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The role of modeling and simulation in automotive engineering is well established and its benefits well accepted: 
develop a virtual model of your product before committing it to metal, plastic, or silicon. This way, if there are any 
conceptual flaws, they reveal themselves in a virtual environment where they are easier and cheaper to fix.

Over the past two decades, powerful engineering systems have been developed for modeling and simulation and, as 
a result, the names of the more popular software have become household words. However, in recent years, engineers 
have begun to ask serious questions as they tackle ever more challenging engineering tasks with a software toolchain 
that is a generation old.

At a recent meeting of the new Physical Modeling Consortium (PMC) held in Berlin, Germany, senior engineers 
from industry leaders such as Toyota and IAV began to shed more light on the nature and magnitude of the 
challenges ahead. The PMC (www.pmconsortium.org) is a new organization founded in 2007 by the engineering 
software company Maplesoft and Toyota to raise awareness of alternate mathematical modeling frameworks for 
physical systems. The founding of this consortium came on the heels of Maplesoft’s major announcement of a 
multi-year agreement with Toyota to collaborate on the development of a new generation of software tools for mod-
eling physical systems. 

At the Berlin meeting, the case was made that traditional simulation and modeling tools that are based on 
“signal-flow” modeling paradigms (for example, Simulink and EASY 5) may not have the analytical flexibility to 
deal with complex models. A clear example is in the field of control system design, where signal-flow software has 
shown itself to be cumbersome and time consuming for the plant design phase (that is, developing the models of 
the systems that are to be controlled). A primary recommendation of the consortium, as its name suggests, is to 
implement software strategies that stress “physical modeling.”

Some terminology

The term “physical modeling” is a common but somewhat ambiguous term. A physical model can be interpreted as 
a physical mock-up of a real object. In the context of automotive engineering, it refers to modeling techniques that 
better represent the physics and the mathematics of a system. This is a stark contrast to the traditional archetype in 
engineering modeling and simulation, which stresses time-based signal flows (such as in Simulink).

Continuing with this ambiguous terminology, another synonym for physical modeling for some is “plant modeling.” 
The term “plant” stems from the control system sense of the word; it is the physical system that is to be controlled. 
Since control engineers were among the first to raise concern of the need for better physical modeling tools, the 
language reflects heavy influences from the control community.

A third term that often gets thrown in the mix is “acausal modeling.” This is to stress the fact that the model layout 
is based on basic physical component connectivity: if a mass is connected to a spring, the modeling environment 
should have a mass connected to a spring. The signal-flow approach is called “causal modeling” to stress the 
time-based sequential signal flows.

Finally, the term “object-oriented” modeling is emerging as the preferred term for acausal modeling, since it closely 
reflects the emphasis on physical components as opposed to abstract mathematical entities. In fact, the terms 
“object-oriented” and “signal-flow” are quickly being adopted as the standard terms of the new generation and the 
traditional modeling tools, respectively.



Difficulties in physical modeling with signal-flow tools

Although at first glance, modern signal-flow software has highly 
developed user interfaces, the basic approach requires a clear 
understanding of the underlying model equations. In the best of cases, 
this is a cumbersome and time consuming process. Considering the 
complexity of emerging design challenges such as hybrid power 

plants and “by wire” control of critical functionality, the equation development process is a daunting one for signal-
flow systems.

Some experts estimate that upwards of 80% of modeling and simulation project time today is spent on the 
development of the equations, and that time is typically spent on error-prone manual methods (paper and pencil, 
calculators, reference books, etc.). Even with immensely powerful signal-flow tools, a large part of the engineering 
project remains poorly supported by good software.

PMC’s interest in symbolic computation

One of the technologies that PMC members are keenly interested in is symbolic computation: algorithms that can 
manipulate complex mathematical expressions with mathematical and algebraic formalisms. Unlike numerical 
techniques (the traditional core framework for virtually all engineering computation), symbolic techniques produce 
expressions and equations and not just numbers.  Historically, these algorithms have been associated primarily with 
the academic world, which had a clear interest in highly theoretical approaches. However, as engineers begin to 
realize that many of the emerging design challenges are rooted deeply in the core mathematics and physics, 
symbolic computation is quickly becoming a hot topic of interest.

One advantage of symbolic algorithms is that they 
preserve the mathematical and symbolic structure of 
relationships, variables, and parameters.  In contrast, 
numeric algorithms boil everything down immedi-
ately to floating-point numbers. Examples of sym-
bolic computation software are Maple, MACSYMA, 
and Mathematica.

Another significant benefit is the natural adaptation of symbolic methods for multi-domain modeling. In the case 
of the auto industry, innovation in modern cars is often enabled by the electronics and, of course, these circuits are 
connected to and directly operate with the mechanical, hydraulic, thermal, chemical, and other components. 
For the performance and efficiency engineers need, the new generation of models must accommodate multi-domain 
modeling. The symbolic approach naturally adapts to multi-domain modeling because inevitably any known 
modeling framework boils the components down to their mathematical definitions and “connects” the equations in 
a suitable way. 

Finally, symbolic computation has been shown to be an effective accelerator of simulation performance. Historically, 
the numerical computation world enjoyed the spotlight as the technique that was fast enough for engineering prime 
time. However, with recent developments in the symbolic computing world, engineers have developed hybrid com-
puting techniques that combine the respective strengths of both technologies to produce models that have execution 
speed increases of ten times or more–critical for key simulation techniques like hardware-in-the-loop (HIL) simula-
tion and other real-time applications. The concept is surprisingly simple. Use symbolic algorithms to simplify and 
optimize model equations before the iterative numerical solution step. This rebalancing of the computing load has 
been one of the key factors in the rapid adoption of symbolic techniques in engineering circles. Some even call the 
simulation speedup the “killer application” for symbolic computation.



HLMT: a forward-looking implementation of 
symbolic computation 

This renewed focus on symbolic computation is 
offering a fresh look at the technology available for 
engineering modeling. At the Berlin meeting, Toyota 
offered the consortium a glimpse of what is possible 
when one takes the symbolic approach. Alex Ohata, 
a senior engineering manager, and Ken Butts, an 
executive engineer, presented some details on the 
theoretical framework called the Conserved 
Quantities (CQ) approach to physical modeling. 
This technique is currently being implemented in a 
collaborative development initiative, called the High 
Level Modeling Tool (HLMT), between Maplesoft 
and Toyota.

The motivation for HLMT is fairly simple. Toyota observed that typical engineers often miss key physics principles 
when developing models, and the current generation of modeling software does very little to ensure physical rigor in 
the models. Typical examples could include heat losses in various components. Unless engineers specifically build 
in factors to accommodate such losses or build up, they could easily build models that look great and work well, but 
may not capture all of the vital physics. The goal of the HLMT project is to build a safety layer for physical 
modeling that ensures theoretical correctness, and the CQ approach is the mechanism to do this.

CQ is a very simple concept. It attempts to formulate complete model equations by utilizing only conserved quantity 
variables (also called “through” variables). Examples of these variables are energy, charge, momentum, and mass. 
The equation formulation is also conceptually straightforward. Given a conserved quantity, Q,

 

In other words, the rate of change of a quantity is the “stuff in” minus “stuff out.” Basic common sense: first law of 
thermodynamics consideration. As it turns out, though, many engineers often forget these fundamental concepts and 
consequently burn time trying to figure out why their simulations do not seem to be matching expected results.
 

The CQ concept and the HLMT project are very 
much forward-looking. But as simple as the 
mathematical premise is, the HLMT team is already 
facing technological issues. At the recent IFAC 
conference in Seoul, Jan Bakus, Maplesoft Lead for 
HLMT, discussed some of the challenges that the 
team faces to make a viable tool for engineers based 
on the CQ approach. He noted that while the 
technical challenges of this approach have been 
significant, the development team has been able to 
overcome them by using symbolic computation 
approaches to manage and simplify the mathematics. 
It is clear that symbolic techniques are rapidly 
evolving to adapt to these emerging influences.



Conclusion

The Physical Modeling Consortium is a rational industry response to the issues of an aging, though currently 
highly functional, toolset and emerging engineering challenges that it cannot accommodate. Industry leaders are 
collaborating to quickly establish best practices and standards so that analytical techniques such as symbolic 
computation or conserved quantities modeling can deliver the anticipated benefits in a timely way. The PMC 
represents most of the major OEMs, suppliers, and solution providers, all with a track record of successful 
deployment of simulation and modeling in their respective processes. With their diverse perspectives, and some 
luck, we have a real chance of seeing the new techniques merging smoothly into current practice.


