*num, den) . 

(* some s e t up for s imula t ion *) 

boundary 

x l with x l ( 0 ) = 0 , x l ' ( 0 ) = 0; x2 wi th x2(0)=0, x2 ' ( 0 )= 0 

system 

ml=2500; m2=320; kl=80000; k2=500000; bl=350; b2=15020 

x l " = 1/ml * ( - b l * ( x l ' - x 2 ' ) - k l * ( x l - x 2 ) + u ) ; 

x 2 " = l/m2 * ( b l * ( x l ' - x 2 ' ) + k l * ( x l - x 2 ) + 

b2*(w•-x2 ' )+k2*(w-x2)-u) ; . 
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• For MATLAB/Simulink State Space Equation 

b\ b\ b2 
Yi = -{ — +—)Y1 {w-x2) + fY2dt 

mi 7712 "^2 

k\ k\ k2 1 1 
Yi = -{—+—)Y1 (w-x.2) + (—+—)u 

mi m2 m2 mi m2 

x' = Ax + Bw 

y' = Cx + Dw 

Y = [0 0 10][xi x2Yx Y2]
T + [Q0}[uw]T = xi-x2. 

Remarks 

• Both the state space method and the transform function method in MAT

LAB/Simulink have equations very different from the original model. 

• At the beginning, I can only run MATLAB very slowly because of the remote 

access license is not adequate. But PhyDL was even slower. Then we figured 

out the problem was that we interpreted the PhyDL program in a non-efficient, 

recursive way. After changing the implementation of PhyDL semantics to an 

imperative way, PhyDL became much faster. 

• PhyDL is implemented using OCaml; some issues about OCaml include: 

— Converting from the time-equations to OCaml code can be quite mechan

ical. It is just a Laplace transform. 

— In converting to OCaml, we have to be careful about numerical accuracy 

issues (continuous model and discrete model). 

— The OCaml implementation will require some tweaking for larger problem 

sizes. (Now a simulation run of 30*1000 steps is fast for the bus suspension 

system model, but for a more complex system a simulation run of 30*1000 

steps would be very slow.) 

— PhyDL can also integrate PID a controller description with the physical 

system. All that is needed is to add some code in RIDL such as the 
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following: u_PID is a PID controller which can be described in PhyDL as: 

con t ro l = i n i t 0 in {clock => u_PID }. 

• Simulation preciseness of PhyDL compared with MATLAB/Simulink (for this 

example only). Using the following settings, we compared the results from 

PhyDL and MATLAB/Simulink and found that the resulting data are very 

close to each other. 

— Both approximate the implicit integration using a time step of 0.001 s. 

— Simulation time is 50 s. 

2.2.2.2 Example 2: Car Pulling Trailers 

Problem Despcription 

Figure 2.1 shows a car pulling several trailers, with each trailer hitched between 

the rear wheels of the body in front. The first car is used to steer and provide speed. 

Let Fi be the vector of the front of i-th car/trailer, with Bi being the body of zth. 

Input is U. 

(x1,x2) 

Figure 2.1 : Car pulling trailers. 

From the rigid body constraints, we can obtain the dynamic equations as the 
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following: 

Fn+\ = Rn 

i^ = 17 

K + 1 = p r o j ^ . B , , ) 

abs(5;) = 0 

abs(5„(0)) - ln-

MATLAB/Simulink and PhyDL Code 

• MATLAB/Simulink code 

function [sys,xO,str,ts] = trailer(t,x,u,flag.len) 

switch flag, 

case 0, [sys.xO.str ,ts] = mdllnitializeSizes(len); 

case 1, sys = mdlDerivatives(t,x,u,len); 

case 3, sys = mdlOutputs(t,x,u,len); 

case 9 sys = [] ; '/, do nothing 

end 

function [sys, xO.str.ts] = mdllnitializeSizes(len) 

sizes = simsizes; 

sizes.NumContStates = 6; 

sizes.NumDiscStates = 0; 

sizes.NumOutputs = 8; 

sizes.Numlnputs = 1; 

sizes.DirFeedthrough = 1; 

sizes.NumSampleTimes = 1 ; 

sys = simsizes(sizes); 

xO =[0 0 (pi/6) pi (-pi/2) (pi/2)]; 

str = [] ; 

t s = [0 0 ] ; % continuous sample time: [period, offset] 

function sys = mdlDerivatives(t,x,u, len) 

sys( l ) = u*cos(x(3)+x(4)); 

sys(2) = u*sin(x(3)+x(4)); 
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sys(3) = 0; 

sys(4) = u*tan(x(3))/len; 

sys(5) = u*(tan(x(3))-cos(x(3))*tan(x(5)))/len; 

sys(6) = u*(cos(x(3))*tan(x(5))-

cos(x(3))*cos(x(5))*tan(x(6)))/len; 

function sys = mdlOutputs(t,x,u, len) 

sys(l) = x(l); 

sys(2) = x(2); 

sys(3) = x(l)-len*cos(x(4)); 

sys(4) = x(2)-len*sin(x(4)); 

sys(5) = x(l)-len*cos(x(4))-len*cos(x(4)-x(5)); 

sys(6) = x(2)-len*sin(x(4))-len*sin(x(4)-x(5)); 

sys(7) = x(l)-len*cos(x(4))-len*cos(x(4)-x(5)) 

-len*cos(x(4)-x(5)-x(6)); 

sys(8) = x(2)-len*sin(x(4))-len*sin(x(4)-x(5)) 

- len*sin(x(4)-x(5)-x(6)) ; . 

\vspace{-lcm} 

• PhyDL code 
(* some set up for simulation *) 

boundary 

fO with f0(0)=[0, 0]; 

fl with fl(0)=[0.1, 0]; 

f2 with f2(0)=[0.1, 0.1]; 

f3 with f3(0)=[0.2, 0.1]; 

equation 

len = 0.1; 

u = v * u n i t ( r o t a t e ( b 0 , d i r * p i / 6 ) ) ; 

f 0 ' = u; 

f l ' = p r o j ( f 0 ' , bO); 

f 2 ' = p r o j ( f l \ b l ) ; 

f 3 ' = p r o j ( f 2 ' , b2) ; 

bO = fO - f l ; 

b l = f l 

b2 = f2 

±2 

f3 
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Remarks 

• The MATLAB/Simulink code here is not using vector because it is not easy to 

do so. In S-function, if we want to declare input/output signals to be vectors, 

we must use ssSetVectorMode. However, this ssSetVectorMode is not supported 

universally, and it can only be available if the S-function is defined in C. We 

can see from the MATLAB/Simulink code that using scalar representation in 

this example is very annoying and error prone. 

• The MATLAB/Simulink code above is just an m-file. To make the MAT

LAB/Simulink code work, the following extra things need to be done: 

— Write some auxiliary m-file to support vector operations like pro j . 

— Instantiating a Level-2 m-file S-function. First create an instance of the 

Level-2 m-file S-function block in the model. Then open the block's pa

rameter dialog box and enter the name of the m-file that implements your 

S-function in the dialog box's m-file name field. The final model is shown 

in Figure 2.2. 

• Comparing the simulation results (Figure 2.4). 

- Simulation time 10 s, step size 0.001 s. 

- Each sub-plot is x-y trace of F0, F l , F2, F3. It started at position [0 0] 

[0.1 0] [0.1 0.1] [0.2 0.1], with the front car always steering TT/6 to its left 

(Figure 2.3). 

— There is still some difference shown in the two implementations. 

- Trace from two different implementations: 
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File Edit View Simulation Format Tools Help 
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M-file S-Function2 
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F1:startatp.10] 

- H 

F2:start at p.1 0.1) 

F3:staitatp.2 0.1] 

Ready |ode45 

Figure 2.2 : Simulink model for car pulling trailers. 

X 
(0,0) 

F0 F, 

Figure 2.3 : Initial configuration of the trailers. 

2.2.3 The REPTILE Project 

The REPTILE project is a collaboration between Schlumberger and Rice on applying 

"Resource-aware Programming for Oil Exploration." The goal of the project is to 

explore how advanced programming language techniques can be used to accelerate the 

development of the first successful horizontal drilling tractor. The focus of the project 

will be to develop appropriate simulation tools. This is expected to help Schlumberger 

engineers in both the design and the implementation of intelligent tractor controllers. 

The design of Acumen was partially driven by the need for modeling the tractor, 
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Figure 2.4 : Comparing PhyDL and Simulink results. 

which is a real-world robot. Tests and examples for Acumen were guided by pristine 

specifications of the physical model and the controllers of the tractor. I have also 

participated in mathematical modeling of the tractor system. After that, the tractor 

model was simulated in Acumen as well as in MATLAB/Simulink. 

MATLAB/Simulink code for the tractor model and its simulation results are used 

as reference points in the Acumen evaluation, and the evaluation is two-fold. First, 

we want to examine the quality of the Acumen code, and the efforts needed to put the 

mathematical model into Acumen compared with Simulink. Second, we want to look 

closely into the accuracy of Acumen, and thus we compared the simulation results 

from both tools. 

Simulation in Acumen turns out to be much easier than in Simulink. We compared 

the code in Acumen and Simulink and found that the Acumen code is more concise 

and much closer to the mathematical model of the system. 
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2.2.3.1 Control Flow is Easier t o Express in Acumen 

Simulink programs are graphical, and a Simulink model has blocks connected by lines. 

Each line represents a signal or a vector of signals. Some very simple mathematical 

models may require a complicated Simulink diagram code. For example, to represent 

a conditional statement in Simulink, we will have a graphical program as shown in 

Figure 2.5. 

r\ H ' " i ix, iGORLoadSharingSync/.,./Load Sharing Model/Torque * 

File BJit View Simulation Fcmtiat Tools IHelp 

G > 
Te 

TL 

Speed 

H > = 0 h- i 

Compare 
To Zorop l - H I 

i—4>°oP—trND 

Compare Logical 
Operator! 

Compare 
To Zero4 

Compare 

4 
Compare 

Logical 
0perator3 

Logical 
Operator2 

Compare 
to 2ero6 

rirND 

Logical 
Operator 

Compare 
To Constant 

-KX) 

Figure 2.5 : Simulink code for conditionals. 

On the other hand, PhyDL has a very natural way to describe mathematical and 

logical equations. Thus, in PhyDL, the model in Figure 2.5 can be modeled by just 

two lines of an equation: 

T = if ((Te>=0 && TL>=0 && Te<TL) | | (Te<=0 

&& (speed==0) then 0 e l se Te-TL;. 

TL<=0 && Te>TL)) 
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2.2.3.2 Acumen is More Concise 

It is very important to exploit reusability in physical system modeling, especially when 

the system is complicated and has components with the same pattern. The module 

system of the PhyDL language in Acumen allows the user to define a component 

once and use the definition multiple times by referring to the name of the component 

definition. This also enhances the modularity of the system and makes the program 

more readable. 

Reusability in Simulink is achieved by block hierarchy. A Simulink model is built 

up from basic library blocks, and Simulink lets you organize your model into levels 

of hierarchy by using subsystems. Subsystems encapsulate a group of blocks and 

signals as a higher-level single block. Every subsystem has a custom user interface 

called a mask, which hides the subsystem's contents, making it appear to the user as 

an atomic block with its own icon and parameter dialog box. A component can be 

defined as a subsystem in Simulink. When it is used for multiple times, the user can 

copy this higher-level block for the subsystem and "paste" it wherever needed. Thus, 

the code for components with the same definition is still duplicated, although the 

code is "hidden" under the mask. Moreover, when the user needs to make a change 

to the component definition, the change must be made several times in each instance 

of the component. In PhyDL, changes to the component definition only need to be 

made once. 

2.2.4 Simulink/SimMechanics 

SimMechanics [22] is an extension of Simulink environment that provides extensive 

physical modeling capability, especially for 3-D mechanical systems. Instead of deriv

ing and programming equations, SimMechanics provides the user with a block/module 

library that allows the user to build a model from bodies, joints, constraints, and 

force elements that reflects the structure of the system. Alternatively, it is possible to 

import physical data from a CAD model, with only a need to define additional inter-
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actions as required by the software. Once the model is denned, all of the governing 

equations can be handled by MATLAB/Simulink, enabling the user to instantly see 

how any given model will behave. 

In practice, SimMechanics is not always convenient to use. The block library 

of SimMechanics is highly customized, and objects that are not in the library are 

usually hard to define. The modeling procedure is also very time consuming and 

requires great expertise. Finally, only limited constraints can be represented easily 

in the model. It is not clear how to represent useful infomation such as collision 

detection and energy-conservation in SimMechanics. 

The CAD-to-SimMechanics translators for converting CAD models to SimMe

chanics models are not working as well as expected. Experiences show that many 

constraints in CAD models can be lost during the translation, and it is very hard to 

identify the loss of constraints and make corrections in the translated SimMechanics 

model. 

2.2.5 Summary 

In this section, we have examined a simulation environment called MAT

LAB/Simulink that is widely used for modeling and simulation. The tool is very 

powerful but has many drawbacks. The most significant ones are that it is not very 

easy to use and that it lacks a clear semantics. Acumen is designed to make sim

ulation easier by allowing the user to describe a physical system using high-level 

equations. The compilation process generates executable from the equations, and a 

clear semantics is given based on the compilation. 

Three examples that compare Acumen code and MATLAB/Simulink code for the 

same physical systems are given side by side. It is very clear from the comparison 

that Acumen code is much easier to derive and that its simulation results are earsier 

to understand and interpret. 
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2.3 Detailed Comparison with Modelica 

Modelica [6, 8] is an equation-based, object-oriented language for modeling physi

cal systems. Mathematical equations can also be easily transferred into a Modelica 

program. Modelica is a specification language only and thus requires an external 

computational environment to actually perform simulation. A small number of com

putational environments support Modelica simulation, such as OpenModelica [7], 

Dymola [8], and MathModelica [9]. All of these environments have complex compila

tion processes and demand that the user have a profound understanding of Modelica 

semantics. A more detailed discussion of these environments and their drawbacks can 

be found in [29]. 

To our knowledge, Modelica is a language that is closest to PhyDL, except that 

Modelica does not allow higher-order derivatives to be written directly. However, this 

can be addressed by introducing new variables to represent derivatives of variables, 

as we will explain in Section 4.3.4. 

At the same time, Modelica is quite different from PhyDL from a higher-level 

point of view. PhyDL is designed as equation-based. A physical system is modeled 

as variables and relations between variables. Variables are functions of time that 

exposes the state changes of a physical system, and relations in the form of equations 

are constraints on the values those variables can take at any time. Thus, there 

is a direct mapping between the system's mathematical equations and the PhyDL 

program. 

Modelica uses object-oriented ( 0 0 ) mathematical modeling. In Modelica, classes 

are blueprints for creating objects, and both variables and equations can be inherited 

between classes. Function definitions can also be inherited. A Modelica program is 

structured by hierarchies, component-connections, and inheritance. In contrast to 

ordinary 0 0 languages, specifying behavior in Modelica is primarily done through 

equations (as in PhyDL) instead of via methods or dynamic message passing. 

Although both Modelica and PhyDL have acausal module systems, the view of 
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a component is very different in these two languages. In Modelica, components are 

instances of Modelica classes, which have interfaces. Interfaces in PhyDL are called 

ports, and they are shared variables between the component and its environment. 

Interfaces in Modelica are called connectors, and they are instances of connector 

classes. 

The object-oriented mathematical modeling gives the Modelica language the 

power of 0 0 design, such as inheritances, but it also requires the user to have some 

expertise in the 0 0 design principle to use the language properly. The design princi

ple of PhyDL is to be exoteric, so we choose to make the language as equation-based 

only. 

2.4 Summary 

Table 2.4 summarizes the distinctive features of the various environments and pro

gramming languages for physical system modeling and simulation that we have dis

cussed in the previous subsections. Because tools and languages in the same section 

have similar features, we only choose one from each section as a representative of 

others. 
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Mathematica 

Modelica 
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PhyDL 
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Figure 2.6 : Design choices in PhyDL and related languages. 
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Chapter 3 

The Design of PhyDL 

PhyDL is designed to make simulation easier for the engineers. Many different choices 

need to be made when designing a language, including syntactic choices, semantic 

choices, and implementation choices. With the goal of making PhyDL as close as 

possible to the notations used in modeling dynamic systems, we made the following 

design choices in creating PhyDL. 

1. Textual syntax. A language may have textual syntax or graphical syntax. 

PhyDL has textual syntax, which has the advantage of being flexible and close to 

mathematical equations. Language with graphical syntax usually has a graph

ical library, and the programming has a drag-and-draw paradigm. Graphical 

language requires the user be familiar with the library blocks. When the model 

has a part that is not in the library, the programming becomes very clumsy. 

2. Stand-alone language. A language for a specific domain can be designed as 

a stand-alone language, or as one that is embedded in and extended from an 

existing general-purpose language. An embedded language has the advantage 

that all primitive functions in the base language can be used directly, while 

every function in a stand-alone language needs to implement. However, stand

alone languages have clearer semantics, and they have more flexibility in the 

design decisions. 

3. Both causal and acausal modeling. PhyDL allows both causal and acausal 

modeling. To support acausal modeling, the language needs to sort the depen

dencies between variables and equations for the user, so that the user needs 
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only to write all constraints as equations without worrying about the causal

ity between variables. For example, equation a' '+g*l*sin(a)=0 is allowed in 

PhyDL language. 

4. Point-free notation. In a physical system, every variable is a function of time, 

so PhyDL makes time t as an implicit parameter of each variable. 

5. Integration and higher-order derivatives. Both derivatives and integration 

are supported, and higher-order derivatives can be written directly. 

6. Module system. PhyDL has a module system. A component in a physical 

system can be denned independently as a module and be used in the system 

definition by referring to the name of the module definition. 

In the rest of this chapter, we will explain some of these design choices in more 

detail. 

3.1 Causal and Acausal Modeling 

There are two ways to model a physical system. One is called acausal modeling and 

the other is causal modeling. 

In acausal modeling, a model is composed of variables and relations between 

variables. The variables in a model are functions of time to observable quantities, 

and they implicitly expose changes inside models. The relations in a model act as 

constraints between the values that variables take at each instant. Models interact 

through constraints between some of their variables. 

In causal modeling, a model is composed of 

• Inputs 

• Outputs 

• Variables 
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• State variables (variables whose derivatives appear in the system) 

• Relations between inputs and (state) variables constraining the value of the 

outputs, variables, and derivatives of state variables. 

The inputs of causal models handle data coming from the environment, and outputs 

of causal models handle data to be exported to the environment. (State) variables of 

causal models are used to compute observable quantities. The key point is, data flow 

in a causal model is explicit. It is possible to simulate a causal model using value 

propagation first and then to do the integration. 

Acausal modeling is a convenient way to express specifications, and thus acausal 

models are easy to build and modify. But highly elaborated tools are necessary 

to handle them efficiently. Equation-solving techniques are examples of such tools. 

On the other hand, causal modeling expresses only explicit computations, and thus 

causal models are more difficult to build and extremely hard to modify. But the 

computations for causal models generally are much easier. 

3.1.1 The RLC Electrical Circuit Example 

This problem description was used in [28]. 

Physical modeling involves specifying relationships between various quantities 

such as voltage, pressure, mass, etc. In this example, we will build a model of an 

RLC electrical circuit [28]. An RLC circuit contains a resistor, a capacitor, and in 

inductor and exhibits oscillatory behavior in response to voltage disturbances. 

Figure 3.1 shows the schematic of an RLC circuit. 

First, let us assume that the voltage source, V, jumps from 0 to 1 after one second 

of simulation. We can then write an explicit expression for the voltage at node a as 

follows: 

(o o < t < i 
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a L=100mH b R=15Q c 

C=100p,F 

Figure 3.1 : An RLC circuit. 

Next, we consider the inductor model. The equation for the current through the 

inductor (from node a to node 6 is: 

L*i'L = (Va-Vb). 

Likewise, using Ohm's law, the current through the resistor (from node b to node 

c) can be expressed as: 

R*iR = Vb- Vc. 

Finally, the current through the capacitor leaving node c and going to ground can 

be expressed as 

ie = C * V'c. 

But using Kirchhoff's current law, we know that the sum of the currents going 

into each node must be zero. This gives us: 
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iv - it = 0 

iR-ic — 0. 

Putting this all together, we have the following unknowns: 

{Va, Vb, Vc, iy, IR, ic, iL,} 

and the following equations 

Va = 
0 0 < i < 1 

1 t>\ 

L*i'L = (Va-Vb) 

R*iR = Vb-Vc c 

c C*V' 

iv -iL = 0 

iL-iR = 0 

iR-ic = 0. 

Note that we could have simplified these equations further. For example, from the 

last three equations we know that the current through all of the components must be 

equal to iy. This would have eliminated the need to solve for i#, ic, and ii altogether. 

For this example, we use all seven equations and all seven unknowns to demonstrate 

that a priori manipulation of the equations is not necessary. Instead, the information 

given in the model is sufficient for such manipulations to be performed automatically 

by the simulator. 
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3.1.2 The Acausal Model of PhyDL for the Circuit 

The PhyDL description of the RLC model is shown below, and the results of simu

lating this circuit can be seen in Figure 3.2. 

simulation 

starting_time = 0; ending_time = 1.2; 

step_size = 0.001; 

external matlab 

reads Va, Vb, Vc; 

observes event plot rate t = 0.001; 

boundary 

iL with iL(0)= 0; 

Vc with Vc(0)= 0; 

system 

R = 1 5 ; L = 0 . 1 ; C = 0.0001; 

Va = if t>=l then 1 else 0; 

L * iL' = Va - Vb; 

R * iR = Vb - Vc; 

iC = C * VC; 

iC = iL; 

iL = iR;. 

3.2 Point-Free Notation 

A physical system is an entity that can be separated from its environment but that 

also interacts with its environment, which results in observable changes over time. In 

other words, in a physical system, every variable is a function of time. We take this 

fact into the consideration of the design of language syntax. For example, if we write: 

F = m * a; 
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Figure 3.2 : Voltage responses of an RLC circuit. 

then variables F, m, and a will each be a function of time. For any time t, 

F(t) — m(t) *a(t). Syntactically, this gives the engineers the convenience to omit un

necessary parameters. More importantly, the language carries operators on numbers 

to functions of time t for the user. The operator * takes two numbers and produces 

another number. With implicit-time notation, and every variable being a function of 

time, now the operator * takes two functions of time and produces another function 

of time. This happens for all other operators in the language. Discussion of the types 

of carried operators can be found in Section 4.2. 

Some other languages also have implicit-time notation, including FRP and 

Modelica. 
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3.3 Mathematically Inspired Textual Notation 

A language for modeling physical systems must support derivative and/or integration 

operations. 

• Derivat ives 

For derivatives, we need second-order derivatives for system dynamics — for exam

ple, F = m * p". Some languages do not allow expressing higher-order derivatives 

directly. For example, in MATLAB, the ODE solvers accept only first-order differ

ential equations. To use such solvers with higher-order ODEs, the user must rewrite 

each equation as an equivalent system of first-order equations of the form 

y' = f(t,y). 

Similarly, Modelica cannot express higher-order derivatives directly. Modelica 

uses operation der(x) to represent the time derivative of the variable x. Notice that 

x must be a variable and cannot be an expression, and that the der cannot be used 

recursively to express higher-order derivatives. In other words, the following is not a 

legal way to represent the second derivative: 

alpha = der(der( the ta) ) ; / / I l lega l in modelica. 

In order to represent the second derivative of a variable, the first derivative must be 

assigned to a variable. For example: 

omega = der ( the ta ) ; / / Firs t derivative, 

alpha = der(omega); / / Second derivative. 

For the same example, we can write in Acumen as follows: 

alpha = t h e t a " ; / / PhyDL. 

In PhyDL, we use the prime notation for derivative over time. This is similar to 

what engineers use in their modeling. Mathematica has similar notations as PhyDL: 
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alpha[t] = t h e t a " [ t ] ; , 

with the difference that time t must be explicitly written. 

• Integration 

We also have integration operation in PhyDL. For example, if p is the integration 

of v, we write 

p = in t eg ra l (v ) ; . 

Integration is from time t = 0 by default. 

3.4 Module System 

PhyDL has a module system for keeping the physical system model better structured. 

An important aspect of physical system modeling is to exploit the reusability gained 

by using acausal modeling formulations. In general, acausal models are easier to reuse 

than block diagrams because each component model can be formulated independently 

without knowledge of the equations or causality assumptions used in other parts of 

the system. This is because the causality for physical component models changes 

depending upon the context in which the model is used. 

A module definition is used to describe a component in a physical system. A com

ponent is modeled independently of the environment in which it is used, which is es

sential for its reusability. This means that in the definition of the component/module 

that includes its equations, only local variables and port variables can be used. No 

means of communication between a component and the rest of the system, apart from 

going via a port, should be allowed. 

Thus, we have a module definition that includes the name of the module, the ports 

of the module, and the system equations of the module. The name of the module 

is used to refer to the module definition. Ports are variables used to communicate 

between the inside and outside of the module. They are interfaces between a physical 
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component and the rest of a physical system. The dynamics and behavior of the 

component are described as equations of the module, and module equations have 

the same form as general system equations. A module definition in PhyDL looks as 

follows: 

module spring = { 

ports: x, f; 

k=l; 

f=k*x; 

}. 

Here, module and po r t s are keywords. The variable name spr ing is the name 

of the module, and variables x and f are ports of the module. Equations k=l; and 

f=k*x; are equations of the module. 

When using this module definition in the system model, we write 

s p r i n g ( x l , f l ) ; , 

where variables xl and f 1 are variables that appear in the system model. By building 

the connection between x and xl , f and f 1, these two pairs of variables will have 

identical values. If the same module definition is used multiple times in the system 

model, each one will represent a different instance of the physical component. The 

syntax of module definition and application can be found in Section 4.1, and an 

example of using module systems can be found in Section A.2.6.2. 

Complex systems usually consist of large numbers of connected components, of 

which many components can be hierarchically decomposed into other components 

through several levels. Thus, the following definition is valid in PhyDL: 

module spr ing = { 

p o r t s : x, f; 

k=l; 
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f=k*x; 

} 

module spring_damper = { 

ports: x, f; 

b=l; 

fb = b*x'; 

spring(x, fk); 

f=fb+fk; 

}. 

The first module definition defines a component with the name spring, which is 

used in the component defined in the second module definition. A component cannot 

be a part of itself. Also, two components cannot both be part of the other. Thus, 

modules cannot be defined recursively or mutually recursively. 

3.5 Bus Suspension Example in PhyDL 

As an example of the PhyDL program, the bus suspension modeled by mathematical 

equations 

mi * x" = —bi * (x[ — x'2) — k\ * (xi — X2) + u 

ra-i * x'2 = b\ * (x\ — x'2) + h\ * (x\ — x2) + b2 * (w' — x'2) + k2* (w — x2) — u 

has the PhyDL code as follows: 

m _ l * x _ l " = - b _ l * ( x _ l , - x _ 2 , ) - k _ l * ( x _ l - x _ 2 ) + u ; 

m_2*x_2'' = b_l*(x_l ' -x_2 ' )+k_l*(x_l -x_2)+b_2*(w' -x_2 ' )+k_2*(w-x_2)-u ; . 

The example shows that the syntax of PhyDL is very close to the mathematical 

model of the system. 
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Chapter 4 

The Syntax and Semantics of PhyDL 

In this chapter, we formalize the syntax and semantics of PhyDL. 

4.1 Syntax 

Physical systems are modeled as variables and relations in PhyDL. Each variable is 

a function of time and has type R —> a, where a is an arbitrary type. A PhyDL 

program is then a set of equations composed of those variables. 

The basic types and program environment in PhyDL can be represented by the 

following BNF: 

Type t ::= R | t x • • • x t | t - » t 

Program Environment F := [} \ c : n | x : t :: T. 

Here, R is the set of real numbers, and the type of time is "Real." In PhyDL, real 

numbers are approximately represented by rationals (floating points); therefore, Q is 

used as the basic type for reals in PhyDL. The product type for array and tuple is 

denoted as t x • • • x t, and function type is denoted as t —> t. A PhyDL variable is a 

function of time, so a variable in PhyDL or its derivative has type Qn , which means 

the product of n Qs. 

The syntax for core PhyDL is defined by the following BNF. We use a\b or [a, b] 

to denote a or b, and use [a] to denote that a is optional (may or may not appear). In 

the definition of arithmetic expression, we write (6, d i , ^ } to denote a sequence and 

(di) to denote a sequence of d's. We use {a,} to denote a set of a's. 
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The syntax of PhyDL with interactive mode and module system is as follows. 

e x Variable names x 

Variables v 

Constants c 

Primitive operators / 

Logical operators © 

Arith expressions d 

Boolean expressions 6 

x I v 

Qn 

+ ] — | * | / | sin j cos | power | inner | cross 

| abs | index | direction | rotate | proj 

> I = I < I > I < I # 
c | v | f{di) |if {b,d\,d<i) | integration(d) 

d © d l -.616 II 6 | 6&&6 

External names 

Module names 

Timings 

Equations 

System modules 

Modules 

E 

S 

T 

e 

m 

s 

Interface commands C 

PhyDL programs P 

E S D {ridl,matlab,GUl} 

€ S 

:= starting_time = c ending-time = c step.size = c 

:= d = d | S(xi) 

:= [boundary {vj(ci) = dj}] system {ej} 

:= module S = (ports {xi} m) 

:= reads {vt} | writes {vi} \ {[when, rate] t = Cj} 

:= {si} simulation T {external E {Cj}} m. 

Each of these syntactic productions represents a standard mathematical concept. 

In what follows, I explain each of these productions in the order in which they appear 

in the BNF definition. 

X is the set of variable names, and each variable name consists of characters in 

0-9, _, a-z, and A-Z, with the first character being an English letter. A variable is 

represented by a variable name or a variable name followed by one or more " ' " to 

denote the derivatives. 

Q is the set of fractions, or in this case floating-point numbers. Thus, a constant 

can be a number in Q or a vector of fractions. 

Primitive functions are used to compose arithmetic expressions. Operators 

+,—,*, / , and abs can be used both as scalar operations and vector operations. 

They have their usual mathematical meaning when applied to scalar. When applied 
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to vectors, the two operators + and — must have the same dimension. One of the 

operators of * must be a scalar, and the second operator of / must be a scalar. The 

expression abs(a) computes the absolute value of a if a is a scalar and computes the 

length of a if a is a vector, sin, cos, and power are scalar operators. The expression 

power (a , b) computes value ab when both a and b are scalars. Operators inner and 

cross computes the inner product and cross product of two vectors. The expression 

index(x,n) requires x to be a vector and n to be a natural number, and it is used 

to get the n-th component of vector x. The expression d i r ec t i on (x ) computes the 

unit vector with the same direction as vector x. The expression r o t a t e ( x , a ) re

quires x to be a vector and a to be a fraction. The result is to rotate a 2-D vector x 

counter-clockwisely of angle a. The expression proj (x,y) requires both x and y to 

be vectors, and the result gives the component of vector x along the direction of y. 

When a logical operator is applied to two numbers, it has its usual meaning. When 

it is applied to two vectors, they must have the same dimension, and the result is the 

conjunction of comparing each pair of corresponding components. For example, (2, 

3 )>(1 , 1) would be true, but (2, 3 )>(1 , 4) would be false. The result of applying 

a logical operator to two operands is a Boolean expression. A Boolean expression can 

also be built from other Boolean expressions by using -i, ||, and &&. 

An arithmetic expression can be a constant, a variable, a function application, 

an if statement, or an integration of an arithmetic expression. Integration always 

starts at t=0 as default, if the statement is used to handle discontinuities in a physical 

model. 

An equation in PhyDL can be an equation with two arithmetic expressions on 

both sides of the equality sign, or a module instantiation in the form of S(xi). The 

definition of the module S appears at the beginning of a PhyDL program. 

A PhyDL program p has four sections, in which module definitions and external 

modules are optional. Current external names in PhyDL include "ridl," "matlab," 

and "GUI." See Appendix A.2 for details of program composition. 
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4.2 Static Semantics 

A PhyDL program that is not well typed does not have a valid denotational semantics. 

The typing rules formalize the following requirements: 

1. A program. 

A program p is well typed when the program is composed of a well-typed simula

tion section, a set of well-typed external sections, and when the set of equations 

from the boundary section and the system section is well typed. The simulation 

section and external sections require that q must be a fraction: 

(T-timing) 
starting_time = c\ ending_time = C2 step_size = C3 

reads {vi} | writes {vi} | {[whenever] t = Cj} 

r 1- Ma) = dt} u {e,-} 

(T-interface) 

r h [boundary {vi(ci) = di}} system {e^} (T-system) 

Thru 
— ; ; ; r ( T - m o d u l e ) 

r h module b = (ports \Xi\ m) 

{*}, T, {Cj}, r h m 

r h {SJ} simulation T {external E {Cj}} m 
(T-program). 

2. An equation. 

We then give rules for the judgments T h {vt(ci) = di} U { e j that the set of 

equations from the boundary section and the system section is well typed. We 

denote a set of equations e* as E. 
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T\- E, r h di : t, r h d 2 : t 

r T 0 ( T - e m p t y ) r^E,dl = d2
 (T"eqnl ) 

T\- E, r h module 5 = (ports (zi) i = 1-n m) 

r h ^ s « w ) * = i - » ) ( T " e q n 2 ) 

r I- J5, r h v : ti -» t2, r h c : ti, T\- d:t2 

Th E,v{c) = d 

r h £ , r i -v( c ) = d 

• (T-boundaryl) 

r h £ , v'(c) = d (T-boundary2). 

3. Arithmetic expressions. 

In dynamic systems, a variable is always a function of time. A constant is also 

a function of time, with the function value being invariant. Thus, the type of 

a constant or a dynamic variable can be seen as T —> t, where T is type for 

time, which is K. We use fractions to approximate real numbers in a digital 

computer, so the type actually used for T of time is Q. 

The following set of rules was first introduced in Functional Reactive Program

ming (FRP) [14] to lift primitive values and functions to dynamic values (func

tion of time) and functions of dynamic values: 

liftO :: t-4(T->t) 

l i f t l :: (h - • ti) -> ((T -> h) - (T -> t2)) 

l i f t 2 :: (h - i2 -> *3) -» {(T - • h) — (T -> t2) -» (T - t 3 ) ) . 

The following set of rules is used to define a well-typed arithmetic expression 

in PhyDL: 



r(a;) = t 

r h x : t 
(T-var) 

r(c) = Qn 

r h c : T - » C 
• (T-constant) 

r i- a •. u 

T h (ei ,--- ,e„) : <i x ••• x t„ 
(T-array) 

r h x : tn, r I- y : tn 

T \- x ±y : t: 7«—( T -+ . - ) 

T h a : : t r I- x : i3, y : i3 

— ^-r -r-r—(T-sin,cos) — ; r 5-(T-cross) 
r h s in(x) : *, cos(x) : tK ' Y h cross(x ,y) : i3 v ; 

T h x : 600/, yi : t, y2 '• t 

r h i f (x,yi ,y2) : * 
(T- i f - s tmt) 

r h x : f , y : N 

F h index(x ,y ) :£ 
(T-index) 

r h x : t2, y.t 
— -, r—* (T- ro ta te ) 
r h r o t a t e ( x , y ) : t2X ' 

r h x : tn, T\-y:t 

T \- x *y : tn, y * x : tn (T-
T\-x:tn, T\-y:t 

T h x/y : tn, power(x, y ) : t n (T-/,power 

r h i : t " 

r h abs(x) : t, d i r ec t i on (x ) : t: (T-abs ,d i r ec t ion ) 

r h x : t", y : tn 

T h inner(x ,y) : t, proj (x ,y) : £' 
- (T- inner ,pro j ) 

r h x : T - ^ i 

r h x' : T -> i, i n t eg ra t i on (x ) : T -> t 
(T-deriv,integration). 

4. Boolean expressions. 
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r I- x : T -> Qn, j / : T -> Q" r h x : T - bool 
— — -— (T-comparison) — — ;—-(T-negation) 
r\-x®y:T-*bool v F ; T \-->x : T-> boor B ' 

r h x : T -* bool, y.T -> bool 

T h z||y : T -> 6ooZ, x&&y : T -> 600/ ( T - a n d ' o r ) -

4.3 Interpreting Acumen Programs 

PhyDL allows the user to directly describe dynamic equations governing the system 

models. For these equations, 

• Each equation allows expressions on both sides of the equal sign. Thus, each 

equation specifies a constraint rather than an assignment as in most mainstream 

programming languages. 

• The order of each equation in a PhyDL program is not related to the computa

tion order of variables. 

Therefore, a PhyDL program is a set of constraints on variables that have appeared in 

the program. Each variable in PhyDL is a function of time satisfying the constraints. 

So a semantic function should take the set of constraints and generate a function of 

time (t) for each variable, from which the value of the variable at a given instance of 

time is directly computable. 

This section defines the semantics for PhyDL, where we define a PhyDL program 

by a series of transformations that lead to a causal sequence of equations with a 

specified form. Each variable in the original program or its derivatives is uniquely 

defined in the result sequence of equations, and the order of the equations agrees with 

the data dependencies of the variables. 

The transformations are as follows: 

1. Module instantiation. 
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2. Topological sorting. 

3. Order reduction. 

4. Discretization. 

4.3.1 Semantics for a Simple Pendulum Example 

////////////////////////////// 

Figure 4.1 : A simple pendulum. 

Figure 4.1 shows a simple pendulum. The dynamics of the system are denned by 

the following equation: 

I * a" — m * g * sin(a) = 0, 

where a is the angle between the rod and the vertical line and / is the moment of 

inertia of the system. Let the 2-D position of the ball be (x, y). The center piece of 

PhyDL code for describing this system is 

module pendulum = { 

ports: a, m, 1; 

I = m*l*l; 

I*a" - m*g*sin(a) = 0; 

} 
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system 

m = 1; 

1 = 1; 

pendulum(a, m, 1); 

x = l*s in(a) ; 

y = l*cos(a) ; . 

The transformation process for the PhyDL code is shown in Table 4.1 

Table 4.1 : Semantics for a Simple Pendulum Example 

(1) PhyDL code after module 

instantiation 

m = 1; 1 = 1 ; 

I = m*l*l ; 

x = l * s i n ( a ) ; 

y = l * c o s ( a ) ; 

I*a>> - m *g*s in(a ) = 0; 

(3) Order-reduction PhyDL 

code 

m = 1; 1 = 1 ; 

I = m*l*l ; 

a l ' = a2; 

a 2 ' = m * g * s i n ( a l ) / I ; 

x = l * s i n ( a l ) ; 

y = l * c o s ( a l ) ; 

(2) Topologically sorted PhyDL code 

m = 1; 1 = 1; 

I = m*l*l; 

a ' ' = m*g*s in (a ) / I ; 

x = l * s i n ( a ) ; 

y = l * c o s ( a ) ; 

(4) Discretized code 

m = 1; 1 = 1 ; 

I = m*l*l; 

a l ( n + l ) = a l ( n ) + d t * a 2 ( n ) ; 

a2(n+l) = a 2 ( n ) + d t * ( m * g * s i n ( a l ( n ) ) / I ) ; 

x(n)= l * s i n ( a l ( n ) ) ; 

y(n) = l * c o s ( a l ( n ) ) ; 
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4.3.2 Module Instantiation 

We use the simple pendulum example, and the steps of its module instantiation are 

as follows: 

• Matching parameters. When calling the pendulum module in the system 

section by pendulum(a, m, 1), replace the por t s variables (a, m, 1) in the 

pendulum definition with (a, m, 1) from the calling instance. 

• Temporaries renaming. A module definition might be instantiated for mul

tiple times. Variables that are not por t s have the same name in a different 

instantiation. The compilation renames all temporaries in a different instanti

ation by adding # followed by a number. After one instantiation is done, the 

count of the number is incremented. Since # is not part of PhyDL syntax for 

naming variables, this makes sure that there is no name clash between renamed 

variables and existing variables. Different numbers generated for a different 

instantiation ensures no name clash between renamed variables. 

• Recursive instantiation. A module definition can also refer to other module 

definitions. Check all generated equations see if there are module references 

in them. If so, instantiate the module reference. In order to avoid circular 

references in module definitions, a stack is used in module instantiation to keep 

track of module definitions used. If a circle is detected, return an error message. 

• Putt ing equations together. Put all generated equations back to the system 

section. 

4.3.3 Topological Sorting 

Topological sorting takes an acausal model in PhyDL and converts it to a causal 

model. In other words, we want to translate a PhyDL program to a list of assignments, 

in which the data flow is explicit. The topological sorting process is partial. In other 
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words, there are acausal equations that cannot be directed. To redirect a set of 

acausal equations, the following procedure is used: 

• We construct a graph whose nodes are the equations and variables of the prob

lem. 

• For each equation node, we add an edge between that node and each variable 

that occurs in the equation. 

• We use Tarjan's strongly connected components algorithm [24] to sort the equa

tions and find the strongly connected components. 

We say a variable v is "solved," if there is an assignment v = exp such that 

each variable in exp either (1) is a constant, (2) is "solved", or (3) is a variable of a 

lower-order derivative of the same variable as v (e.g., p" = 0.5 *p). 

In the last step of the sorting procedure, we first identify equation nodes that each 

have only one variable node connected to them. This means that the only variable 

v connected to an equation may be solved from the equation, and we derive a new 

causal equation v = exp for it. We mark the variable node as "solved" and mark 

the equation node as "used." We remove all edges connected to variables that are 

marked as "solved" and repeat the same process from identifying equation nodes that 

only connect to one variable. If, in the end, all of the variable nodes are marked as 

"solved," we have converted the acausal model to a set of causal equations in the 

form of v — exp. 

The sorting procedure fails if one of the following cases happens: 

1. If only one unmarked variable v appears in an equation, but the variable v 

appears in two function applications, PhyDL will not be able to solve v from 

the equation. For example, PhyDL cannot solve variable a from the equation 

sin(a) + cos(a) = 1. 

2. If there is an equation that has no edge connected to it and the equation is not 

marked as "used," then there is an over-constraint in the model, and PhyDL 
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will stop the sorting and report an error for the program. 

3. If some variable nodes are still unmarked, but every un-marked equation has 

more than one variable node connected to it, we find all variables whose deriva

tives also appear and mark those variable nodes as "numerically solvable." Re

peat the same process by treating those variables as "solved." If there are 

still variable nodes left as unmarked, the sorting procedure fails to direct the 

equations. 

We use a simple example to show the whole procedure. Suppose we have the 

following acausal equations: 

p'— m*p = 0 (4.1) 

5*p = y (4.2) 

m = 1. (4.3) 

The sorting procedure can be described using the following graphs: 

©—(4.2) © H © [E! © H © H 
© — ^ ( 4 . 3 ) © _ _ < 4 . 3 ) ©——^4.3) © (4.3) © H 

© _ ^ ( 4 . 4 ) © _ ^ < 4 . 4 ) © _ ^ ( 4 . 4 ) © (4.4) © WSl 

(a) (b) (c) (d) (e) 

The graph has three equation nodes and three variable nodes, with the edges between 

them (Fig. (a)). At the beginning, equation (4.2) is connected to only one variable 

node m, so we can solve m by m = 1. We mark m as "solved" and mark (4.2) as 

"used" (Figure (b)). Then, no more equations are connecting to only one variable, 

so we identify p as "numerically solvable" because implicitly we have p = J p'. Now, 

equations (4.3) and (4.4) only have one variable connected (Fig. (d)), and we get 

p' = m*p and y = 5 *p. We mark p' and y as "solved" and (4.3) and (4.4) as "used" 
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as in Fig. (e). The equations have been directed successfully, and the following causal 

equations have been generated: 

m = 1 

p' = m * p 

y = 5 * p. 

4.3.4 Order Reduction 

Order reduction replaces any derivative x^n+1^ by y', where y 

the program. 

4.3.5 Discret izat ion 

The denotational semantics of a PhyDL program is a causal sequence of equations, 

each of which define a variable or the direvative of a variable. In the first case, it is 

straight forward to compute the value of the variable, and the second case gives an 

ODE. We need to make the denotational semantics into an actual computer program 

that computes solutions to the ODEs, but there is no general solution to an arbitrary 

ODE. 

Numerical methods [12, 2] can be used to find approximate solutions for almost 

all ODEs, and the error is usually satisfiable in most non-stiff systems. The basic idea 

there is that we first discretize the continuous time into discrete time instances and 

assume that system state only has value at those time instances. Then, we rewrite 

the original differential equation in some form of difference equations in which inte

gral operation can be eliminated. According to the way we translate the differential 

equations into difference equations, numerical methods can be classified as one-step 

methods or multi-step methods, and depending upon the way we discretize continuous 

time, numerical methods can be classified as fixed-step methods or varying-step meth

ods. Among different numerical methods, there are trade-offs between complexity, 

stability, preciseness, etc. However, regarding implementation, they are very close to 

= x^ and y is free in 
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each other. In this section, we explain our implementation of ODE solver semantics 

based on a very natural numerical method called the Euler Method. It is a sim

ple but efficient numerical method. Several other numerical methods have also been 

implemented in Acumen. 

The Euler Method for solving ODEs can be described as follows. Assume that 

f(t, x) is continuous and satisfies a Lipschitz condition1 in the variable x, and consider 

the initial value problem 

x' = f(t,x), 

with x(a) = XQ, over the interval a < t < b. Euler's method uses the formulas 

tk+i = tk + h, and 

xk+l = xk + h- f(tk,xk) (4.4) 

for k = 0,1,2,..., m — 1 as an approximate solution to the differential equation using 

the discrete set of points {tk, yk}
ke0-•(m_1)) with to = a and h = tk+i — tk. 

The solving process is a discretization that transforms continuous differential equa

tions into discrete time-difference equations. Different numerical methods can be ap

plied in this process. Currently, three numerical solvers are implemented in Acumen. 

They use the Euler [3], RK4 [13], and BS3 [1] methods. The step size of the solver is 

defined in the simulation section. 

Numerical methods inevitably produce inexact solutions. In Chapter 5, we discuss 

those errors in detail. 

4.4 Quantitative Evaluation of Acumen Accuracy 

We have used Acumen in modeling and simulating a down-hole tractor for Schlum-

berger. The purpose of the simulation is to observe the system behaviors under 

different possible control algorithms. We are interested in the simulation results of 

1A function f(x) satisfies the Lipschitz condition if there exists a constant K > 0 such that for 

all xi, X2 in its domain, |/(a;i) — f(x2)\ < K\xi - xv\ 
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four system variables: grip position, motor speed, motor torque, and tractor posi

tion. The same system has been modeled using MATLAB/Simulink. We compared 

the simulation results between Acumen and Simulink (Figure 4.2), and obtained the 

following results: 

• The maximum differences of each variable after 2 * 105 simulation steps are: 

— less than 0.26% for grip position, 

- less than 13.06% for motor speed, 

— less than 4.34% for motor torque, 

- less than 0.00132% for tractor position. 

• The values of these variables consistently converge to the same state. 

Grip Position 

V 
Motor Torque 

y-'" Xr~-

maximum diff] 
£ 0.26% 

maximum diff 
5 4.34% 

v-6-

Motor Speed 

^ r~ 

^ : . 

,~~J 

Simulink 
Acumen 

Difference 

maximum diff 
< 13.06% 

Tractor Position 

maximum diff] 
< 0.00132% 

Figure 4.2 : Accuracy of Acumen vs. Simulink. 
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The Acumen code and Simulink code come from exactly the same mathematical 

model, but the modeling process (from mathematical model to computer program) is 

different. System modeling in PhyDL uses a higher-level declarative manner, which 

has less possibility of introducing modeling errors. 
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Chapter 5 

Error Models of ODE Solvers 

PhyDL allows both linear and non-linear Ordinary Differential Equations(ODEs) in 

the program. Existing analytical methods can solve linear ODEs exactly, but there 

is no general method for finding closed-form solutions for nonlinear ODEs. A set 

of ODEs with initial conditions is called the Initial Value Problem (IVP). Numerical 

methods are used in PhyDL to solve ODEs with initial conditions, but they inevitably 

introduce errors. It is important to understand the errors and their effect in simulation 

results. 

In this chapter, I will introduce some numerical methods for computing approxi

mated solutions to ODEs and their corresponding error estimation mechanisms. 

5.1 Numerical Methods and Source of Errors 

The basic idea of numerical methods is to discretize a continuous function, so that a 

differential equation is approximated by a difference equation. 

Definition 5.1 (Grid, descretization and approximation). Consider the standard IVP 

y' = f(t,y), y(t0) = y0. (5.1) 

Let y : R —> Rn be an exact solution to (5.1). Let {*o>*i) • • • >^JV} be a set of time 

points with increasing order, and assume we would like to approximate the solution 

values y(U), i = 1,2,... ,N by yu i = 1,2,. . . ,N. The set {U}^ is called the grid, 

the set {y{ti)}^LQ is called a discretization of the solution y on the grid {ti}fL0, and 

the set {yi}fL0 is called an approximation of the the solution y on the grid {ti}^=0. 
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Definition 5.2 (Step function). A numerical method to approximate the solution to 

IVP (5.1) is given by 

y(ti+i) = y(ti) + hi •$(•), 

where hi = ti+1 — U. $ is called a step function. If $ is dependent 

upon {y(ti-j)}j<itje^, we have a multi-step method; if $ is not dependent upon 

{y(ti-j)}j<i,jeN, we have a one-step method; if $ is dependent upon y(ti+\), we 

have an implicit method; and if $ is not dependent upon y{ti+\), we have an ex

plicit method. An explicit, one-step method can be written as 

y(ti+1) = y(U) + hi • $(<i, y(ti), hi). 

Explicit, one-step methods are mathematically natural, and do not complicate 

the computation and error estimation when the step size is changed. Thus, they are 

widely used in current IVP solvers. 

Example 5.1 (Euler forward method). The simplest way to approximate the solution 

y to the IVP (5.1) by a step function $ is to approximate y on the interval [ti,U+i] 

by its value at ti. This yields the Euler forward formula: 

y(ti+i) = y(U) + hi • f(U, y(ti)). 

Example 5.2 (Runge Kutta Method with order 4 (RK4)). The classical formula of 

Runge and Kutta can be expressed as 

1 
y(ti+i) = y(U) + -hi • (A* + 2k2 + 2/c3 + k4), 

where 

h •= f(U, y{U)) 

1 1 

h ••= f(u + 2hi> y(*0 + 2hk^ 

1 1 

^3 := f(ti + ^ii Ufa) + 2^2 ) 

ki := f(ti + hi,y(U) + hk3). 
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The "order 4 " in its name is related to the error estimation of this method, which will 

be explained in the following. 

5.1.1 Local Truncation Errors 

Definition 5.3 (Local truncation error and consistency order). The normalized local 

truncation error S(-) of step function $ (explicit, one-step method) is defined by 

y(U + hi) — y(ti) 
S(y(U),hi) := $(«j, y(U), hi). 

hi 

We callp the rate of convergence (or order) ifd(y(ti), hi) — 0(hp+1), forp as large 

as possible. 

Usually, if the solution is sufficiently smooth1, we can compute the local truncation 

error from Taylor expansion of y around U: 

y"{t) y"'(U) y^iU) 
y(U + h) = y{U) + y'(ti)h + -^-h2 + —^-h3 + ... + —^~hn + i?„(£), 

where the remainder /?„(£) = -. 77T^™+1 f° r s o m e £ G [U,U+i]-
(n + 1). 

Example 5.3 (Local truncation error of the Euler forward method). The Euler for

ward method has 

$(ti,y(ti),hi) = f{ti,y(U)) = y'(ti). 

Using Taylor expansion of y at U, we have 

y(U + hi) - y(U) 
8(y(U),hi) := $(ti,y(U),h) 

1 V"(0 

= l(y'(ti)h + —h*)-y'(ti) 

y"(0 
1A function as solution is smooth, if the derivative and higher-order derivatives of the function 

exist. 
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Thus, the Euler forward method has consistency order 1. 

Example 5.4 (Local truncation error of the RK4 method). Similar to example 5.3, 

we can prove that the local truncation error of RK4 is 

y(5)(£) 
6(y(U),hi) = —^rh

4 = 0(h4). 

Thus, the RK4 method has consistency order 4, and the order is indicated in the name 

of this method. 

5.1.2 P ropaga t i on of t h e Er ror 

The local truncation error computed at grid point U as in 5.3 assumes that exact y{tt) 

was known in $(•). In practice, this is not the case. We thus define the global error 

as follows. 

Definition 5.4 (Global error). The global er ror of a numerical method at grid point 

ti is defined as 

e(U;t0,y0) :=y(ij) - &, 

assuming the grid is {U}f=0 and yo = y(to). 

Notice that 

e(ti+utQ,y0) := y{ti+i) - yi+i 

= (y(ti+1) -*(<i,y(tO,/ii)) + ($(U,y(ti),hi)~yi+i) 

= S(y(ti+1,hi+1) + ($(ti,y(U), hi) - <S>(U,yi, hi)). 

The first term in the summation is the local error at grip point tt+i. The second term 

is approximately (ht is small): 

(l + hi- Ji) -e^to^o). 

where Ji is the Jacobian of the / at y~i. The eigenvalues of Jj determine the stability 

of the differential equation in the IVP. Thus, the second term measures the sensitivity 

of the problem itself and not the method being used. 
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We can also describe the propagation effect of local truncation error by providing 

the ODE with a perturbation "source" term r, as 

y' = f{t,y) + r{t,y) r(t,y) = 0(h?) 
< 

y(t0) = 2/0 
V 

Again, the method being used only affects the perturbation term r. How the solution 

differs from original IVP still depends upon the stability of the differential equation 

in the original IVP. 

Theorems prove that, if / in IVP (5.1) is locally Lipschitz continuous on [*O,*N] 

with constant L, the global error satisfies e(ti]to,yo) = 0{hp), where p is the consis

tency order of the numerical method being used. However, in practice, this formula 

is usually useless due to the fact that the constant C in the asymptotic upper bound 

e(ti\to,y0) < C • hp can be extremely big. This constant C has factor (eTL — l)/L, 

where L is the Lipschitz constant and T = t^ — to-

5.1.3 Round-off Errors 

From the above discussion we see that when a numerical method with consistency 

order p is used, the global error has asymptotic upper bound 0{hv). It appears that if 

we can choose an h that is sufficiently small, we can still achieve a good approximation 

no matter what the constant C is for the asymptotic upper bound. 

However, it is not the case if we take round-off errors into account. The total 

round-off error in a computation depends upon the number of evaluations in the 

computation. When h is too small, the total number of evaluations needed to com

plete the computation will be extremely large, which means that the error from the 

numerical method is much less than the round-off errors. Thus the upper bound 

estimated on the global error does not hold anymore. 
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5.2 Error Estimation for Numerical Methods 

Local error estimation is usually used in step-size control when applying a numerical 

method. If a tolerance for local error is set and the step size hi — U+\ —U is changeable, 

we can estimate the local error and decide whether it is less than the tolerance. If the 

local error is too large, we can reduce the step size and get an approximation with 

smaller local error. This process is repeated until the local error is smaller than the 

tolerance. 

Global error estimation is usually used to measure the quality of the approximation 

we obtain from a numerical method. We are more interested in global error because 

it gives the difference between the solution of the IVP problem and the numerical 

result returned by a numerical method. 

In general, local errors are easier to estimate than global errors due to error propa

gation. However, as we will show, even estimating local errors is not straightforward. 

5.2.1 Estimating the Local Truncation Error 

As we showed in the previous section, a numerical method with consistency order p 

has its local truncation error as 0(/if), where h = U+i — ti is the step size used. To get 

an estimate rather than the asymptotic upper bound, there are three methods that 

are normally used: Taylor expansion, extrapolation, and embedding. We now discuss 

these three methods. 

Es t imat ing t h e Taylor remainder 

In Section 5.1.1 we got the asymptotic upper bound of local truncation error by 

using Taylor expansion. Usually, a method of order p has its local error as 

y{p+1)(0 
S(y(U),hi) = + h? £ e [U,u + K}. (5.2) 

This error term is not easily evaluated. First, we do not know the exact solution y. 

Second, we do not know which £ in [i i ;i,+i] should be used here. 
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One way to evaluate (5.2) is to form an enclosure [yi\, such that 

Vte[tn,tn+1], y(t) e [yj. 

Then from 

we have 

Thus, 

dPf d?f dff 
(P+1) = = y' = _ _ f 

y dtP dyPy dyPJ 

, , dpf dPf 

hp dpf 

It remains to show how to compute this enclosure [y,]. Notice that this enclosure 

should satisfy: 

yW + M/foilCfe/i]. (5.3) 

If we start from an initial guess of [yt], if it satisfies equation (5.3), we find such 

an enclosure; otherwise, make a "bigger" guess or reduce hit until equation (5.3) is 

satisfied. Notice that this method involves interval arithmetic. 

Example 5.5 (Local error estimation for the Euler method using Taylor expansion). 

Given IVP, 

y' = 2y+ 1, 3/(0) = 0, 

and we suppose we know that [j/j] = [e2ti — l,e2(' i+ ' t) — 1] is a closure that for all 

t € [U,ti + h], y(t) € [j/i] holds. The local error of using the Euler forward method 

with step size h at t = U would be 

y"(0 
5{y{U),h) = ~^h, f€[<i , t i + i ] 

= - (4y (0 + 2) 

h 
< _(4e2«*+fc) _ 2 ) . 
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Local error estimation using extrapolation 

Suppose a numerical method has step function $(•) and consistency order p. Also 

suppose that beside an approximation 

Vi+i = y{U) + hi$(U, y(ti),hi) 

on grid {ti}f=0, we compute 

hi hi 
Zi+1/2 = y(U) + —$(tuy(ti),—) 

i*>i i^i f^i 

Zi+i = Zi+1/2 + ^{U + ~2'^+V2> "2")' 

We have 

hidy(y(U), hi) = (y(U + ht) - y(U)) - (y i+1 - y{U)) 

= c • hP+1 + 0(hP+2) 

hiSz(y(U), hi) = (y(ti + ht) - y(U)) - (zi+1 - y(U)) 

= 2(c.fy+1) + 0(h^) 
= 2-P-c-hP+1 + 0(hP+2). 

Thus, 

y{U + hi) = yi+1 + hi5y(y(ti))hi) 

= Zi+i + hi6z(y(ti),hi) 

= zi+1 + 2~p • hi6y(y(ti),hi). 

This gives 

Sy(y(U), hi) = -(zi+1 - y m ) / ( l - 2 -P) + 0 ( ^ + 1 ) . 

Example 5.6 (Local error estimation for the Euler method using extrapolation). 

Given IVP 

j / = 2y + l , j / (0 )=0 . 

Suppose at time ti the approximated value for y{U) is yx. Applying step function $ 

with step size h, we compute that the approximated value for y{ti + h) is a; applying 
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step function $ twice with step size h/2, we compute that the approximated value for 

y(ti + h) is b. Then the local truncation error of computed value a is 

- ( 6 - a ) / ( l - 2 - 1 ) + 0(/i2) = - ( 6 - a ) . 

Local error estimation using embedding 

Let numerical method 1 with step function $ ! have consistency order p\, and 

numerical method 2 with step function $2 n a v e consistency order p2 > pi + l. Assume 

y(t) is the exact solution to IVP y' = f(y), y(to) = yo- We have: 

Vi+i = y(£t) + /ii$i(^,2/(£i),/ii) 

zi+1 = y(£i) + / j i $ 2 (£ i , y (^ ) , ^ ) -

Then 

Thus, 

hdx = y{U + hi)-yi+1 = 0 ( ^ 1 + 1 ) 

h62 = y{ti + hi)-Zi+x = 0{h?*+l). 

zi+1 - yi+1 = -h(52 - 6X) = h5x + 0(hp+2). 

So 

S1 = (zi+l-yi+1)/h + 0(hp+1). 

Example 5.7 (Local error estimation using embedding). Given IVP, 

y' = 2y + l,y(0) = 0. 

Suppose that at time U the approximated value for y(U) is j/j. Apply step function $! 

of Euler forward method. With step size h, and we compute that the approximated 

value for y{ti + h) is a. Apply step function $2 of the RK4 method with step size h, 

we compute that the approximated value for y(ti + h) is b. Then the local truncation 

error of computed value a is 

-(b-a) + 0(h2) = ~(b-a). 
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5.2.2 Estimating the Global Error 

Estimating global error using an analysis similar to the discussion in Section 5.1.2 

turns out to be very complicated. In practice, people use extrapolation and embedding 

in local error estimation. However, to apply these methods, we need to first get an 

asymptotic upper bound for the global error. The following theorem is a stepping 

stone for applying extrapolation and embedding methods in global error estimation. 

Theorem 5.5 (Global principle error function). Let f in IVP y' = f(y),y(t0) = yo 

be sufficiently smooth. Then there exists a so-called global principle error function 

d:t,y(t)^d(t,y(t)). 

such that the global error is given by 

e(U;t0, y0) = d{U, y(U))hp + 0{hp+1), 

where p is the consistency order of the numerical method being used. 

Example 5.8 (Global error estimation using embedding). Given IVP, 

y' = 2y + l,y(0) = 0. 

Using the Euler method, at time tpj the approximated value for y(tjv) is a, and the 

error is ea. Using the RK4 method, at time t^, the approximated value for y(t^) is 

b, and the error is eb. From theorem 5.5, we know that: 

ea = y(tN)-a = d ( i w , y (^ ) ) / 1
1 + 0(/i1) 

eb = y{tN)-b = d(tN,y(tN))h4 + 0(hi). 

Thus 

b-a = -(eb - ea) = ea + 0(h). 

So, global error of a using the Euler method is 

ea = b-a + 0{h). 
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5.2.3 Effect of Round-off Errors in Error Estimation 

Notice that almost all of the error estimation methods discussed above have an asymp

totic term or upper bound in the form of 0(hn), where h is the step size used and 

n is a number related to the consistency order of the numerical method being used. 

We can only assume that an asymptotic term like this is very small in case a method 

has a big consistency order, or the step size is very small. Usually, a decrease in the 

step size also means an increase in the number of total evaluations needed. A method 

of higher consistency order can yield a smaller error for the same step size. In other 

words, a method of higher consistency order can yield the same error with a bigger 

step size. A large step size reduces the number of evaluations needed, and thus results 

in less round-off errors in general. 

Theoretically, if an error has an asymptotic bound 0(hn), we can make the error 

close to 0 by reducing h. But when taking round-off error into account, this is not 

true. Unfortunately, numerical methods do not have an effective way to estimate or 

control round-off errors during the computation. 
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Chapter 6 

Interactive Simulation 

So far, I have introduced the simulation environment Acumen and its physical de

scription language PhyDL. I have discussed the design of PhyDL as well as its types, 

syntax, and semantics. In the rest of the thesis, Acumen is evaluated using some 

case studies. My experience with Acumen regarding its usability and accuracy will 

be reported. 

One application of Acumen is to use it for interactive simulation, which can be 

used for implementing virtual environments with haptic feedback. It is necessary that 

the simulation run in real time and that it be interactive with the user. In this chapter, 

I will introduce the motivation for this application, the simulation infrastructure, and 

some case studies. 

6.1 Problems with the Manual Implementation of Heptic 

Task 

Haptic feedback systems are an important class of virtual environments. Haptic feed

back is force feedback in a human-computer interface [20], relaying realistic, tangible 

sensations to a user. In a virtual environment, haptic feedback augments visual feed

back to allow the user to push, pull, feel, and manipulate virtual objects. The appli

cation of haptic interfaces in areas such as computer-aided design and manufacturing 

(CAD/CAM), design prototyping, and production evaluation allows users to interact 

with and visualize virtual objects before manufacturing them. Along the same lines, 

the users of simulators for training in surgical procedures, control panel operations, 

and hostile work environments benefit from increased sensations of realism in the vir-
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tual environment that provides force feedback. The haptic display, or force-reflecting 

interface, the device that allows the user to interact with a virtual environment, con

sists of a real-time simulation of a virtual environment and a manipulator, which 

serves as the interface between the human operator and the simulation. 

Today, the vast majority of the programming needed to make a haptic system 

operational is carried out using ad hoc methods in systems-programming languages 

such as C++ . This approach has at least two shortcomings. First, for the result

ing system to be reliable or efficient, advanced C + + expertise is generally needed. 

This is a burdensome requirement to place on the developers of such a system, be 

they engineers or students. Second, the development time using ad hoc approaches 

tends to be significant, slowing research and innovation that depends upon having 

a functioning haptic system by sometimes months or more. This dependence upon 

expert developers is easier to envision when we look closely at what is involved in 

programming such systems. Here are some examples: 

1. Device interfacing involves building a layer of software on top of device drivers 

to carry out digital-to-analog and analog-to-digital conversions. 

2. Modeling device kinematics generally requires introducing the various ap

propriate abstractions for representing the human user, coupled via the haptic 

device, in the virtual environment. 

3. Simulation infrastructure involves multi-threading for haptic and graphic 

rendering loops, and is device-specific. While generic simulation infrastructure 

often exists, it is often the case that there is no guarantee of the physical fidelity 

of such generic engines. In essence, simple simulation engines are built from 

scratch to ensure their conceptual soundness. 

4. Virtual environment modeling is required to simulate the kinematic and 

dynamic behavior of the desired virtual system or scene and to track interactions 

between the human and the objects in the environment. 
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While some libraries and simulation engines such as CHAI (Computer Haptic Active 

Interface) 3D [19] are now available, even the most basic offerings require substantial 

knowledge of C + + for industrial or research-grade use. Tools such as MATLAB and 

Simulink offer a potentially higher-level interface to modeling dynamics, but they 

are generally too slow and often are not expressive enough to describe dynamics suc

cinctly. With such tools, development of graphics to accompany the haptic simulation 

still involves a significant amount of labor. 

6.2 The iAcumen Environment: An Environment for Imple

menting Haptic Tasks 

This chapter presents an approach to programming haptic systems that avoids these 

problems. The centerpiece of the approach is a development environment called 

interactive Acumen, or iAcumen for short. The key features of this environment 

include high-level mechanisms for implementing a virtual environment by describing: 

1. The physical dynamics of virtual objects. The physical description language, 

PhyDL, allows us to directly describe dynamic equations governing the system 

being modeled. 

2. Events and their interaction with virtual objects. Modeling of discrete events 

and control algorithms uses the reactive/interrupt description language, RIDL, 

in an event-driven programming paradigm. 

3. Coupling with external devices, including haptic devices, visual tools, and other 

application codes. An interface for interaction between the user and the virtual 

environment allows conceptually clear access to the low-level codes needed to 

inject these external devices into the real virtual world. 

4. Real-time simulation. In iAcumen, high-level parameters are used to specify 

the speed of the simulation. This specification becomes part of the specification 

of the virtual environment. 
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The system is realized by a series of automatic transformations that convert the 

high-level descriptions into a form that is directly machine executable, and a compi

lation process is used for converting control algorithms written in RIDL to executable 

form. 

In the rest of this section, I will present the infrastructure of the simulation en

vironment iAcumen, and explain the key components of the iAcumen environment 

using a simple example. 

6.2.1 Inserting Acumen into a Haptic Vitual Environment 

A physical system with haptic feedback usually has three parts: continuous behav

iors, discrete events, and a haptic device. Building such a system usually requires 

significant time and effort. To ease this building process, I propose iAcumen, which 

allows for the realization of such environments in a declarative way. 

iAcumen 

Real-time Simulation 

PhyDL 
Describes 
Physics 

system 

F = m * v' 

RIDL 
Describes 

Events 

Box 1 Counter 

i n l t 0 in 
i f 
Box 1. has 
Ball . . . 

J Haptic Device 

Figure 6.1 : The iAcumen environment. 

The iAcumen environment is an extended version of Acumen with an interactive 

interface for user input/output. The iAcumen environment has three components 

(Figure 6.1). PhyDL is used to describe continuous behaviors in the system, and 

RIDL is used to describe discrete events. A PhyDL program directly captures the 

physical equations describing the underlying system dynamics. A RIDL program 
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specifies system responses (control actions) to events. External modules are used 

for interactive input and output such as haptic feedback and object positions in the 

system. 

6.2.2 A Spring-Mass Example 

The diagram in Fig. 6.2 shows a simple example illustrating the basic features of 

iAcumen. A ball is attached to a spring, and the other end of the spring is attached 

to the origin. Without loss of generality, we assume that the original position of the 

spring is at the origin and that the natural length of the spring is zero. The effects 

of gravity on the ball are omitted. The dynamics of the system are then defined by 

the following equation: 

m*p" + k*p = (0,0);. (6.1) 

Suppose the ball is initially placed at position p = (20,5). We wish to track the 

number of times the ball crosses the y-axis (moving from the positive x-plane to the 

negative x-plane). The iAcumen program to model this system and task is shown in 

Fig. 6.2. On the left is PhyDL code for the virtual system's dynamics, and on the 

right is RIDL code for the controller to count the number of crosses. Interactions 

between the system and the controller are described as part of PhyDL code in the 

external r i d l section. The external GUI section describes interactive input and 

output of the system. 

6.2.2.1 PhyDL Code 

Beginning with the text at the bottom of the PhyDL code, the system section de

scribes system equations. Mass m and spring constant k are defined as constants that 

represent the physical parameters of the simulated system. System dynamics are de

fined in the same form as equation (6.1). The line (x,y)=p defines x and y as the 

x-value and y-value, respectively, of the ball's position p. 

The boundary section specifies the initial position p(0) of the ball and its initial 
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0 0_Q iXJ iAcumen _ _ ' 
RIDL Program! ball_on_spring.ridl~—'. 

• File Edit Settings Help [ 

cur = i n i t 0 in 
{clock => x), 

prev = i n i t 0 in 
{clock *=> x la te r} , 

crosses « i n i t a-0 in 
{clock ™> 
if cur<=0 && prev>0 

then a+1 else a) 

Check Syntax and Reset RIDL state 1 

Simulation Controls 

Start J Stop! Reset! 

Intermediate Trace | Final States I 

-ll^ll ' .'. '...-.m . A 

Figure 6.2 : Example: ball on a spring. 

speed p ' (0) . In this example, we have the ball starting at position (20,5), with an 

initial velocity of (0 ,0) . 

The ex te rna l GUI section specifies system output to the user. The output is the 

position of the ball p as a function of time, and the user can observe the movement 

of the ball on the GUI. User input can also be declared in this section, where we use 

the keyword reads instead of wr i tes followed by a list of input variable names. 

The ex te rna l r i d l section describes the communication between the PhyDL 

code and the RIDL code. The keywords reads and wr i t e s are followed by lists of 

variables that are read and written by RIDL, respectively. The keyword observes 

event is followed by an event name and the rate of the occurrence of the event. We 

will explain how these declarations are used in a RIDL program in next subsection. 

Finally, the s imulat ion section defines the starting time and ending time of the 

simulation, as well as the step size used by iAcumen's numerical solver. 

The new feature of iAcumen in this example is the ex te rna l GUI section. The 

ex te rna l GUI section facilitates modeling the interaction between the user and the 

m, 

fc spring constant 
m: mass of the ball 
p: position of the ball 

IAcumen File Edit Settings | 

simulation 
atazting_time = 0; 
ending_time » 10; 
step_size - 0.001; 

external r id l 
reads x; 
writes crosses; 
observes event clock 

rate t=0.1; 

external GUI writes p; 

boundary 
p with p(0) = (20,5), 

P'(0) = (0,0); 
system 

m « 1; k « 10; 
m*p'' + k*p * (0,0); 
!"# y) - p; 

Check Syntax and Reset PhyDL state 
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PhyDL program. An example of calling an external GUI is: 

external GUI 

reads pntl; 

writes pnt2, pnt3;. 

Variables pn t l , pnt2, and pnt3 are three 2-D vectors. Variable pn t l specified in 

reads is read by PhyDL from the GUI. For example, we can use the mouse to control 

the position of the point pn t l on the GUI and pass the current position to PhyDL. 

Variables pnt2 and pnt3 specified in wr i tes are written by PhyDL to the GUI, and 

the value of the two vectors are specified or computed in PhyDL. 

6.2.2.2 RIDL Code 

The RIDL code of Figure 6.2 defines three variables, namely cur, prev, and crosses. 

We call these variables reactive behaviors or simply behaviors because they model 

system behaviors that respond to events. Every reactive behavior has an initial value, 

which is the value after the keyword i n i t , and a set of event handlers in a pair of 

brackets after the keyword in. An event handler has the form A=>B, where A is an 

event name and B is an expression used to update the behavior value when event A 

happens. Event handlers with the keyword l a t e r will update behavior values after 

event handlers without the keyword l a t e r . Thus, for example, when event clock 

happens, behavior cur and crosses will update their values before behavior prev. 

Temporary names can be used for a behavior if its event handlers will refer to the 

behavior's own value. For example, crosses is referred to as a in its own event 

handler. 

Event clock and variable x were defined in the ex te rna l r i d l section of the 

PhyDL program. Event clock has rate 0 .1 , which means it happens every 0.1 s. 

When event clock occurs, any reactive behavior that has an event handler for event 

clock will update its value. For example, cur gets the current value of x from PhyDL, 

whereas prev keeps the previous value of x until all other updates are completed. The 
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delayed update for prev is a result of l a t e r annotation. Behavior crosses checks 

whether the x value is going from a positive value to non-positive. If so, its value is 

incremented: otherwise it keeps its previous value. 

RIDL specifies system behaviors that are reactive to system events. This specifi

cation provides a natural way to describe controllers. A controller gets feedback from 

the system being controlled and sends out control signals only when certain events 

happen. This is different from continuous-time system dynamics described in PhyDL. 

That is why we have two language components in iAcumen. 

6.2.2.3 Ex te rna l Modules 

Users interact with a virtual environment through physical devices, some of which 

can be haptic. Physical devices create a closed loop between the user and the virtual 

environment. Continuous time position and force signals are exchanged between the 

user and the haptic device, and discrete-time position and force signals are exchanged 

between the haptic device and the virtual environment. 

Our environment provides an interface for interactive input and output. In the 

PhyDL language, we have an ex te rna l GUI section, where one specifies variables of 

discrete signals whose values are passed between iAcumen and the external device. 

We use a pointing device for user input as positions and a visual display for 2-D 

animations. 

6.3 Implementing Haptic Tasks in Acumen 

This section presents the complete descriptions of the codes needed to realize two 

haptic tasks that have been used elsewhere in the literature (Section 6.3). I only 

focus on the simulation of system dynamics. Haptic feedback can be sent to the user 

when haptic devices are plugged in. 
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6.3.1 A Two-ball Task 

The first task we consider is a task that has been used extensively in haptics research 

[15]. It uses a pointing device as an input position to control a pair of balls in a 

virtual environment. The two balls are connected by a spring and damper in parallel, 

as shown in Figure 6.3. The white ball is a massless controller, and the black ball is a 

follower. The effect of gravity on the black ball is neglected, as the system is assumed 

to be acting in a horizontal plane. The user operates the pointing device to control 

the white ball. The output is the position of the black ball and the force feedback to 

the user. We display the positions of both balls on the GUI, and the appropriate force 

feedback is sent to a haptic device. A snapshot of the GUI with this task running in 

iAcumen is shown in Fig. 6.4. 

control response 

F_b b \_ 

F-k k blackball 

k spring constant F_k: spring force 
b: damper constant F_b: damper force 
m: mass of black ball 
white_ball, blackjmll: positions of two balls 

Figure 6.3 : The two-ball problem. 

The dynamics of this system are defined as follows: 

F-k = k * (white-ball — black-ball); 

F-b = b* [white-ball' — black-ball'); 

F = F-k + FJb; 

F = m * black-ball";. 

The PhyDL code for this system is as follows: 

boundary 

black-ball with b l ackba l l (0 ) = (0,0) , 

white ball 
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black_ball ' (0) = (0,0); 

system 

F_k = k * (white_ball - b l a c k b a l l ) ; 

F_b = b * (white_ball> - b l a c k b a l l ' ) ; 

F = F_k + F_b; 

F = m2*black_ball"; 

k = 4; b = l; m = 1; . 

In addition to the dynamics above, this task also introduces two boxes. The 

user's objective is to control the black ball to cross these two boxes alternately by 

manipulating only the white ball and leveraging the dynamics of the two-ball system. 

The white ball is controlled by a pointing device, which acquires real-time input from 

the user. The positions of the boxes are specified in PhyDL as follows: 

boxl = (350, -300); box2 = (-350, 200);. 

where boxl and box2 define the bottom-left points of the two boxes. The default size 

of the boxes is 50 for each side. 

The counting of the crosses is implemented in RIDL as follows: 

cur = i n i t 0 in {clock => black_ball}, 

prev= i n i t 0 in {clock => black_ball l a t e r } . 

We first define variables cur and prev, each of which has an initial value of zero. 

When event clock happens, cur and prev update their values to the current and 

previous values of b lack-bal l , respectively. 

crossl = i n i t a=0 in {clock => 

if (cur in boxl) && !(prev in boxl) 

then x+1 else x} 

cross2 = i n i t a=0 in {clock => 

if (cur in box2) && !(prev in box2) 

then x+1 else x}. 

Then variables c ro s s l and cross2 are defined. Behavior c r o s s l checks whether 

the b lack-ba l l has just gone into boxl from outside when event clock happens. If 

so, the value of c ro s s l is increased by one. Behavior cross2 is defined similarly. 
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G O O !X! Acumen GUI Interface 

Q 
^ ^ boxl 

black ball cross: 2 . 

box2 
cross: 1. 

success: 1. 

Figure 6.4 : Appearence of interactive GUI for two-ball task. 

6.3.2 An Inverted Pendulum Task 

The second task we consider here has been used in control design with haptic feedback 

as a performance enhancement [4]. The task uses a pointing device as force input to 

a cart of mass M, on which is placed an inverted pendulum with mass m lumped at 

the end of a rod of length I (Figure 6.5). The pendulum is subjected to the effect of 

gravity, and can rotate freely about the pin joint connecting it to the cart. The cart 

is externally controlled by the pointing device in the horizontal as if there is a spring 

connected between the cart and the pointing device. Thus, the distance between the 

pointing device and the cart on the x-axis generates a spring force F. The purpose of 

the task is to control the cart to stabilize the position of the pendulum, so that the 

angle between the rod and vertical remains small. The positions of the cart and the 

pendulum are visualized on the GUI, and force feedback is sent to a haptic device. 

The dynamics of the system are as follows: 

F = (M + m) * x" + m * I * (a" * cos{a) 

—a' * a' * sin(a)); 

0 = m*l * (—g * sin(a) + x" * cos(a) + / * a");. 

The PhyDL code implementing the equations is as follows: 

boundary 

a with a(0) = 0.1, a'(0) = 0; 

system 

F = (M+m)*x" + m*l*(a"*cos(a) 
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m: mass of the ball 
M : mass of the cart 
/: length of the rod 
a: angle of the rod 
F: force on the cart 
ball: position of the ball 
cart: position of the cart 

Figure 6.5 : An inverted pendulum. 

- a ' *a ' * s in (a ) ) ; 

0 = m*l*(-g*sin(a)+x"*cos(a)+l*a") ; 

cart = (x, y) ; M = 10; m = 1; 1 = 4 ; 

ba l l = cart + ro ta t e ( (0 , 1) , a ) ; . 

This is the complete iAcumen specification for the dynamics of this task. The 

visual and haptic specification are similar to the first example. 

6.4 Conclusions and Future Work 

We presented a method for building haptic environments at a higher level of abstrac

tion. The approach allows us to realize virtual environments directly from physical 

equations that describe the dynamics of objects in the virtual environment, aug

mented with very-high-level specifications of events, event occurrences, and integra

tion with external hardware and software devices. 

There are several areas in which technical advances can be made to iAcumen. For 

example, a static analysis that ensures that the simulation can be carried out within 

the specified simulation constraints would be invaluable for delivering production-

quality applications that are based on iAcumen. We are also very interested in ver

ifying the accuracy of simulations, as well as in providing tools for the automatic 
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analysis of some control-theoretic properties of the virtual systems described in iAcu-

men. 

Finally, while this work emerged in the context of developing haptic feedback 

virtual environments, it appears that there are significant potential applications in 

the broader domain of virtual environments for this approach. As such, we expect that 

some of the most exciting future work will be in exploring the range of applications 

for the iAcumen system. 
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Chapter 7 

Examples of Physical Modeling with Acumen 

Acumen is a modeling environment that is designed for modeling continuous-time 

systems with a discrete controller. This controller could be an external event that 

happens to the system, or simply arbitrary input to which the system reacts. Acu

men uses two languages: a Physical Description Language, PhyDL, and a Reactive 

Interrupt Driven Language, RIDL. PhyDL contains the physics of the system, the 

equations governing its motion. RIDL models the controller. Some systems can be 

described entirely through PhyDL. 

In this chapter, we present a set of examples developed by users of Acumen from 

different backgrounds. We use these examples to illustrate the different aspects and 

usability of Acumen. Most of the examples presented in this chapter were developed 

by undergraduate students who were not computer scientists. 

7.1 Small Examples 

We have presented a tutorial in Chapter A. To create a supplemental tutorial for 

new users of the simulation environment Acumen, in this section, we provide a set of 

examples in which different systems are modeled step-by-step and the user is given 

practical advice about different modeling situations, such as what to remember and 

mistakes to avoid. All the examples in this section were developed by a first year 

undergraduate student at Rice, Marisa Peralta. These examples can guide the user 

through the modeling process from the original system diagram to the final simulation 

results. The systems are basic and ideal, so the general concepts within each model 

can be applied to more complex problems. A video demo of modeling a system in 
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Acumen is also available on the Acumen homepage [25]. 

7.1.1 A P e n d u l u m 

This system is a basic pendulum: a mass suspended without friction from a fixed 

point in space, with its top at the fixed point and the rest of the mass free to move 

in two dimensions. 

' / 
Z 

Fg = mg 

Figure 7.1 : A simple pendulum. 

The initial conditions are set for some displacement of angle (theta) from the 

vertical. Acumen then treats the pendulum as though it is released at that angle at 

the start of the simulation. The initial conditions are set in the boundary module: 

boundary 

theta with theta(0)=pi/4, theta(0)=0;. 

The pendulum starts at an angle of (pi/4) with a velocity of 0. 

The angle (theta) changes with respect to time, accelerated by the force of gravity. 

Theta is defined by its acceleration (F refers to net external force, not force of gravity): 

theta = - 1/ inert ia * (m*g*length*sin(theta) + F*length*cos(theta)); . 

This is written in the system module. The variables contained in this equation 

must also be defined in order for the program to run, so the rest of the system module 

contains: 
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m = 0.5; 

g = 9-8; 

1 = 0.5; 

i ne r t i a = m*length*length;. 

The full system module, then, is as follows: 

system 

m = 0.5; 

g = 9-8; 

length = 0.5; 

theta = - 1/ iner t ia * (m*g*length*sin(theta) + F*length*cos(theta)); 

ine r t i a = m*length*length;. 

Variable F is written in RIDL, so the ex te rna l r i d l module in PhyDL calls 

RIDL: 

external r i d l 

writes F; 

observes event clock ra te t=0.0001;. 

The RIDL code for this example is simple: 

F=0 (* Note that a semicolon i s not used to end l ines in RIDL. * ) . 

Though the event clock is not explicitly stated in the RIDL code, it is syntactically 

necessary to define the rate of "clock" in the ex te rna l r i d l module. This sets F at 

the desired value (here, 0) at each step of the "clock" rate. For this example, clock 

rate is set at the same step size as the step size for the simulation. (The simulation 

module will show this.) 

F being zero indicates that there is no additional or external force acting on 

the pendulum. Because the force of gravity is m*g, which is present in the ac

celeration of theta, the pendulum's natural motion due to gravity is defined as 
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- l / i ne r t i a*m*g* leng th*s in ( the t a ) , with the term containing F being equal to 

zero. 

Because the term containing F is equal to zero in this example, it would be possible 

to eliminate it, and model the pendulum without using RIDL at all. However, because 

the next example uses a nonzero F, seeing this example in the same form, with F=0, 

makes the next example easier to follow. 

The simulation module defines how long the simulation lasts and what the calcu

lation step size is: 

simulation 

starting_time = 0; ending_time = 20, step_size = 0.0001;. 

The simulation will model 20 of the system's behavior, calculating results 10,000 

times per second. 

User tip: A faster simulation can be obtained by setting the step size to a larger 

value, such as 0.01, but this can cause error to build up in the simulation. (In this 

example, if the step size is too large, the pendulum swings with a greater angle of 

displacement on each oscillation, appearing to gain energy when it should not.) In 

many systems, if the results appear to be physically incorrect in this way, the problem 

can often be solved by using a smaller step size. 

The final module to be written is the external matlab module, which defines the 

desired results. In this system, theta is the desired variable for which to show results. 

MATLAB will automatically plot these results with respect to time. It is also helpful 

to plot F so that at a glance, the plot will show if this system has an external force 

or not. 

external matlab 

reads theta, F;. 

MATLAB will therefore produce two plots, one for each variable. The table of 

values corresponding to these plots is shown in Acumen's simulation window, under 
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the tab "Intermediate Trace." (The "Final States" tab shows what values the system 

has attained by the end of the simulation.) 

7.1.2 A Pendulum with Interference 

This system is the same pendulum as in the previous example with an additional, 

external force. A steady breeze blows on the pendulum in one direction, aligned with 

the pendulum's plane of motion. This breeze exerts a force of 8N on the pendulum. 

< i 

1 m/s breeze 
Relative to 
Pendulum at rest 

Figure 7.2 : A simple pendulum with breeze interference. 

This system shall therefore be modeled in the same way as the previous example, 

expect that the RIDL code will now read: 

F=8. 

This gives a nonzero value to the term in the acceleration of theta, which changes 

the pendulum's motion in the x-direction. (The y-direction is aligned with the pen

dulum, and the x-direction is the direction of motion, both changing to follow the 

pendulum as it moves.) 

As can be seen in the results, this changes the pendulum's motion so that it 

oscillates around some nonzero point, instead of oscillating around zero (which is the 

position of the pendulum at rest). Essentially, the arc pathway that the tip of the 

pendulum travels has now been shifted upwards to one side due to the breeze force. 

position 

Fgravity = m*g 
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Figure 7.3 : Simulation results in Acumen. 

It can be seen that the pendulum now oscillates around -0.2 instead of 0. The 

diagram demonstrates this motion: the pendulum's amplitude is unchanged, simply 

shifted over to the negative x-direction. 

7.1.3 A Bouncing Ball 

This system consists of an elastic ball beginning from rest at some height above a flat 

surface, and being released to bounce in 1 dimension. 

F_gravity s mg F_gravity 

Figure 7.4 : Ball bouncing. 

The initial condition of the system has the ball beginning at a height of 5, with 
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the surface located at 0. The position of the ball (along the vertical dimension) is 

given by p_ball. 

boundary 

p_ball with p_ball(0)=5;. 

The total force that acts on the ball is composed entirely of the force of gravity 

while the ball is in the air. Whenever the ball is in contact with the surface, however, 

the surface exerts an upward contact force on the ball that is much greater than 

the force of gravity, thereby pushing the ball up into the air for another bounce. 

Therefore, when the ball is in contact with the surface, the total force is the force of 

gravity added to the contact force (pointing in opposite directions). 

The contact force between surface and ball can be modeled as a spring force with 

a high coefficient. The spring displacement x is defined as the difference in position 

between the ball and the surface. The spring force only applies when this difference 

is negative, meaning the position of the ball is below the surface. Because the ball 

is not actually going into the surface, this refers to the ball deforming on contact 

with the surface. (The amount of deformation and, therefore, the amount of force the 

surface applies to the ball is determined by the ball's kinetic energy at the moment 

of contact, which itself is determined by the balls height at the moment it began 

traveling downward.) 

The force on the ball, then, can be described with the following if-then-else state

ment: 

F = if (p_ball-p_surface)<0 then k*(p_surface-p_ball)+m*g else rn*g;. 

This line of code belongs in the system module. F = kx is used as the spring force 

equation, with k being unique to the particular ball and surface being modeled. As 

explained above, x is the difference between the positions of the ball and surface. If 

the ball is above the surface (if the difference is positive), then the force is only m*g, 
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the gravitational force. Otherwise, both the spring force and the gravitational force 

act on the ball. 

User tip: The k-value needs to be sufficiently high so that the ball does not travel too 

far below the surface. Here, k=300 gives physically reasonable results. (The spring 

force is high enough to push the ball back in the air before the ball gets too far into 

the surface.) 

The constants in the force equations are also denned in the system module, along 

with the definition of the ball's acceleration: 

m = 2; 

k = 300; 

g = -9-8; 

p _ b a l l " = F / m; 

p_surface=0;. 

User tip: the velocity of the ball needs to be defined as a variable, not a derivative, 

in order for MATLAB to recognize it and plot it in the results: 

P_ball=v_ball;. 

This completes the code for the system module. The variables to be plotted are 

specified in the ex te rna l matlab module as follows: 

external matlab 

reads p_ball , v_ball, p_surface, F; . 

Finally, the simulation module defines how long the simulation will run and what 

step size will be used: 

simulation 

starting_time=0; ending_tirne=30; step_size =0.0001;. 
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Figure 7.5 : Simulation results of ball bouncing. 

RIDL is not needed for modeling this system. The result plots obtained from 

MATLAB are as in Fig. 7.5. 

The position of the surface, p_surface, remains stationary at 0. The velocity of 

the ball, v_ball, has a constant slope while the ball falls (constant acceleration due to 

gravity), then while the ball is in contact with the surface, the velocity experiences a 

steep curving increase while the spring force acts on the ball. 

The force F stays at a steady rate while the ball is falling (in between points 

of contact), and it can be seen that during these intervals, the force, which is the 

negative value due to gravity, is small compared with the force during contact, which 

is in the range of 200 N. 

The position of the ball, p_ball, outlines the ball's path, which can be seen as a 

bounce. (Recall that the ball travels only in one dimension.) 

7.1.4 A Bouncing Ball on An Oscillating Surface 

This system can be likened to bouncing a tennis ball up and down on a racket. 

The surface upon which the ball bounces oscillates consistently at a certain rate. 

Depending on the rate of oscillation and the starting height for the ball, the ball will 
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hit the surface while the surface is in a different position from bounce to bounce. 

It is modeled the same way as the previous example, with the following difference: 

the position of the surface is no longer 0, but rather oscillates up and down between 

-1 and 1. This new surface position, which must be written at each step, can be 

modeled using RIDL. The definition of p_surface is removed from the system module, 

and the ex te rna l r i d l module is added in PhyDL to produce the following PhyDL 

code: 

simulation 

starting_time=0; ending_tirne=30; step_size=0.0001; 

external r i d l 

writes p_surface'; 

observes event clock rate t=3; 

external matlab 

reads p_ball, v_ball, p_surface, F; 

boundary 

p_ball with p_ball(0) = 5, p_ball'(0) = 0; 

system 

m = 2; 

k = 300; 

g = -9.8; 

p_ball" = F / m; 

p_ball = v_ball;. 

Here, PhyDL calls RIDL to write the position of the surface. The position will 

oscillate between —1 and 1 every 3, so the event "clock" is given the rate of t = 3. 

In RIDL, this event is written to be the reversal of the surfaces velocity. The RIDL 

program is as follows: 

p_surface' = i n i t x=l in {clock => x*-l }. 

The results of this system are given in Fig. 7.6. 
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Figure 7.6 : Ball bouncing on oscillating surface. 

Here, the sharp spikes in force again occur at the points of contact, and since 

the velocity of the surface is not taken into account in calculating the resulting force 

on the ball, the contact force is approximately the same for each bounce, rather 

than increasing for bounces during which the surface is moving up, which would be 

physically true. 

The velocity of the ball follows the same pattern as in the previous example, 

decreasing slowly (gravity only) and increasing sharply (quick change of direction at 

moment of contact). 

The surface's position oscillates from 0 to 3, changing instantaneously every three 

seconds. The ball's position is the most interesting plot here, showing alternately high 

bounces and low bounces. The difference in bounce height attained depends upon 

the position of the surface at the moment when the ball hits. (Again, the velocity of 

the surface is not taken into account, for the sake of simplicity.) 
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7.2 Alfa Romeo Suspension Model 

In this example, we would like to model the suspension of a 1989 Alfa Romeo Milano, 

specifically the Rice Society of Automotive Engineers custom modified Alfa1. These 

custom modifications include suspension upgrades. We will model both the origi

nal suspension setup (factory) and current setup (custom) in order to ascertain the 

handling differences between the two. Once a four-wheel model is created for each 

suspension setup, we can test each of them on two different types of road conditions, 

street and racetrack, in order to establish the performance differences. 

Also, some of the suspension components are adjustable, and it would be inter

esting to optimize these settings for a given road condition. 

7.2.1 Background 

The suspension design of this vehicle is very unique. The factory design uses 22.8mm 

torsion bars (torsion springs) in the front, a de Dion tube in the rear, and shock 

absorbers (dampers) in both the front and the back. The de Dion tube is a type of 

rear semi-independent live axle suspension, using coil springs in this implementation. 

The advantages of the de Dion tube are a reduction in unsprung weight by mounting 

the transmission and differential directly to the chassis rather than the suspension, 

and also its handling characteristics. The de Dion tube, which connects the two wheels 

directly to each other, keeps the rear wheels parallel to each other and perpendicular 

to the ground on rebound, which means that there are no camber changes. This is 

advantageous because it creates the maximum contact patch with the ground. There 

are shock absorbers (dampers) in the front and the rear suspension. 

We have made a few modifications to this setup. First, we have stiffer torsion bars, 

27 mm. We have also replaced the stock shock absorbers with KONI Sport shock 

absorbers, which offer an adjustable damping rate. The Force vs. Displacement graph 

1This example was developed by Kevin Hirshberg from Department of ME at Rice University 
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from their Web site is in Fig. 7.7. 

Figure 7.7 : Force-velocity diagram of a KONI damper. 

We have also lightened the car quite a bit, which will need to be taken into account 

in the models. 

The Model: 

The first step of creating this model will be to generate a one-wheel prototype 

carrying a quarter of the car's weight for each of the four suspension types involved 

— stock front, stock rear, and custom front, custom rear. The stock front model 

will be approximated by a spring with the equivalent spring constant of the smaller-

diameter torsion bar, and the damping ratio of the original shock absorbers. The 

stock rear will consist of the spring rate of the original coil springs, and the damping 

ratio of the original shocks. The custom front will consist of the equivalent spring 

rate of the larger diameter (27 mm) torsion bars and an average damping ratio value 

for the new shocks. Some sort of average representative value will be used because 

the dampers are adjustable. The custom rear will be modeled with the new spring 

rate and the same value for the custom shocks. Once all of these models are created, 

they should be tested on a sample path to ensure that they behave as predicted. 
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The next step will be to connect two wheels together and make a prototype half-

car. With a front and a rear from each car connected, it will be possible to see how 

this model reacts to the given inputs. 

The next step is to create a four-wheel model for each car. It is important to 

create a four-wheel model instead of assuming symmetry about the longitudinal axis 

due to some of the unique constraints in this direction. For example, the de Dion tube 

keeps the rear wheels parallel, so this needs be modeled. Also, the lateral stiffness of 

the car, as controlled by the sway bars (anti-roll bars), should be modeled. 

Once the four-wheel cars have been modeled, they should be tested on various 

road conditions to test their handling qualities. The main aspects that this study 
i 

is interested in are the differences between the responses of the two cars, and the 

optimization of the variable settings of the modified car. 

Alternative Model: 

Although this model progression would logically build complexity mechanically, 

it might not be the best approach in terms of programming complexity progression. 

In order to build up a working model of the system in simple programming steps, 

another model progression is in order. The following proposed progression also gen

erates several working models that can be used independently in order to validate the 

modeling software. 

• The first model in this system would consist of a four-wheel, rigid-body suspen

sion car. This system would lack springs, dampers, and material elasticity. It 

would be a perfectly inelastic body. 

• The next model would add vertical springs to this model, neglecting damping 

and any torsional flexibility. 

• Next, dampers would be added to increase the accuracy of the model. 

• The next step would be to add spring and damping ratios to the tires, allowing 
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them to flex as the vehicle traverses the courses. 

• The final step would be to add all torsional effects — anti-roll bars, de Dion 

constraint equations, etc. 

Practical Model Progression: 

Since each modeling method has its own strengths and weaknesses, a compromise 

model will likely be implemented. By starting with quarter car models of each suspen

sion type and then generating four-wheel models, both mechanical and programming 

implementation will be simplified. 

Road Conditions: 

The "street" conditions should be modeled by a bumpy road, most likely a sinusoid 

with varying amplitude. The factory suspension should be much smoother (better) 

on the street than the custom suspension. 

The "racetrack" conditions could be modeled by a series of turns linked together, 

which could be used to ascertain the body roll of the car. Since reducing body roll 

is advantageous in racing, this will be used as an indicator of handling ability. Turns 

of varying radii that lead into each other will simulate the actual racetracks that we 

race on. If greater complexity is required, a decreasing radius turn would be useful 

in determining handling ability. 

Equations: ^ _ „ 
X, FWheel = FK2 + FB2 - FKl - Fm - mxg = mix 

K2{x2 - xi) + B2{x'2 - x'x) - Kx(xx - xp) - Bx{x'x - x'p) = m^g + m\x" 

E FCarBody = ~FK2 - FB2 - m2g = m2x" 

-K2(x2 - xi) - B2(x'2 - x[) — m2g + m2x". 
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Figure 7.8 : Double-wishbone suspension and its simplified schematic. 

7.2.2 One-Wheel Model and Four-Wheel Model 

7.2.2.1 Example — One-Wheel Model 

The following Acumen file is a one-degree-of-freedom suspension test program. It 

models a simple suspension system traversing a sinusoidal speed bump. See code and 

graphs (Figure 7.9, 7.10) below. 

(*lDofSpringDamper.phydl 

Kevin Hirshberg 

10/26/2007 

Description: This model i s a one-degree-of-freedom 

Spring/Damper quarter-car suspension. The spring 

r a t e , k, i s 500 N/m, and the damping r a t i o , b , i s 

200 N*s/m. *) 

s imula t ion 

s t a r t i ng_ t ime=0 ; 
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ending_t ime=30; 

step_size=.01; 

external matlab 

reads xl, rh; 

boundary 

xl with x l (0 )=0 , x l ' ( 0 ) = 0 ; (^Vehicle he ight IC ' s *) 

system 

m=250; (* 1/4 car mass i s 250kg *) 

k=500; (* sp r ing r a t e i s 500 N/m *) 

b=200; (* damping r a t i o i s 200 N*s/m *) 

r h = i f ( t < p i ) then . 05*s in ( t ) e l s e 

0; (* RoadHeight=.05*sin(t) for a half per iod*) 

x l ' ' = l / m * ( - k * ( x l - r h ) - b * ( x l ' - r h ' ) ) ; . 

7.2.2 .2 E x a m p l e — F o u r - W h e e l M o d e l 

The following is a four-wheel suspension model, with the associated graphs. Note 

tha t both of the front wheels and both of the rear wheels traverse the speed bump at 

the same time, a car-length apart (Figure 7.11). 

(*lDofSpringDamper-4Wheel.phydl 

Kevin Hirshberg 

11/07/2007 

Desc r ip t ion : This model i s a one-degree-of-freedom Spring/Damper 

f u l l - c a r suspension model. There are four wheels, a l l of which 

t r a v e l over t he same bump in t he road. The r e a r wheels go over 
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Figure 7.9 : Acumen 1DOF test graph, underdamped. 

the bump a carlength after the front wheels. *) 

simulation 

starting_time=0; 

ending_time=30; 

step_size=.01; 

external matlab 

reads xl, x2, x3, x4, rh, rh2; 

boundary 

xl with xl(0)=0, xl'(0)=0 

x2 with x2(0)=0, x2'(0)=0 

x3 with x3(0)=0, x3'(0)=0 

x4 with x4(0)=0, x4'(0)=0 

(•Vehicle height Initial Conditions's 
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Figure 7.10 : Acumen 1DOF test graph, overdamped. 

system 

m=250; (* 1/4 car mass is 250kg *) 

kl=500 

bl=200 

k2=400 

b2=200 

(* front spring rate is 500 N/m *) 

(* front damping ratio is 200 N*s/m *) 

(* rear spring rate is 400 N/m *) 

(* rear damping ratio is 200 N*s/m *) 

1=2.5; (* wheelbase is 2.5m *) 

rh=if(t<pi) then .05*sin(t) else 

0; (* RoadHeight=.05*sin(t) for a half period*) 

rh2=if(t<l) then 0 else 

if(t<pi+l) then .05*sin(t-l) else 

0; (* RoadHeight=.05*sin(t) for a half period*) 
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x l "= l /m*( -k l* (x l - rh ) -b l* (x l ' - r h ' ) ) ; (*front left*) 

x2"=l /m*(-kl*(x2-rh)-bl*(x2 ' - rh ' ) ) ; (*front right*) 

X3"=l/m*(-k2*(x3-rh2)-b2*(x3 ,-rh2 ,)); (*rear left*) 

x4' ,=l/m*(-k2*(x4-rh2)-b2*(x4'-rh2')); (*rear right*) 
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Figure 7.11 : Four-wheel suspension model. 

7.3 Stability of a Pendulum 

The purpose of this example is to explore stability theory in the context of a simple 

mechanical pendulum. This is an early step towards one of the goals of Acumen, which 

is to provide stability assurance for arbitrary mechanical systems. The pendulum is 

a good first example to look at it because it is very simple while still retaining some 

more complicated properties such as a nonlinear term in the equation of motion. 



105 

Hopefully, by looking at a simple example like the pendulum, we will gain insight 

into evaluating more complicated systems2. 

To achieve this goal, we first want to find an appropriate notion of stability for 

a pendulum using a specific controller. Next, we want to write down the proof for 

the stability of this system. Finally, we want to formalize the proof in the Coq type 

theory. 

7.3.1 Pendulum Systems and Their Stability 

A pendulum is a mass suspended from a pivot so it can swing freely. When the mass 

is below the pivot point, it is called normal pendulum or simple pendulum, as shown 

on the left-hand side of Fig. 7.12. When the mass is above its pivot, it is called 

inverted pendulum, as shown on the right-hand side of Fig. 7.12. 

Stable Unstable 

F_counter_restoring 

F_restoring 

Figure 7.12 : Uncontrolled pendulum: stable vs. unstable configuration. 

2Examples in this section are developed by Joshua Langsfeld, Jun Inoue, Marcie O'Malley, and 

Walid Taha. 
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The normal pendulum is stable when hanging downwards, and an inverted pendu

lum is inherently unstable, if it is uncontrolled. The characteristic equations of these 

two systems are as follows: 

• Characteristically Stable System: 

1 * (7 — f restoring * -^ 

ML2* 6" = -Fg*L*sin(0) 

ML2*0" + MgL*sin{0) = 0, 

with linearization assumption ML2 * 0" + MgL * 0 — 0. 

• Characteristically Unstable System: 

1*6" — Fcounterrestoring * L 

ML2* 0" = Fg*L*sin(6) 

ML2*0" -MgL*sin(0) = 0, 

with linearization assumption ML2 * 0" — MgL * 0 = 0. 

For normal pendulum, a controller can be applied to accelerate the stabilization of 

oscillation or change the equilibrium position. Inverted pendulums must be actively 

balanced in order to remain upright, either by applying a torque at the pivot point 

or by moving the pivot point horizontally as part of a feedback system. 

A basic PD controller Fexternai = —K&*0' — Kv*0 can be used to control a 

pendulum, which gives: 

ML2*0" + MgL*sin(0) = Fexternal 

ML2*0" + Kd*0' + MgL*sin(0) + Kp*0 = 0. 

Linear Variety: ML2 * 0" + Kd*0' + (MgL + KP)*0 = O. 

7.3.2 Pendulum Behavior 

We look at the behavior of a pendulum when it is left uncontrolled. For the normal 

stable pendulum, using the following settings, the equilibrium of the system is at 
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0 = 0. The trace of 0 is shown in Fig. 7.13. 

Kp = 0,Kd = l,M = l,L = l,g = 9.8,0(0) = pi/3,9' = 0. 

.n H I i i i i i i i i i l 

' 0 1 2 3 4 5 6 7 8 9 10 
Time 

Figure 7.13 : Stable pendulum. 

For the unstable inverted pendulum, using the following settings, the equilibrium 

of the system is at 9 = n. The trace of 0 is shown in Fig. 7.14. 

Kp = 0,Kd=l,M=l,L = l,g = 9.8,0(0) = 0.001,0' = 0. 

7.3.3 Stabil i ty 

The notion of stability is a quality used to describe the trajectories of dynamical 

systems under small perturbations of initial conditions. In other words, a system is 
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Figure 7.14 : Unstable pendulum. 

said to be stable if the trajectories do not change too much under small perturbations. 

Various criteria have been developed to prove stability or instability of an orbit. Under 

favorable circumstances (e.g., linear systems), the question of stability may be reduced 

to a well-studied problem involving eigenvalues of matrices. A more general method 

involves Lyapunov functions. 

For a linear system, root locus (pole placement) is used as the stability criteria. 

Let the characteristic equations be 

ML2 *s2 + Kd*s + MgL + Kp = 0. 

. Poles anywhere on the complex plane can be determined with values of Kp and Kj,. 

A stable system is one with the poles in the open left-half plane. 

For nonlinear systems, Lyapunov functions are used as stability criteria. A Lya-

Nonlinear System 

Linear System 
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punov function shows that the "norm" of the system returns to zero at the point 

where stability is demonstrated. To show this, you need a candidate function that 

is positive definite (always positive except at zero) and that has a derivative that 

is negative definite. This is equivalent to showing that solution trajectories always 

return to the equilibrium point and the system is stable. 

7.3.4 Stability Analysis of the Pendulum Example 

The energy of a non-linear pendulum system can be computed by 

E = M *g*L- M*g*L* cos(9) + 1/2 * M * L2 * (91)2. 

The energy of a linear pendulum system is computed by 

E = M*g*L* abs(9) + 1/2 * M * L2 * (9'f. 

As can be seen in Fig.7.15 of the pendulum's position, the system is clearly stable 

and tends towards the equilibrium at 9 = 0. In the context of Lyapunov stability, 

this can also be observed by looking at the graph of the energy in the system, which 

is simply the sum of the potential and kinetic energies. Assuming that the pendulum 

has no potential energy at the equilibrium point, then the total energy decays to zero 

over time. Therefore, Lyapunov stability can be proved if one can find a positive 

definite function that will always be greater than the energy of the system but that 

will decay to zero. 

One function candidate can be suggested by observing the other ways that the 

energy of the system can be calculated. The blue line in the above graph shows the 

exact energy content of the system calculated using the nonlinear equation above for 

the potential and kinetic energies as the system itself. The black line is the energy 

from the linear system calculated the same way as the nonlinear system. They are 

very close because the only difference is the approximation of sin(#) as 9 in the linear 

system. It is worth noting that the linear system energy is always greater than or 
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Energy Content for Various Pendulum Systems 

Nonlinear System Energy 
Linear System w/ Nonlinear Energy Calc 
Linear System Energy 

Figure 7.15 : Energy content for various pendulum systems. 

equal to the nonlinear system energy. Finally, the red line represents a completely 

linear system that is the equivalent of a mass-spring-damper. Here, the energy is 

much higher than before because it involves a completely different approximation 

(essentially replacing 1 — cos(9) with 0, which is not a very accurate approximation). 

However, it stills has the property of being greater than or equal to the actual energy. 

This happens because the approximation is always greater, with the exception being 

at 9 = 0, when they are equal. This is helpful because it places a bound on the energy 

of the system, which is well defined by a simple linear differential equation. It is then 

possible to define a function that can serve as a Lyapunov function candidate. 

Looking at the graph of the linear energy content, it would seem that the peaks 

of each period define an exponentially decaying curve. This is, in fact what they do 
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define, if a time domain solution is found for the energy equation. It would seem to 

follow, then, that the Lyapunov candidate could be this function, of the form Ae~ht, 

where A and b are positive constants. This function satisfies the Lyapunov restrictions 

of being positive-definite, and having a derivative that is negative-definite. Therefore, 

since it can be shown to be greater than the energy of the pendulum system for all t, 

and it collapses to zero, the nonlinear pendulum can be shown to be Lyapunov stable. 

The PhyDL files for the models are as follows: 

• Nonlinear 

simulation 

starting_time = 0; ending_time = 10; step_size = 0.001; 

external matlab 

reads theta, E; 

boundary 

theta with theta(0)= pi/3, theta'(0)= 0; 

system 

m = l ; g = 9 . 8 ; L = l ; K _ d = l ; 

I = m * L * L; 

theta" = -1/1 * (K_d*theta' + m*g*L*sin(theta)); 

E = m*g*L - m*g*L*cos(theta) + .5*I*(theta')~2;. 

• Linear 

simulation 

starting_time = 0; ending_time = 10; step_size = 0.001; 

external matlab 

reads theta, E; 

boundary 

theta with theta(0)= pi/3, theta'(0)= 0; 

system 
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m = 1; g = 9.8; L = 1; K_d = 1; 

I = m * L * L; 

t h e t a " = -1/1 * (K_d*theta' + m*g*L*sin(theta)); 

E = m*g*L*abs(theta) + .5*I*(theta ' )~2; . 

7.4 Summary 

In this chapter, we have introduced a variety of examples developed in Acumen that 

are contributed by different people. These examples can help beginning users of 

Acumen to learn how to model physical system behaviors, and how to convert a system 

model to Acumen code. The analysis of those simulation results shows the connection 

between Acumen simulation results and physical system properties. Acumen can be 

used to study controller designs and their stability issues. It is easier to program in 

Acumen than in MATLAB/Simulink, while the simulation results are very close. All 

examples show that the Acumen environment is very easy to use. People with little 

programming background can learn to use it very quickly. 

These examples also involve many interesting issues from diffenrent aspects. For 

example, the Alfa Romeo suspension model can be enriched by adding more details to 

the model and making the model more realistic. Also, further exploration in Acumen 

design may provide better facilities for system controller design. 

There is much that can still be done to obtain a complete analysis of system 

stability issues. The stability analysis in Section 7.3 is only for the simple case of a 

stable pendulum, and so it would be helpful to expand it to include other scenarios. 

Also, the exact details of the Lyapunov function should be worked out to prove the 

stability conclusively. Finally, it will be helpful to incorporate the effects of controllers. 

The analyzed system has only a damper, and any thorough analysis should take into 

account more complicated controllers. 
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Chapter 8 

Conclusions 

This thesis presented a method for modeling and simulating physical systems. The 

method allows the user to rapidly prototype cyber-physical systems from high-level 

descriptions. Physical systems and virtual environments can be simulated directly 

from physical equations that describe the dynamics of the physical objects, augmented 

with very-high-level specifications of events, event occurrences, and integration with 

external hardware and software devices. 

The centerpiece of the method is the carefully designed, high-level language 

PhyDL, which describes physical systems in a manner close to mathematical equa

tions familiar to engineers. The key feature of PhyDL is that it provides a natural 

notation for mathematical modeling of a continuous environment. By incorporat

ing the discrete-event modeling language RIDL in Acumen, users are able to model 

both the continuous physical environment and discrete computational elements of a 

cyber-physical system. 

Our experience shows that Acumen is easy to understand and use by non-

programmers in various examples. Acumen also demonstrated experimentally in 

practice acceptable numerical accuracy on a large industrial case study. 

There are places where further considerations can be taken into the language 

design of Acumen. 

1. Formalization of translations and analysis of their properties. Acu

men makes simulation easier by program transformations, which allows the 

user to model a physical system from high-level descriptions. We have shown 

the translation steps taken in Acumen by explaining the key ideas and using 
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some examples. We also want to formalize these translations and analyze their 

properties. 

2. Extension to partial differential equations. Currently, we allow only dif

ferentiation of a variable with respect to time. We want to explore a broader 

range of applications for Acumen and see whether it is necessary to allow deriva

tives on expressions. More generally, we also want to add partial derivatives 

into PhyDL syntax and semantics. 

3. Dealing with surfaces and contacts. Collision detection and simulation of 

rigid bodies with contact are important topics in physical system simulation. 

Using our acausal modeling, it requires powerful equation-solving techniques 

to define contact/collision conditions and check for them. As such, we expect 

that some of the most exciting future work will be in exploring the range of 

applications with contact simulation and how to make the simulation of such 

systems easier. 

4. More aggressive integration with other tools, such as MATLAB 

and other computational engines, as well as high-level modeling for

malisms. So far, the design of Acumen has been focused on the structure of 

the simulation environment and exploring modeling issues and approaches. In 

its current implementation, Acumen is a self-contained environment in which 

computations are all handled within the tool. To handle some of the compu

tation steps more efficiently (for example, the topological sorting in program 

translation) we can integrate Acumen with some other tools that can take care 

of one or more steps in the computation. One possibility is to use MATLAB for 

linear system modeling and analysis. Another is to use Mathematica or similar 

tools for equation solving. 

5. Enriching Acumen Examples. Acumen can be used for modeling physi

cal systems and studying controller designs. Chapter 7 presented several case 
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studies of complete modeling and analysis of different systems. We are very 

interested in expanding those examples by making the physical system models 

more realistic and including more scenarios in the analysis. 

6. Verifying the correctness of the results of simulation. For the accuracy 

evaluation, we currently only compare the simulation result of the same physical 

model between Acumen and Simulink. It would be useful to have an exact 

reference point with which to compare all of these numerical results. Thus, 

for future work, we want to look at solving general ODEs and running the 

simulation using exact real arithmetic computation. 
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Appendix A 

Acumen User Guide 

Acumen is a simulation environment for continuous-time physical systems containing 

event-driven controllers. This chapter is aimed at mechanical engineers interested in 

modeling and simulating such systems. The chapter familiarizes the user with the 

layout and functionality of the graphical user interface, and explains how to write 

physical descriptions in the PhyDL component of Acumen, as well as how to write 

reactive controllers using the RIDL component. The chapter also defines the syntax 

for the primitive operations provided by Acumen, and it explains how to control a 

simulation. 

A.l Acumen = PhyDL + RIDL 

When the Acumen environment is started, the language for modeling the physical 

part is located in the left-hand column of the screen, which is called PhyDL (Physical 

Description Language). The language for modeling the controller part is located on 

the upper right-hand area of the screen, which is called RIDL (Reactive Interrupt 

Driven Language) [31, 14]. Following is a snapshot of the Acumen user interface. 

A.1.1 Comments 

Comments in Acumen are enclosed in (* *) . The text within these starred paren

theses will be ignored by Acumen and will serve solely as a comment for the user: 

(* This i s jus t a comment of the program. * ) . 

Important Note on Syntax: Throughout this guide, when example syntax is 

given for a code, the semi-colons found at the end of some lines of code are necessary 
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PhyDL Program: pendulum.phydl 

Acumen File Edit Settings Tools Help 

simulation 
star t ing_time = 0; ending_time = 30; step_size = 0.001; 

external r i d l "pendulum_control.ridl" 
reads t h e t a ; 
writes F; 
observes event clock ra te t = 0 . 1 ; 

external mat lab 
reads t h e t a , F; 

RIDL Program: pendulumjcontrol.ridl 

File Edit Settings Interpreter Help 

F = init 0 in 
{ clock => -4.9 * theta } 

boundary 
theta with theta(0)= 0.1, theta'(0)= 0; 

system 
Check Syntax and Reset RIDL state 

m = 0. 5; 
g = 9 .8 ; 
1 - 0 .3 ; 
I => m * 1 * 1; 
t h e t a ' ' - - 1/1 * (ra*g*l*sin(theta) + F*l*cos( theta)) ; j 

"3 

Simulation Controls-

Step Reset] 

Final State rintarmediate Trace"j 

Check Syntax and Reset PhyDL state 

Figure A.l : Acumen GUI. 

for the code to run properly. 

A.2 PhyDL 

A PhyDL program is organized into several sections, namely: 

• System 

• Boundary 

• Simulation 

• Interaction with Control Description (External Section for RIDL code) 

• Interaction with MATLAB (External Section for MATLAB) 

• Interaction with GUI (External Section for an interactive GUI). 

To model a given system in Acumen, we need to give PhyDL certain information 

for each section. Each section starts with a heading. This is followed by specific 
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information about either the system or how to simulate or visualize it. For example, 

boundary conditions should be listed in the Boundary Section. In the rest of this 

section, we explain each of these sections in more detail. 

A.2.1 System Section (Inputting System Equations and Cons tants ) 

A dynamical system can be described by a set of differential equations together with 

definitions of the variables in these equations. For example, a simple pendulum can 

be described by a differential equation with some boundary conditions: 

t h e t a " = - l / I * (m*l*sin(theta) + F*l*cos(theta); 

theta(O) = 0 . 1 ; 

the ta ' (0 )=0; . 

The first equation above describes the dynamics of this system: that is, the second 

derivative of theta. The next two equations give the initial conditions of the system; 

in this case, the initial position and initial velocity of the pendulum (theta and the 

first derivative of theta.) The following is a picture of a simple pendulum. 

////////////// 

Figure A.2 : A simple pendulum. 

Differential equations and constants for a system are listed under the System 

Section in Acumen. First, let us explain how to code differential equations: 
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PhyDL allows you to write differential equations directly. The prescribed syntax 

of the system section is: 

system 

<exp> = <exp>;. 

An example of a correct System Section code is: 

system 
t h e t a " = - 1 / 1 * (m*l*sin(theta) + F*l*cos(theta)); . 

The above equation appears in the form of assignment, which is, a variable appears 

on the left-hand side of the equation and its value is to be computed using the 

expression on the right-hand side. PhyDL also allows to specify constraints instead 

of assignments. The above code is thus equivalent to 

system 

I* the ta"+ m*l*sin(theta) + F*l*cos(theta) = 0; . 

Now, we will cover how to code variables. We can solve the above equation for 

t h e t a if and only if all other variables are defined or constrained in the program. 

For example, the differential equation we have been working with has variables that 

represent mass (m), length (l), and a force F. So in order to describe the system these 

variables must be defined. In Acumen, variables represent physical quantities that 

should be defined in the System Section (m and 1). Variables that represent quantities 

from an external computational element can be declared in an external section. We 

will explain this in Section A.2.3. The following code for the System Section is an 

example of how to code both variables and the differential equation of the system: 

system 

m = 0.5; (* mass *) 

1 = 0.3; (* length *) 

I = m * 1 * 1; (* moment of inertia *) 

I*theta"+ m*l*sin(theta) + F*l*cos (theta) = 0; 

(•differential equation of system*). 
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A.2.2 Boundary Section (Inputting Boundary Conditions) 

To describe a system in PhyDL, we must list boundary conditions in the Boundary 

Section. Keep in mind that if the highest order of derivative of a variable is n, then the 

boundary conditions listed must include the value of this variable for each derivative 

from the (n — l) th derivative to the Oth derivative. The syntax for listing boundary 

conditions is as follows: 

boundary 

<var> with <var>(0) = <number>, <var>'(0)=<number>;. 

For example: 

boundary 

theta with theta(O) = 0 . 1 , the ta ' (0)=0; . 

A.2.3 External Section for RIDL Code (Interaction with Control De

scription) 

A RIDL program described the control information of the system. A PhyDL program 

can interact with a RIDL program in the ex te rna l r i d l section. However, the 

External Section is not simply for RIDL functions. (We shall see soon how PhyDL 

can interact with an interactive GUI or MATLAB as well in the following section. 

The control input is taken from an external program written in RIDL. The syntax 

for calling an external RIDL controller is: 

external r i d l "filename.ridl" 

reads <var>, <var>, . . . ; 

writes <var>, <var>, . . . ; 

observes event <var> ra te t = <number>, 

event <var> when t = <number>;. 

Each var above is a string that represents a variable name in the specified RIDL 

program. During simulation, PhyDL needs to get control information from RIDL, 
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while RIDL needs to "observe" some system state from PhyDL. The sections reads 

and writes provide a mechanism to communicate between the PhyDL program (the 

physical system) and a RIDL program (that system's controller). Variables specified 

in reads are those whose value is "read" by a RIDL program and are generally used 

to calculate the new controller input. Variables specified in writes are those whose 

value is calculated by the RIDL program. 

In the observes section, event, r a t e , and when are keywords that cannot be 

changed. Since RIDL models event-driven, discrete-time controllers, we need to spec

ify when the controller will "read" a variable's value at an instantaneous state of the 

system, determine what event handlers will be triggered depending on current event 

instance, compute ("write") a new control value based on the system's instantaneous 

state that was "read," and communicate this control information back to the PhyDL 

program. If observes event . . . r a t e t= n is coded, the reading of the instan

taneous state of the system and computation (writing) of the control values for that 

particular state happens at a rate of once every n seconds. If observes event . . . 

when t= n is coded, the observation and computation happens just once when t is 

equal to the specified time n. An example of syntax for the ex te rna l r i d l section 

calling a RIDL program is: 

external r i d l "simple_pendulum_control.ridl" 

reads theta ; 

writes F ; 

observes event clock ra te t = 0 . 1 ; . 

A.2.4 External Section for MATLAB (Plot Data Using MATLAB) 

The External Section in PhyDL links the PhyDL program to an external program. 

One commonly used external program is MATLAB. In order to plot simulation results 

of a function to produce a program visualization, you use the following syntax: 

external matlab 

reads <variable>, <variable>, ... ;. 
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Here, we have "reads," which specifies that MATLAB will read the system data 

for the listed variables and plot it. These variables are the dependent variables of 

a system, and MATLAB plots them with respect to time. If a variable is defined 

as a constant in system equations, Acumen will choose not to display it and throw 

an error message. The plotting in MATLAB only takes place at the completion of a 

simulation. 

A.2.5 External Section for GUI (Interaction with an Interactive GUI) 

Another commonly used external program in PhyDL is an interactive GUI. Instead 

of plotting simulation results at the end of the simulation, one can also choose to 

see the objects moving on a 2-D canvas during the simulation. Based on the visual 

display, interactive input can also be sent to the simulated system via the GUI. The 

syntax to specify interactive input/output is as follows: 

external GUI 

reads <variable>; 

writes <variable>, <variable>, . . . ; . 

Here, each <variable> must be a 2-D vector. The GUI can "read" the mouse 

position as the position of the variable listed after the keyword reads, display it on 

the GUI, and also display (writes) the positions of variables listed after the keyword 

wri tes , whose values are computed in the system Section. Since every dynamic 

variable is a function of time, the user can see the objects moving on the GUI if the 

value of the variable to be displayed changes over time. 

A.2.6 PhyDL Module System 

A dynamical system may have several components that subject to the same set of 

dynamic equations. To exploit the reusability of the definition of such components, 

we can use the PhyDL module system. We define the component as a module in 
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PhyDL once and use it multiple times by referring to the the name of the module 

definition. 

A.2.6.1 Syntax of Module Definition 

A component in a physical system is an object that can be defined independently from 

the rest of the system, and it can be deemed as a subsystem. Thus, the definition of 

the dynamics of a component is also independent and is similar to the System Section 

code: 

<exp> = <exp>;. 

On the other hand, a component interacts with the rest of the system. The 

interaction can be specified by sharing variables, which will be used as the interfaces 

and declared as the "ports" of the component. A complete definition of a module in 

PhyDL as a component of a physical system is as follows: 

module <variable> = { 

ports: <variable>, ..., <variable>; 

<exp> = <exp>; 

<exp> = <exp>;}. 

The keyword module is followed by the name of the model to be defined. The 

curly brackets enclose the definition of the module. The keyword por t s is followed 

by a list of interfacing variables of the module. Definition for the behavior of the 

module has the same form as System Section equations in PhyDL. 

A module definition can be used by referring to the name of the module, followed 

by a list of variables instantiating the interfacing variables: 

<variable>(<variable>, . . . , <variable>);. 

The first variable above is the name of the module that has been denned. The 

variables inside the parenthesises are variables used as the interfaces. 
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A PhyDL program can have multiple module definitions. Modules can also be 

denned hierarchically. A completely denned module can be used in the definition of 

another module. 

A.2.6.2 A n Example Using PhyDL Module System 

Suppose we have a two spring-and-ball system (Figure A.3). System dynamics can 

be described as: 

m*p" + k*pi = (0,0); 

m*p2 + k*p2 = (0,0);. 

Let one ball initially be located at (20, 5), and the other ball initially be located 

at (20, -5 ) . We can code this system in PhyDL in two ways as follows: 

k: spring constant 
m: mass of the ball 
pu p2: ball positions 

Figure A.3 : Example: balls on springs. 
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module spring = 

{ports: m, k, p, x; 

m*p'' + k*p = (0,0); 

(x, y) = p; > 

boundary 

pi with pl(0) = (20, 5) , pl '(O) = (0,0); 

p2 with p2(0) = (20,-5) , p2'(0) = (0,0); 

system 

m = 1; k = 10; 

spring(m, k, p i , x l ) ; 

spring(m, k, p2, x2); 

The code on the left models two identical springs by repeating the dynamic equa

tions twice. The code on the right defines a module called spring. The module has 

variables m and k as inputs, and has variables p and x as outputs. The dynamics 

of this module spr ing is defined as equation m*p' '+k*p=(0,0). Variables x and y 

are defined as the first and second components of vector p. Now, to define the whole 

system of the two spring-and-balls we refer to the module definition by its name twice 

as 

spring(m, k, p i , x l ) ; 

spring(m, k, p2, x2) ; . 

A.2.7 Simulation Section 

The first section listed in PhyDL, the Simulation Section, gives PhyDL information 

about the simulation. With <number> representing any number, the syntax for the 

boundary 

pi with pl(0) = (20, 5), 

pl'(0) = (0,0); 

p2 with p2(0) = (20,-5), 

p2'(0) = (0,0); 

system 

m = 1; k = 10; 

m*pl'' + k*pl = (0,0); 

(xl, yl) = pi; 

m*p2'' + k*p2 = (0,0); 

(x2, y2) = p2; 
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commands that are used to specify the conditions of starting time, ending time and 

step size at which the system should be evaluated are: 

simulation 

starting_time = <number>; 

ending_time = <number>; 

step_size = <number>;. 

Here, the unit of time is second. The value of the starting time must be less than 

or equal to the value of the ending time. The step size value is used for numerical 

computation; it is the mesh of partition to discretize the continuous time. An example 

of correct simulation code is: 

simulation 

starting_time = 0; 

ending_time = 30; 

step_size = 0.001; . 

A.3 RIDL 

RIDL [31, 14] programs are coded separately from PhyDL programs and are meant to 

act as interchangeable controllers for a given PhyDL program. As stated before, while 

simulation takes place, the PhyDL program needs to acquire control information from 

a given RIDL program, while this RIDL programs must "observe" the system state 

from the PhyDL program. In order to understand how to code a RIDL program, 

it is best to study examples. Let us first take a look at the following simple RIDL 

program: 

theta = 0 . 1 ; 

F = in i t 0 in 

{ clock => -4.9 * theta }. 

We suppose here that we have a global event named clock. The frequency of this 

event is not determined in the RIDL program, but is specified in the PhyDL code 
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that calls the RIDL program. The first line in this example program states t h e t a is 

simply a variable with value 0 .1 . The second and third lines in this program define 

a variable F. In this case, F is a "reactive behavior," which means that the value of 

F will be updated when some event happens (in this case, the event is called clock. 

The syntax i n i t 0 means that the initial value of F is 0, that is, at time t=0 or 

just after the system is reset F = 0. The information within the curly brackets is 

the event handler, clock => -4 .9 * t h e t a states that when the event called clock 

happens, RIDL should compute F, using the formula F=-4.9 * t he t a . 

Syntax note: vector values are allowed in RIDL as well as in the communication 

between RIDL and PhyDL. 

Now let's examine a more complex RIDL example: 

theta = i n i t y=0.1 in 

{ clock => -1 * y }. 

We now have re-defined t h e t a to be a "reactive behavior" as well. The first line of 

code states that at time t = 0, t h e t a = 0 .1 . The variable y is a temporary variable 

name for theta. Temporary variables are used when the new value of a variable is 

dependent on the former value. The second line specifies that when the event clock 

occurs, RIDL should compute theta using the formula the ta=- l*y . We see here that 

the temporary variable y was needed so that a new theta value could be assigned 

based on the old one. So, this example code states that at time t = 0, t h e t a = 0 .1 . 

After the event clock occurs once, t h e t a = - 0 . 1 . When the event clock occurs a 

second time, t h e t a = 0 . 1 , etc. 

A.4 A Pendulum Example 

In Acumen, PhyDL and RIDL work together through the External RIDL Section in 

PhyDL. (Please see "External Section for RIDL Code" above.) Thus, it is possible 

to use a variable in RIDL whose value is only defined in PhyDL or vice versa. For 
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example, the following RIDL program uses t h e t a in order to compute F but only 

defines t h e t a in PhyDL. 

(* RIDL program *) 

F = init 0 in 

{ clock => -4.9 * theta } 

(* PhyDL program *) 

simulation 

starting_time = 0; ending_time = 30; step_size = 0.001; 

external ridl "pendulum_control.ridl" 

reads theta; 

writes F; 

observes event clock rate t = 0.1; 

external matlab 

reads theta, F; 

boundary 

theta with theta(0)= 0.1, theta'(0)= 0; 

system 

m = 0.5; 

g = 9.8; 

1 = 0.3; 

I = m * 1 * 1; 

theta" = - 1/1 * (m*g*l*sin(theta) + F*l*cos(theta));. 

Figure A.4 shows the complete code. 

A.5 Primitive Values and Functions in PhyDL 

In PhyDL, we support primitive values and functions as shown in Table A.l. 
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(-PhyDLProgram: pendulum.phydl 

Acumen File Edit Settings Tools Help 

simulation 
start ing_time = 0; endingjtime = 30; a t e p s i z e = 0.001; 

external r i d l "pendulum_control.ridl" 
reads t h e t a ; 
writes F; 
observes event clock ra te t = 0 . 1 ; 

external matlab 
reads t he t a , F; 

i boundary 
the t a with theta(0)= 0 . 1 , the ta ' (0 )= 0; 

system 
m = 0 . 5 ; 
g = 9.8; 
1 = 0 .3 ; 
I = m * 1 * 1; 
t h e t a ' ' = - 1/1 * (m*g+l+sin(theta) + F*l*cos( theta)) ; 

RIDL Program: pendulum_control.ridl-

File Edit Settings Interpreter Help 

F = i n i t 0 in 
{ clock => -4 .9 + the t a 

Check Syntax and Reset RIDL state 

11 
Check Syntax and Reset PhyDL state 

Simulation Controls 

Step Reset 

Final State j Intermediate Trace j 

Figure A.4 : A complete example. 

A.6 Running an Acumen Program 

In the Simulation Controls section located in the middle of the right-hand portion 

of the screen, there are three buttons that control the running of a simulation. The 

first one is "Start," the second one is "Stop," and the third one is "Reset." The 

"Start" button triggers the simulate, and resets system state before the simulation 

if necessary. The "Stop" button can abort a simulation if the simulation is run in 

multi-thread mode. One can choose to run simulation in multi-thread mode in the 

menu of "Settings" on the top-left menu bar. The "Reset" button resets the system 

settings and state to the initial conditions without running the simulation. It can be 

used to check whether the PhyDL program and RIDL program are valid programs. 

After the simulation is done, Acumen will generate information on the final state of 

the system that can be found within the Simulation Controls box under the tab "Final 

State" as well as run this information through MATLAB (assuming the External 
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Table A.l : Primitive values and functions in PhyDL. 

Name 

Pi 

array 

add 

subtract 

multiplication 

division 

inner 

cross 

sin 

cos 

exponential 

absolute value 

array indexing 

unit vector 

vector rotation 

vector project 

Symbol 

Pi 

( . ) 

+ 
-

* 

/ 

inner() 

crossO 

s inO 

cos() 

power() 

abs() 

index() 

d i rec t ionO 

ro ta te () 

projQ 

Syntax 

(<exp>, <exp>, ...) 

<exp> + <exp> 

<exp> — <exp> 

<exp> * <exp> 

<exp> / <exp> 

inner ( <array>, <array>) 

cross(<array>, <array>) 

sin(<exp>) 

cos(<exp>) 

power(<exp>, <exp>) 

abs(<exp>) 

index(<array>, <exp>) 

direction (<array>) 

rota te (<array>, <exp>) 

proj (<array>, <array>) 

Examples 

p i , s in (p i ) , cos(pi/4) 

(1 ,2 ,3) , (x,y) , ( (1 ,2) , (3 ,4)) 

1+2, 3.5+1, x+y, (l ,2)+(3,4) 

1-2, 3 .5-1 , x-y, ( l ,2) - (3 ,4) 

1*2, 3.5*1, x*y, 2*(3,4) 

1/2, 3 .5 /1 , x/y, ( l , 2 ) /3 

i nne r ( ( l , 2 ) , (3 ,4)) , inner(x.y) 

c ro s s ( ( l , 2 ) , (3 ,4)) , cross(x.y) 

s i n ( l . 1 ) , sin(x) 

cos ( l .1 ) , cos(x) 

power(l,2), power(3.4,1), 

power(x,y) 

a b s ( l . l ) , abs ( l ,2 ) , abs(x) 

i n d e x ( ( l . l , 2 . 2 ) , l ) , index((3,4), 2) , 

index(x,y) 

d i r ec t i on ( l , 2 ) , direction(x.y) 

r o t a t e ( ( 1 . 1 , 2 . 2 ) , p i ) , ro ta te (x ,y ) , 

ro ta t e ( (3 ,4 ) , -1.5) 

p r o j ( ( l . l , 2 . 2 ) , ( l , 0 ) ) , 

p r o j ( ( 3 , 4 ) , ( l , l ) ) , proj(x.y) 

Module for MATLAB is included in the PhyDL code) which will return the desired 

plot. The "Intermediate Trace" in the Simulation Controls box displays information 

about the system at intervals from the initial state to the final state. 

As far as plotting the results of a simulation, whenever "Reset" is clicked Acumen 

creates a new canvas for the next plot. Then, when "Start" is clicked, Acumen updates 

the current canvas with the newest simulation results. In the current Acumen package, 
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"trace_matlab" is the file that keeps the trace after simulation. If the External Module 

for MATLAB is used in a code, MATLAB is triggered when we click "Start." The 

file "trigger_matlab" is a communication channel that sends comments to MATLAB, 

such as "plot now" or "clear now," when an action happens in Acumen. So the file 

"trigger_matlab" is used to monitor Acumen actions and notify MATLAB. The file 

"trace_matlab" is actual data to be plotted by MATLAB. 

If the ex te rna l GUI section is used instead of the ex te rna l MATLAB section in 

the program, the program will run in an interactive model. An external GUI will pop 

up after clicking the "Start" button. Mouse position can be read by the program and 

2-D vectors can be displayed dynamically on the GUI. 


