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Getting Started

This section includes the following topics:

What Is CAGE? (p. 1-2)

Navigating CAGE (p. 1-4)

How to Use This Manual (p. 1-9)

Introducing the CAGE browser
part of the Model-Based Calibration
Toolbox. You can use CAGE to
calibrate lookup tables using
models and data. You can trade off
competing objectives, and validate
calibrations against data.

How to find your way around CAGE
and navigate between processes,
tables, data, variables, and models.

How to find information in this
User’s Guide, with links to reference
chapters for all CAGE functionality.



1 Getting Started

What Is CAGE?

CAGE (CAlibration GEneration) is an easy-to-use graphical interface for
calibrating lookup tables for your electronic control unit (ECU).

As engines get more complicated, and models of engine behavior more
intricate, it is increasingly difficult to rely on intuition alone to calibrate
lookup tables. CAGE provides analytical methods for calibrating lookup
tables.

CAGE uses models of the engine control subsystems to calibrate lookup tables.
With CAGE you fill and optimize lookup tables in existing ECU software
using models from the Model Browser part of the Model-Based Calibration
Toolbox. From these models, CAGE builds steady-state ECU calibrations.

CAGE also compares lookup tables directly to experimental data for
validation.

Feature Calibration

A feature calibration compares a model of an estimated signal with a lookup
table (or algebraic collection of tables) that estimates the same signal in the
ECU. CAGE finds the optimum calibration for the lookup table(s).

For example, a typical engine subsystem controls the spark angle to produce
the peak torque; that is, the Maximum Brake Torque (MBT) spark. Using the
Model Browser, you can build a statistically sound model of MBT spark, over
a range of engine speeds and relative air charges, or loads. Use the feature
calibration to fill a lookup table by comparing the table to the model.

Tradeoff Calibration

A tradeoff calibration fills lookup tables by comparing models of different
engine characteristics at key operating points.

For example, there are several models of important engine characteristics,
such as torque and nitrous oxides (NOX) emissions. Both models depend on
the spark angle. At a particular operating point, a slight reduction of torque
can result in a dramatic reduction of NOX emissions. Thus, the calibrator
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uses the value of the spark angle that gives this reduction in NOX emissions
instead of the spark angle that generates maximum torque.

Optimization

CAGE can optimize calibrations with reference to models, including
single- and multi-objective optimizations, sum optimizations, user-defined
optimizations, and automated tradeoff.

Comparing Calibrations to Data

You can compare your calibrations to experimental data for validation.
For example, after completing a calibration, you can import experimental

data from a spreadsheet. You can use CAGE to compare your calibration
to the data.

Starting the CAGE Browser
To start the application, type
cage

at the MATLAB® command prompt.
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Navigating CAGE
The view of CAGE depends on two things:

¢ Which button you select in the Processes and Data Objects panes

® The item you highlight in the tree display

When you open CAGE, it looks like this.
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CAGE includes a Processes pane and a Data Objects pane to help you
identify the type of calibration you want to do and the data objects that



1 Getting Started

you intend to use. Use the buttons in these panes to navigate between the
different sections of functionality in CAGE.

CAGE Views and Processes
The Processes pane has three buttons:

® Feature shows the Feature view, with the tables and strategies that are
associated with that feature. See “Feature View” on page 4-41.

A feature is a strategy (or collection of tables) and a model used to calibrate
those tables. In the Feature view, you can fill tables by comparing a
strategy to a model. See Chapter 4, “Feature Calibrations”. You can import
existing strategies or construct new ones using Simulink® from the feature
view.

From the feature node in the tree display, you can access the Surface Viewer
to examine the strategy or model or both. See Chapter 8, “Surface Viewer”.

® Tradeoff shows the Tradeoff view, with a list of the tables and models
to display. Here you can see graphically the effects of manually altering
variables to trade off different objectives (such as maximizing torque while
minimizing emissions). At the tradeoff node, you can calibrate table values
to achieve the best compromise between competing objectives. You can
calibrate using single or multimodel tradeoffs. See Chapter 5, “Tradeoff
Calibrations”. You can also use the optimization functionality of CAGE to
run automated tradeoffs, described in the Optimization section (see below).

¢ Optimization shows the Optimization view. From here you can set up
and run optimizations, including automated tradeoffs. There are standard
routines available and also templates provided so you can write your
own optimization routines. You can find full instructions in Chapter 6,
“Optimization”.

You can reach the Calibration Manager from the Feature and Tradeoff
process views, and from the Tables view, but not Optimization. In

the Calibration Manager you can set up the size and contents of tables
(manually or using existing calibration files) and edit the precision used for
values (to match the kind of electronic control unit you are going to use).
See “Calibration Manager” on page 3-20.
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The Data Objects pane has four buttons:

® Variable Dictionary stores all the variables, constants, and formulas in
your session. Here you can view, add, and edit any variables in any part of
your session. See “Setting Up Variable Items” on page 2-3.

¢ Tables enables you to see all the tables and normalizers in your session.
You can also calibrate tables manually here if you want. You can add and
delete tables from the project. From any table display (here, or in other
views) you can access the History Display to manage changes in your tables
and normalizers. You can use the History Display to reverse changes. See
“Setting Up Tables” on page 3-3.

* Models stores all the models in your session. Here you can view a graphical
display of these models, including a diagram of the model’s input structure.
This is useful because a model can have other models as inputs. You can
change the inputs here. For example, you can change your model’s input
Spark to be connected to a model for Spark rather than to the variable
Spark. You can also access the surface viewer here to examine models. See
“Setting Up Models” on page 2-11 and Chapter 8, “Surface Viewer”.

e Data Sets enables you to evaluate your models and features over a custom
set of input values. Here you can create and edit a set of input values
and view several models or features evaluated at these points. You can
compare your tables and models with experimental data to validate your
calibrations. You can also fill tables directly from experimental data by
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loading the experimental data as a new data set. See Chapter 7, “Data
Sets”.

Data Ohjects
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|

Maodels




How to Use This Manual

How to Use This Manual

This manual is the CAGE User’s Guide. See also the Model Browser User’s
Guide for information on the other main interface of the Model-Based
Calibration Toolbox.

Learning CAGE
See the Getting Started guide for tutorials and case studies.
Using CAGE

¢ Chapter 2, “Variables and Models” describes how to set up CAGE sessions
before performing calibrations and gives an overview of where in CAGE to
find all the functionality for different processes.

¢ Chapter 3, “Tables” describes how to create and use tables and normalizers,
including using the Calibration Manager and History Viewer.

e Chapter 4, “Feature Calibrations” describes how to calibrate lookup tables
by reference to models built using the model browser.

¢ Chapter 5, “Tradeoff Calibrations” describes how to calibrate lookup tables
by adjusting many values to fulfill different objectives.

¢ Chapter 6, “Optimization” describes how to use the optimization functions,
including automated tradeoffs, and describes all the functions available for
user-defined optimizations.

¢ Chapter 7, “Data Sets” describes how to use CAGE to compare calibrations
to experimental data, and how to use experimental data to fill lookup tables.

® Chapter 8, “Surface Viewer” describes how to use the Surface Viewer.
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Variables and Models

The following sections describe how to set up variables and models before

performing calibrations.

Setting Up Variable Items (p. 2-3)

Setting Up Models (p. 2-11)

Model Properties (p. 2-20)

Before you can perform a calibration
using CAGE, you need to set up the
variables and constants you want
to use. This section describes how
to use the Variable Dictionary view
to create, import, edit, and export
variables and constants.

Before you can perform a calibration
using CAGE, you need to set up the
models you want to use. This section
describes how to use the Model
view to import and rename models,
edit model inputs, and create new
function models.

Use the Model Properties dialog
to switch model output between
model values and boundary or
PEV values, and view information
such as the model type, definition,
inputs, creation date, user name,
and toolbox version.
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CAGE Import Tool (p. 2-24) This section describes how to use the
CAGE Import Tool to get models and
other items from any Model-Based
Calibration Toolbox project file
produced in CAGE or the Model
Browser. You can use this to replace
existing items in your CAGE project.

Specifying Locations of Files (p. 2-27) How to use file preferences in CAGE.

2-2
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Setting Up Variable Items

The Variable Dictionary is a store for all the variables, constants, and
formulae in your session.

To view or edit the items in the Variable Dictionary, click the button, shown,
in the Data Objects pane.

Selecting the Variable Dictionary view displays the variables, constants,
and formulae in the current project.

This section describes the following:

* “Importing and Exporting a Variable Dictionary” on page 2-5

* “Adding and Editing Variable Items” on page 2-6

e “Using the Variable Menu” on page 2-8

e “Using Aliases” on page 2-9

Note that if you have existing CAGE projects you can use the “CAGE Import

Tool” on page 2-24 to import variable items and other CAGE items directly
from other projects.
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Following is an example of the Variable Dictionary view.

List of ull the constants, varinbles, ond formulos in the project

4} CAGE Browser - Untitled i ] o5
File Edit Wariable Tools Windolw Help

lozax[#z|p oo B |

Froceszes Wariable Din:,nlonar_l,l |
= || Mame /1 Type | Aliaz | Minimuml Maximuml Set F'ointl Farmula |
x N 7 \aiable engine_speed 500 6500 2500
xL ‘Varable  Ioad, Load 01 1 0.4
XA Yariable  afr, &FR n 17 14.35
k stoich  Constant 1435
x SPE Varable 5. = spark -0 B0 2258
fix)lambda  Formula 075 1.25 1 Adstoich
b
Alias: | afr. 4FR
Drescription: | Air-fuel ratio (ratio)

1 E P itirnuim: I 1 jl bl ainLarn: I 17 il
Set Point: =

Farmnula: I

Edit boxes fo chunge the seftings of the
selected constunt, voriable, or formula

The upper pane shows a list of all the current variables, constants, and
formulas. The lower pane displays edit boxes so you can specify the settings of
the selected variable, constant, or formula.
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Different Variable Dictionary Items

® Variables — standard items that feed into models, strategies and tables,
and define ranges for these items

® Constant — used for inputs that you do not want to change

¢ Formulae — used when you want a variable item to depend on another

Importing and Exporting a Variable Dictionary

A variable dictionary contains all the variable items for your calibrations. You
can set up your variable dictionary once, and use it in many calibrations.

If you import a model, it has variables associated with it, in which case you
might not have to import a variable dictionary.

Importing a Variable Dictionary
To import a dictionary of variables from an .xml file,

1 Select File > Import > Variable Dictionary.
2 Select the correct dictionary file.

Note you can also import variable items directly from other CAGE projects
using the “CAGE Import Tool” on page 2-24.

Exporting a Variable Dictionary
After setting up a variable dictionary, you can save the dictionary for use in
many different calibrations.

To export a dictionary of variables to an .xm1 file,

1 Select File > Export > Variable Dictionary.

2 Select a suitable name for the dictionary file.

See Also

e “Setting Up Variable Items” on page 2-3
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* “Adding and Editing Variable Items” on page 2-6

Adding and Editing Variable ltems

To add variable items you can use the Variable Dictionary toolbar, shown, or
you can select items from the File -> New -> Variable Items menu.

Vdriable Dictionary Toolbar

S I
Add @ variable Add o'constant Add a formula

Adding a Variable

To add a variable,

1 Select File > New > Variable Item > Variable.
A new variable is added to the variable dictionary.
2 Select Edit > Rename to alter the name of the variable.

3 Specify the Minimum and Maximum values of the variable in the edit
boxes in the lower pane.

4 Specify the value of the Set Point in the edit box.

Using Set Points in the Variable Dictionary. The set point of a variable is
a point that is of particular interest in the range of the variable. You can edit
set points in the variable dictionary or the models view.

For example, for the air/fuel ratio variable, AFR, the range of values is
typically 11 to 17. However, whenever only one value of AFR is required, it is
preferable to choose 14.3, the stoichiometric constant, over any other value.
So enter 14.3 as the Set Point.

CAGE uses the set point as the default value of the variable wherever one
value from the variable range is required. For instance, CAGE uses the set
point when evaluating a model over the range of a different variable.
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For example, a simple model for torque depends on AFR, engine speed, and
relative air charge. CAGE uses the set point of AFR when it calculates the
values of the model over the ranges of the engine speed and relative air charge.

Adding a Constant

To add a constant,

1 Select File > New > Variable Item > Constant.
A new constant is added to the variable dictionary.
2 Select Edit > Rename to alter the name of the constant.

3 Specify the value of the constant in the Set Point edit box, in the lower
pane.

Adding Formulas

You might want to add a formula to your session. For example, the formula
where afr is the air/fuel ratio and stoich is the stoichiometric constant.

To add a formula,

1 Select File > New > Variable Item > Formula.
The Add Formula dialog box appears.

2 In the dialog, enter the right side of the formula, as in this example
afr/stoich. Note it is normal to create inputs to a formula first. If you
do not use pre-existing variable names then those inputs are created, so
be careful to get input names exactly correct. Follow these requirements
for a valid formula string:

e A formula can only have exactly one variable input
¢ No formulae as inputs

e Not circular (i.e. self referencing)

® Must not error when evaluated

e Must produce a vector for a vector input
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® Must be invertible

Click OK and a new formula is added to the variable dictionary.

3 Select Edit -> Rename to alter the name of the formula.

See Also

e “Setting Up Variable Items” on page 2-3

¢ “Adding and Editing Variable Items” on page 2-6

Using the Variable Menu

The Variable menu in the variable dictionary enables you to alter variable
items. These choices are also available in the right-click context menu on
the list view.

Change item to:

Alias

Changes the selected item to be an alias of another item in the current
project. For example, if you have two variables, engine speed and n,
you can change n to be an alias of engine_speed, with its maximum and
minimum values. For more information, see the next section, “Using
Aliases” on page 2-9.

Formula

Changes a variable or constant into a formula. You have to define the right
side of the formula, and you can select the check box to calculate the range.

Constant

Changes a variable or formula into a constant. The value of the constant is
the set point of the old item.

Variable

Changes a constant or formula into a variable. The range is from 0 to twice
the constant’s value (negative values have a maximum of 0).
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See Also.
e “Setting Up Variable Items” on page 2-3
e “Using Aliases” on page 2-9

Using Aliases

The variable dictionary enables you to use the same set of variables, constants,
and formulas with many different models and calibrations.

Why Use Aliases?

It is possible that in one model or strategy the engine speed has been defined
as N, and in another it has been defined as rpm. The alias function enables you
to automatically link inputs with various names to a single CAGE variable
when you import models and strategies.

Creating an Alias
For example, in a variable dictionary there are two variables:

® N, with a range of 500 to 6500
® rpm, with a range of 2500 to 3500

To set rpm to be an alias of N,

1 Highlight the variable rpm.

2 Select Variable > Change item to > Alias.
3 In the dialog, choose N from the list.

This eliminates the variable rpm from your variable dictionary, and every
model and calibration that refers to rpm now refers to N instead.

Note If N is made an alias of rpm in the preceding example, the range of N is
restricted to the range of rpm, 2500 to 3500.
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You can also add aliases to existing items by entering a list of names in the
Alias edit box.

See Also

e “Setting Up Variable Items” on page 2-3

2-10
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Setting Up Models

CAGE generally calibrates lookup tables by reference to models. The Models
view is a storage place for all the models in your session.

To view and edit the models in your session, select Models by clicking the
button shown in the Data Objects pane.

4

Maocdels

This section describes the following:

® “Importing Models” on page 2-13
¢ “Adding New Function Models” on page 2-15
* “Renaming and Editing Models” on page 2-17

The Models view displays the following:

® A list of all the models in the current project.

¢ The model connections. That is, which constants, variables, and models are
inputs to the selected model. You can use the View menu or the right-click
context menu on the graph to zoom in and out, zoom to fit, and reset.

* An image of the response surface of the selected model; you can select
factors to display. Use the View menu to choose between:

No Constraint Display — Shows entire model surface.

Show Constraint — Areas outside the boundary constraint model (if
any) are yellow.

Clip to Constraint — The surface is only shown within the boundary
constraint model.

View > Edit Input Set Points opens a dialog box where you can edit the
set points of your model variables. This setting alters the model display and
also any calculations involving the set points throughout CAGE. Altering
this setting is the same as altering the set points in the Variable Dictionary,
see “Using Set Points in the Variable Dictionary” on page 2-6.
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Following is an example of the Models display.

List of the current models

CAGE Browser - tradeoffInit.cag o ] |
File Edit Wew Model Tools ‘Window Help u
D@ ®| X & > | &y E
Processes Madels |

Mame | Tupe | Inputs | Lons,
A TO_Model MEC mdel SPK.L. M. A E
QNDXFLDW_MDdeI MELC model SPELLM.AE
Feature
1 | -

(LA

‘_a L! Connections T2 hodel |

A =]

g0
G0
40
3 20
a
=20

N T

.

= r

Model connedions displuy Model displuy

The icons in the Models list indicate the type of model, as listed in the Type
column. As shown in the following illustration, a model can be a Model
Browser statistical model, the boundary of a model, the prediction error
variance (PEV) of a model, a user-defined function model, or a feature model
(converted from a feature).
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% Statz_model

ﬁﬁ Boundany_model

i Function_model

-t PEY_model

%l Feature_model

You can use the “Model Properties” on page 2-20 dialog to switch a model
output between the model value and the boundary or PEV of the model. For

function models see “Adding New Function Models” on page 2-15. You can
convert a feature to a model by selecting Feature > Convert to Model.

Importing Models

CAGE enables you to calibrate lookup tables by referring to models
constructed in the Model Browser.

CAGE can only open Model-Based Calibration Toolbox model files. You can
import models from project files (.mat, .cag) and from exported model files
(.exm).

Import Models From Project

You can use the CAGE Import Tool to select models to import from any
Model-Based Calibration Toolbox project file produced in CAGE or the Model
Browser (.mat or .cag). You can replace suitable models in your current
CAGE project (note that Model Browser models must have exactly the same
input names as the CAGE model you are replacing).

See “CAGE Import Tool” on page 2-24 for instructions.
Import Exported Models File

To import models from a Model Browser exported models file (. exm):

1 Select File > Import > Model.

2 A file browser dialog opens. Locate the desired file or files.
You can select multiple files. Examples can be found in
matlab/toolbox/mbc/mbctraining.
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a If the model is saved as an .exm file, select MBC Model (*.exm) from
the drop-down menu.

b If the model is not saved as an .exm file, select A11 files (*.*) from
the Files of type drop-down menu. For example, the file extension
might be accidentally changed.

Click to select the model file then click Open .
This opens the Model Import Wizard.

3 Select the models that you want to import by highlighting the models from
the list, or click Select All if you want every model.

4 Either:

® Select the check box Automatically assign/create inputs, then you
can click Finish.

® Alternatively if you do not want to automatically assign or create inputs,
instead click Next to match these up manually.

5 Associate the model factors with the available inputs in your session.

For example, to associate the model factor spark with the variable spk
in your session,

<} Model Import Wizard x|
hodel factors: Available inputs:
Symbol | zsigried lrput M ;I
A, A, L
L L 2,
N ! | S
spark. SPE. taich
E
[ Copyrange TG Model
MOXFLOWY Mocel
J T <l
Factar range: |-8.1 |50_3 Irpust range: -5 S0
Output clips: -t fint
Cancel = Back [est = Finish |
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a Highlight a model factor, spark, in the list on the left and the
corresponding variable, SPK, in the list on the right.

b Click the select input button, shown.

¢ Repeat 5a and 5b for all the model factors.

6 Click Finish to close the wizard and return you to the Models view.

Note You can skip steps 5 and 6 by selecting the Automatically
assign/create inputs box at step 6.

You can now see a display of the model surface and the model connections
(inputs).

See Also

e “Setting Up Models” on page 2-11
¢ “Adding New Function Models” on page 2-15
¢ “Renaming and Editing Models” on page 2-17

Adding New Function Models

A function model is a model that is expressed algebraically. The function
can be any MATLAB function (including user-defined functions). The only
restriction is that the function must be vectorized, that is, take in column
vectors and return a column vector of the same size, as in this example:

function y = foo(x1, x2)
y = x1 .* x2;

Once you have a function like this, you can create a function model applying it
to any models or variables in your session, like the following example.
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foo (NOX, SPK)

For example, you might want to view the behavior of torque efficiency. So you
create a function model of torque efficiency = torque/peak torque.

To add a function model to your session,

1 Select File > New > Function Model.
This opens the Function Model Wizard.

2 In the dialog box, enter the formula for your function model. For example,
enter torque_efficiency=torque/peak_torque.

3 Press Enter. CAGE checks that the function is recognized; if so, you can
click Next. If the function is incorrectly entered, you cannot click Next.

4 Select the models that you want to import by highlighting the models from
the list.

5 Click Next.

) Function Model Wizard | ] =]
Select models:

Model Name | Inputs | Degcription |

torque_efficiency  peaklorgue, torque targue / peaktorque

Select Al | [~ Automaticslly assignicreste inputs

Cancel | = Back | Mext = Finisty

6 You can select the check box to Automatically assign/create inputs and
click Finish to close the wizard and return you to the Models view, or you

2-16




Setting Up Models

can click Next and go to the next screen. Here you can manually associate
the model factors with the available inputs as follows:

a Highlight a model factor, e.g. peak_torque, in the list on the left and the
corresponding model, peak_torque, in the list on the right.

b Click the select input button, shown.

Repeat a and b for all the model factors. Click Finish to close the wizard
and return you to the Models view.

You can now see a display of the model and its connections (inputs).

See Also

® “Setting Up Models” on page 2-11
* “Importing Models” on page 2-13
* “Renaming and Editing Models” on page 2-17

Renaming and Editing Models

Renaming Models
To rename a model,

1 Highlight the model that you want to rename.
2 Select Edit > Rename.

3 Enter the new name for the model and press Enter.

You can also rename the model by selecting a model and clicking the name, or
pressing F2.
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Editing Model Inputs

You can adjust a model so that variables, formulas, or other models are the
factors of the model. For example, a model of torque depends on the spark
angle. In place of the spark angle variable, you can use a model of the
maximum brake torque (MBT) as the spark input.

To edit the inputs of a model,

1 Highlight the model.
2 Select Model > Edit Inputs.

This opens the Edit Inputs dialog box, shown.

N
Click

<} Edit Inputs: NOXFLOW _Model ﬂ
Model factors: Available inputs:
Syrnbal | Assigned Input M -l
A B L
E E A
L L e SPH
M N staich
SPE SPE E
[~ Cop range
1] | H [
Factor range:  |-14.96 |5372 Input range:
Output clipf: -t fint
Cancel = Back et = | Finizh |
N
Highlight the model fuctor tht you Click Select Input. Highlight the new input.
wont to chonge.

3 Highlight the model factor that you want to adjust, in the list on the left.
4 Highlight the new input for that factor, in the list on the right.

5 Click the Select Input button, shown.

Finish.
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6 To close the dialog box, click Finish.

Note If you want to change the range of a variable in the session, change
the range in the variable dictionary. For more information, see “Using the

Variable Menu” on page 2-8.
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Model Properties

Select Model > Properties (or right-click) to view information about the
selected model. This opens the Model Properties dialog where you can see the
model type, definition, inputs, availability of PEV and constraints, creation
date, user name, and toolbox version on the following tabs:

e “Model Properties: General” on page 2-20

e “Model Properties: Inputs” on page 2-21

e “Model Properties: Model” on page 2-22

e “Model Properties: Information” on page 2-23
Model Properties: General

<) MBC Model Propetties -0l x|

General I Inputs | model | infarmation |

o BTG

Type: MEC maodel
Mumber of inputs: 4
Constraints: Availzble

Prediction errar variance:  Awvailahble

Output saturetion limits: | -nt =] inf =]

Cuttput guamtity: % Model walug
= Prediction error variahce of model

" Boundary constraint of model

Ok I Cancel | Help |

Here you can see the model type (such as MBC model or function model), the
number of inputs, and the availability of constraints and Prediction Error.
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You can use the radio buttons to select the Qutput Quantity to be the

* Model Value
¢ Prediction error variance of model

* Boundary constraint of model

You can enter values in the Output saturation limits edit boxes to set
bounds on the model output values.

Model Properties: Inputs

Model Properties x|

General  Inputs I Model | Information I

Iminediste inputs:

Item I Type I
fAMBT MBC model

x LOAD ariablz

x EMGSFEED Yariable

XA aniable

xE Yariable

Al varishle dependencies:

Item | Type |
x EMGSPEED Wariable
x LOAD Warniahle
X INTCAM ‘Y ariabls
X EXHCAM Wariable
XA aniable
xE Yariable

Ok I Cancel |

Here you can view all the immediate inputs and variable dependencies of
your model. For some models the two lists will be the same; in the example
shown one of the inputs is another model (MBT) so the variable dependencies
list also shows the variable inputs for that model. This information is shown
graphically in the Connections pane.
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Model Properties: Model

Model Properties x|

Genaral | Imputs Model I Infartration |

Model project file:  Unknown Load Madel |

Mocel path: testgraZtg modelsTo

Mociel definition:

Model for TG r
Coding

SPK: [-14.96 55.72] — SPK: [-14.96,55.72]

L [02,0811] = L [-1,1]

I [730,6300] — M [-1,1]

A AT E] = A [-11]

E[012] = E [-1,1]

fISPKLgf[L.H.AE]}}
Local: f{x12%1%)
DatumType: Maximum
Glokal Models
. T - 3
knot < fL7 2 A% B2 § = B0 N, =2 Jﬂ
K| ¥

ok I cancel |

Here you can view the model definition, the project file, and the model path.
Function model definitions are shown here. For MBC models the model
definition (showing the parameters and coefficients of the model formula) is
the same information you would see in the Model Browser part of the toolbox
when selecting View > Model Definition.
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Model Properties: Information

) MBC Model Propetties -[o] x|
Generall Inputs I Model  Information I
Field “alue
User Unkrnawn
Crate 27-Sep-2005
MEBC Yersion 213
Ok I Cancel | Help |

Here you can see the user name associated with the model, the date of
creation and the version number of the Model-Based Calibration Toolbox used
to create the model. If you added any comments to the export information in
the Model Browser Export Models dialog this information also appears here.
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CAGE Import Tool

2-24

You can use the CAGE Import Tool to select items to import from any
Model-Based Calibration Toolbox project file produced in CAGE or the Model
Browser (.mat or .cag). This can greatly simplify setting up new projects,
and also making changes to existing projects, for example to make use of new
models in an existing optimization and calibration.

You can import Model Browser models from any project file or direct from the
Model Browser when it is open. You can import the following CAGE items
from any CAGE project: models (including feature and function models),
variables, normalizers, tables, features, optimizations, datasets and tradeoffs.

You can replace suitable items in your current CAGE project with imported
items. You can see if an item is replaceable in the Import dialog, where the
Replace action becomes available.

Note that Model Browser models (but not CAGE models) must have exactly
the same input names as the CAGE model you want to replace. You can
replace models, variables, normalizers, tables and features. You cannot
replace optimizations, datasets or tradeoffs. You cannot replace tables used in
tradeoffs with tables of a different size.

To use the CAGE Import Tool:

1 Select File > Import > From Project.
The CAGE Import Tool appears.

2 You can choose a project file or import directly from the Model Browser if it
is open. Use the toolbar buttons, or select File > Select Project File, or
File > Import From Model Browser.

If you are choosing a project file, a file browser dialog opens. Locate the
desired file and click Open.

3 The CAGE Import Tool displays the available items. Select the items you
want to import from the list. Press Ctrl+A to select all items, or Ctrl+click
or Shift+click to select multiple items in the list.



CAGE Import Tool

)} CAGE Import Tool = 3]
File Window Help

IEXEE
current praject: LA TLAB S andboxMECmatiabtookoxmbcmbctrainingeasoling_project mat

Fin: I Type: ol -

[~ Match case

Mame Type Location

Gasoline_projecti TIBTCPSZ2
az0line_projectiy TEX

i ket Responze Feature Gazoline_projecti' Y TIETQPSZ2knot
{4 _bray
Ih iz Responze Feature Gazoline_projecti'Y TIETQPSZ2imey
{4 _bray
4“ Bhigh_2 Response Feature Gazoline_project VY TETPE22Bh. ..
4“ Blowe_2 Response Feature Gazoline_project VY TETOPE22EB0...
4“ Fx_0 Response Feature Gazoline_projectiY TEXTEMPPOLY 2.
4“ 1_0 Response Feature Gazoline_projectiY TEXTEMPPOLY 2.
ﬂh 02_0 Response Featurs Gazoling_projectiY TEXTEMPPOLY 2.
ﬂh F¥_less10 Response Featurs Gazoling_projectiY TEXTEMPPOLY 2.

|3 tems selected. |

You can use the Find and Type controls to filter the item list:

¢ If you are importing from a Model Browser project you can select
Response, Switch, Datum or Response Feature from the Type list to
display a single model type only.

¢ If you are importing from a CAGE project you can select Variable,
Model, Normalizer, Table, Feature, Optimization, Dataset, or
Tradeoff from the CAGE items in the Type list. For models the
Subtype column displays whether a model item is an MBC model,
function model or feature model.

¢ Enter text in the Find edit box to find particular model names. You can
also select the box to Match case

4 Click the Import Selected Items toolbar button ( @ ) or select
File > Import Selected Items.

5 The Import dialog opens displaying the items you selected for import.
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) Import E: [:% =0]x|

Import from MBCmodel project
Thesze models will be imported to CAGE when you click Ok,
If an model ix replaceskls in CAGE you can select Replace or Create nesw inthe Action colukmt,
Double-click CAGE Model Name cells to edit names.

Qrigingl Matne Action CAGE Model Mame
kBTG Replace =l
<\ EXTEMP Crestenew = |EXTEMP

4\ knot Replace ;||knat |

[~ Wiew "B after itnpart

OK I Cancel | Help |

e Double-click the CAGE Item Name column cells to edit item names.

e If it is not possible to replace items in the current CAGE session then
Create new is displayed in the Action column. Ifit is possible to replace
an item in the current CAGE session with an imported item, the Action
column cell becomes a drop-down menu where you can select Replace or
Create new. If an exact name match item is available to be replaced the
Action drop-down menu automatically displays Replace. Change this
to Create new if you do not want to replace the existing item.

¢ When replacing items, double-click the CAGE Item Name column cells
to open a dialog to select the correct item to replace.

¢ (Clear the View new item check box if you do not want CAGE to switch
to the appropriate view for the top item in the import list when you
dismiss the dialog. The CAGE Import Tool remains open either way.

¢ (Click OK to import the items.

6 Click the Close button or select File > Close to close the CAGE Import Tool
when you have finished importing items.

See also:

* “Importing and Exporting a Variable Dictionary” on page 2-5

¢ “Import Exported Models File” on page 2-13
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Specifying Locations of Files

You can specify preferred locations of project and data files, using
File > Preferences.

Project files have the file extension .cag and store entire CAGE sessions.

Data files are the files that form part of the CAGE session. For example, the
following is a list of some of the data files used in CAGE:

Simulink diagrams (.md1)

¢ Experimental data (.x1s, .csv, or .mat)

Variable dictionaries (.xml)

Models (.exm)

To specify preferred locations for files,

1 Select File > Preferences. This opens the dialog box shown.

) CAGE Preferences I ]

File Locations I IUzer Information I Optimization I

Projects:

|

Data files: | E"'l
|
|

Madel files:

Strategy files:

QK I Cancel |

2 Enter the directory or directories where your CAGE files are stored.

Alternatively, click @ to browse for a directory. You can specify directories
for projects, data files, model files and strategy files.

3 Click OK.
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Tables

This section includes the following topics:

Setting Up Tables (p. 3-3)

Adding, Duplicating and Deleting
Tables (p. 3-4)

Table View (p. 3-6)

Using the History Display (p. 3-16)

Calibration Manager (p. 3-20)

Table Properties (p. 3-24)

An overview of the functionality in
the Tables view.

How to add, copy and remove tables.

How to view and edit tables, fill
tables by extrapolation, and use the
Table menu.

Comparing and reverting to previous
versions.

The Calibration Manager dialog box
enables you to manage the sizes,
values, and precision of all items
that can be calibrated. You can

set these properties manually or
from a calibration file. This section
describes how to use the Calibration
Manager to set up tables and copy
table data from other sources.

How to change table properties to
specific precision (floating-point,
polynomial ratio fixed point, or
lookup table fixed point) to suit your
ECU.



3 Tables

About Normalizers (p. 3-30)

Normalizer View (p. 3-32)

Inverting a Table (p. 3-39)

Importing and Exporting
Calibrations (p. 3-46)

What are normalizers? A normalizer
is the axis of your lookup table. It
is the same as the collection of the
breakpoints in your table.

This section describes what you can
see when you highlight a normalizer
in the tree display: the input/output
display, normalizer display, and
breakpoint spacing display; and how
to edit, lock and delete breakpoints.

How to use CAGE to invert tables.

How to export your calibrations.



Setting Up Tables

Setting Up Tables

Select the Tables view by clicking the Tables button. It opens automatically if
you add a table using the File > New > Table menu items.

Tables

The Tables view lists all the tables and normalizers in the current CAGE
session.

Here you can add or delete tables and normalizers, and you can calibrate
them manually. Once you have added new tables here you can also fill them
using experimental data by going to the Data Sets view.

The next sections cover:

¢ “Adding, Duplicating and Deleting Tables” on page 3-4

e “Using the History Display” on page 3-16

e “Calibration Manager” on page 3-20

® “About Normalizers” on page 3-30

You can use the History display (from any other table or normalizer view
in CAGE) to view and reverse changes and revert to previous versions of

your tables. Use the Calibration Manager to set up tables manually or from
calibration files.

See also

e “Table View” on page 3-6 for information on using the table view
functionality once you have added tables to your project
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Adding, Duplicating and Deleting Tables

To add or delete tables, you can first select the Tables view. CAGE
automatically switches to this view if you add a table using the File > New
menu items.

Tables

The Tables view lists all the tables and normalizers in the current CAGE
session.

Adding Tables

To add a table to a session,

Decide whether you want to add a one- or a two-dimensional table.

For example if you want to add a modifier table to account for the variation
in exhaust gas recirculation, add a one-dimensional table (which has one
input). If, however, you want to add a table with speed and load as its
normalizer inputs, then add a two-dimensional table.

Select File > New > 1D Table or File > New > 2D Table as appropriate.
Adding new tables automatically switches you to the Tables view.

In the Table Setup dialog you can enter the table name, number of rows
and columns and initial value, and select the input variable (or variables)
from the drop-down menus.

Click OK to add the new table. CAGE automatically initializes the
normalizers of the table by spacing the breakpoints evenly over the ranges
of the selected input variables.

Note You can also select Tools > Calibration Manager to change the
size of a table. For information, see “Setting Up Tables” on page 3-3.




Adding, Duplicating and Deleting Tables

You can rename tables by first selecting the table, then

® Press F2, or

¢ Select Edit > Rename.

You can manually calibrate by entering values in any table. You can also fill
tables using experimental data or optimization output by going to the Data

Sets view; see “Tutorial: Filling Tables from Data” in the Getting Started
documentation.

Duplicating Tables

To copy a table or a normalizer from a session,

1 Select the Tables view.
2 Highlight the required table or normalizer.

3 Select Edit > Duplicate table_name (‘table_name’ is the currently selected
table).

See also “CAGE Import Tool” on page 2-24 to add existing tables from other
CAGE project files.

Deleting Tables

When you are calibrating a collection of tables using either Feature or
Tradeoff calibrations, you cannot easily delete tables without affecting the
entire calibration. When deleting items, you must delete from the highest
level down. For example, you cannot delete a table that is part of a feature;
you must delete the feature first.

To delete a table or a normalizer from a session,
1 Select Tables view.

2 Highlight the required table or normalizer.

3 Click E; or press Delete; or select Edit > Delete table_name (‘table_name’
is the currently selected table).
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Table View

When you select a table in the tree (under feature or tables), you see the
Table view. The following sections describe:

¢ “Viewing and Editing a Table” on page 3-8

e “Using the Graph of the Table” on page 3-10

¢ “Filling a Table by Extrapolation” on page 3-11

e “Table Menu” on page 3-12

Note For feature calibration (filling and optimizing table values by
comparing a strategy and a model), see “Calibrating the Tables” on page
4-24.

In CAGE, a table is defined to be either a one-dimensional or a
two-dimensional lookup table. One-dimensional tables are sometimes known
as characteristic lines or functions. Two-dimensional tables are also known as
characteristic maps or tables. CAGE regards them both as similar objects.

Each lookup table has either one or two axes associated with it. These axes
are normalizers. See “About Normalizers” on page 3-30.

For example, a simple MBT feature has two tables:

* A two-dimensional table with speed and relative air charge as its
normalizers

* A one-dimensional table with AFR as its normalizer



Table View

The example following is a feature view. In the Tables view for manual
calibration, you do not see the lower comparison pane because you are not

comparing tables with a model.

Table Display in Feature Calibration

Selected toble node 1. Tuble 2. Graph of the tuble
4 |
Feature | | LN 500 1054622 | 1609244 | 2163f
=-¥g. Mew Feature 0.1 -3.366 -5.219 2394 ;
0.155 m 3088 3351
0.245 1287 13,644 14018 1
0am |sl 28719 20724 3033 3
0.552 45623 50,032 50981 5
0727 E4.513 £6.076 8 67151 B
0827 763248 77823 75824 7
0891 84164 85.527 86,387 8
0.945 a0.945 a2122 2794 3
1 g7 597 953519 95,874 g
i [N |
=
Plat type; IFeature thlue) & Madel =]

Festure and Madel Inputs

Marme Yalue
&l 500 to 6500, 20 points
L 01101, 20 points
A 14.35
SPK 25

Error statistics

hdaxitm error 0316 =
hlean square error 0.00552 i
4] |L| Total square error 3528 Rd

3. Compuorison of results

The parts of the display are numbered and labeled as follows:

1 The table displays the values of the breakpoints and the values of the table.
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The table breakpoint values are not necessarily identical to the normalizer
breakpoints. When you create a table the breakpoint values are the same
as the normalizer values. If you delete breakpoints from the normalizers
the table size does not change, so the table column and row breakpoint
values are interpolated between the remaining normalizer breakpoints.
(See “Viewing and Editing a Table” on page 3-8.)

2 The graph of the table pane displays the table values graphically. (See
“Using the Graph of the Table” on page 3-10.)

3 The comparison-of-results pane displays a comparison between the current
output of the strategy and the feature model. (Only visible when calibrating
a feature, see “Inverting a Table” on page 3-39.)

Note You can view the History display by selecting View > History. For
information, see “Using the History Display” on page 3-16.

This section describes each of these parts in detail.

Viewing and Editing a Table

The table displays the values of your lookup table and displays the
breakpoints of the normalizers. For example, the following table shows a
lookup table with speed and relative air charge (load) as its normalizers.

Cellin the

extropolotion mosk

Lotked cell in

extropolotion mosk—

L 500 1054 522 1609.244 2163.866
ot -3.866 3219 2594 -2 582
0155 2 465 3088 3.351 3263
0.245 gy 13544 14.018 13985
039  |s , 28719 28724 3033 30553
0.582 48523 50032 50,981 51 491
0727 64513 6607655 67151 67757
0.827 / 76324|s | 77823 78524
—— 54164 \ g5.527 86387 BE.7ST
0,345 a0.945 oz 122 92734 92963
1 97 597 lag 519 95 574 598 506
I [ i
Locked cell

‘Sbat’rad cell

(locked)




Table View

To edit a value in the table, double-click the cell, then you can enter a value.
Selected cells are blue except for the focussed cell which is white and outlined
(typing edits the focussed cell). You can also edit table values using the table
graph, see below.

See also “Filling a Table by Extrapolation” on page 3-11, and “Adjust Cell
Values” on page 3-13 for information on applying arithmetic operations to
selected cell values or whole tables.

Locking and Unlocking Cell Values

When you are satisfied with a region of the table, you might want to lock the
cell values in that region, to ensure that those values do not change.

To lock or unlock a cell value, right-click the cell and select from the menu.

Locked cells have a padlock icon in the display. You can also lock an entire
table using the Table menu.
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Using the Graph of the Table

The table view displays both the table values and a graph of the table. This

gives a useful display of the table’s behavior. Shown is an example of a graph

in dragging and rotation mode.

¢ In the default mode, you can rotate the graph of the table by clicking and

dragging the axes.

g0 - -

g
an o
2|:|q.-"'5-.

o

06

Dragging Enabled

0.4

02 2000

g000

Line indicates which value inthe table you ore editing.

® Select View > Edit Table Surface to alter values in the table by clicking

and dragging vertically any point. In this mode, when you click a point, a

blue line indicates the selected point in the table. To return to table rotation
mode without altering table values, select View > Rotate Table Surface.

Note When editing the table surface you may drag a value unintentionally

- to return to previous table values, use the History display. See “Using

the History Display” on page 3-16.
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Filling a Table by Extrapolation

Filling a table by extrapolation fills the table with values based on the values
already placed in the extrapolation mask. Using the extrapolation mask is
described below.

To fill a table by extrapolating over a preselected mask, click ““ or select
Table > Extrapolate.

This extrapolation does one of the following:
¢ [fthe extrapolation mask has only one value, all the cell values change to

the value of the cell in the mask.

o Ifthe extrapolation mask has two or more collinear values, the cell values
change to create a plane parallel to the line of values in the mask.

e Ifthe extrapolation mask has three or more coplanar values, the cell values
change to create that plane.

o If the extrapolation mask has four or more ordered cells (in a grid), the
extrapolation routine fills the cells by a grid extrapolation.

o If the extrapolation mask has four or more unordered (scattered) cells,
the extrapolation routine fills the cell values using a thin plate spline
interpolant (a type of radial basis function).

Using the Extrapolation Mask

The extrapolation mask defines a set of cells that form the basis of any
extrapolation.

For example, a speed-load (or relative air charge) table has values in the
following ranges that you consider to be accurate:

® Speed 3000 to 5000 rpm
* Load 0.4 to 0.6

You can define an extrapolation mask to include all the cells in these ranges.
You can then fill the rest of your table based on these values.

To add or remove a cell from the extrapolation mask,
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1 Right-click the table.

2 Select Add To Mask or Remove From Mask from the menu.
Cells included in the extrapolation mask are colored yellow.

Cells that are locked and in the extrapolation mask are yellow and have a
padlock icon.

When using feature calibration you can also generate the extrapolation mask
from the boundary model or from the predicted error of the model. See
“Filling the Table by Extrapolation” on page 4-30.

Table Menu

All the toolbar button functions are also found in the table menu: Initialize,
Fill, Extrapolate, Fill by Inversion. For information on these see
“Calibrating the Tables” on page 4-24.

The Table menu contains the following other options

® Adjust Cell Values. This opens a dialog where you can specify an
arithmetic operation to apply to either the whole table or only the cells
currently selected. Arguments to operations can be numeric (plus 10) or
percentages (minus 5%). You can set the selected cells to a value or to the
mean. You can also apply user-defined functions. See “Adjust Cell Values”
on page 3-13. This function is also in the table context menu.

¢ Extrapolation Mask
The following items are also in the table context menu:
= Add Selection — Adds selected cells to the extrapolation mask.

= Remove Selection — Removes selected cells from the extrapolation
mask.

= Clear Mask — This ensures that none of the cells are in the
extrapolation mask.

= Generate From PE — Generate extrapolation mask depending on
the value of prediction error (PE). Only available for tables in feature
calibration, as you must have a model to calculate PE. A dialog opens
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where you can specify the threshold value of PE below which you want
to include cells in the mask. The dialog contains information about the
range and mean of prediction error for the model to help you select

a threshold.

= Generate From Boundary Model — Generate extrapolation mask to
include only cells within the boundary model. Only available for tables
in feature calibration, as you must have a boundary model.

Extrapolate — Extrapolates values from the cells in the extrapolation
mask to fill the whole table. Also in the toolbar.

Table Cell Locks The following items are also in the table context menu:
= Lock Selection — Locks the selected cells and a padlock icon appears..
= Unlock Selection — Unlocks the selected cells.

= Lock Entire Table — Locks every cell in the current table.

= Clear All Locks — Unlocks all cells in the table.

Convert to Model. This option converts a table directly to a model.

Properties. This opens the Table Properties dialog where you can set
the precision type of the table data. You can also reach this from the
Calibration Manager. See “Table Properties” on page 3-24.

Adjust Cell Values

This Table menu item (or right-click context menu item) opens a dialog where
you can specify an arithmetic operation to apply.

1 Select the operation to apply from the list - plus, minus, times, divide, set
to value, set to mean, or custom operation. Use the custom operation to
specify your own function in an M-file.

2 Use the Value edit box to enter an argument. All operators accept a
numeric argument (e.g. operator = plus, value = 10). You can also enter a
percentage for the operators plus, minus, and set to value (e.g. ‘minus' ‘1%).

3 Select the radio buttons to apply the operation to either the whole table or
only the cells currently selected, and click OK.

You can use the custom operation option to apply user-defined functions.
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The custom function is called in this way:

newvalues = customfcn( currentvalue, selectedregion )

Where currentvalue is the matrix of table values and selectedregionis a
logical matrix the same size as the table, that is "true" where a cell is selected
by the user, and false otherwise.

The newvalues matrix should be the same size as currentvalue, and these
numbers are put straight into the table.

EXAMPLES:

function table = addOne( table, region )
table(region) = table(region) + 1;
return;

function table = randomtable( table, region )
table( region ) = rand( nnz( region ), 1 );

function table = saturate( table, region )

maxValueAllowed = 150;

table( region & table>maxValueAllowed ) = maxValueAllowed;
minValueAllowed = 100;

table( region & table<minValueAllowed )
return

minValueAllowed ;

As an illustration, to use the saturate example:

1 Save the function text in an M-file named saturate.m.
2 Click and drag to select a region of cells in a CAGE table.
3 Right-click and select Adjust Cell Values.

4 In the dialog:
¢ Select custom operation from the Operation list

e Enter saturate in the Value edit box (the first function of that name
found on the MATLAB path will be used), or click the browse button
to locate the M-file.
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¢ Select the radio button to Apply to selected table cells, and click OK.

The selected table cells are saturated between the ranges specified in the
function M-file (between 100-150).
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Using the History Display

The History display enables you to view the history of any table or normalizer
in a CAGE session.

The History display lets you

® Revert to previous versions of tables and normalizers (See “Resetting to
Previous Versions” on page 3-17.)

¢ Compare different versions of tables and normalizers (See “Comparing
Versions” on page 3-19.)
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You can view the History display of a table or normalizer by selecting
View > History.

) istory forhorm T=IY
W ersion | Caomment / Action | Date and Time |
A Optimized 10-0ct-2005 144101
4 Set uzing share ave curvature algorithnm 07-0ct-2005 12:09:43 Reaet |
3 Breakpoints linearly autozpaced 07-Oct-2005 12:09:33
2 M anually initialized from Calibration Manager 07-0ct-2005 12:09:00 add
1 Created 07-0ct-2008 12:07. 37
Remoyve |
Edit...
Input Ot
500 i -]
1117 892 1
171891417 2
2308.745 3
2576836 4
341434 5
39258439 =]
4444 367 7
4957 13 g
5475796 9 —
2985.711 10 j
Cloze | Help

The upper pane of the History display lists all the versions of the highlighted
object.

The lower pane displays the normalizer or table of the highlighted version.

Resetting to Previous Versions

To reset the normalizer or table to a previous version, select View > History
to open the History display.
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1 Highlight the previous version that you want to revert to.

2 Click Reset.
3 Click Close to see the updated table view.

Note Tables are independent of normalizers, so if you reset a table to a
previous version you must also reset the normalizers to that version (if

they have changed).

To remove previous versions of the object or comments,

1 Highlight the version that you want to remove.

2 Click Remove.

Adding and Editing Comments About Versions
To add comments,

1 Click Add.
2 In the dialog box enter your comment.

3 Click OK. A new History set point is added when you add a comment.
To edit comments,

1 Select the comment that you want to edit.

2 Click Edit comment.

3 In the dialog box, edit the comment.

4 Click OK.
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Comparing Versions

To compare two different versions of a normalizer or table, highlight the two
versions using Ctrl+click. Note the following:

® The lower pane shows the difference between the later and the earlier
versions.

e (Cells that have no entries have no difference.
® (Cells that have red entries have a higher value in the later version.

e (Cells that have blue entries have a lower value in the earlier version.

It

-1.621
-3.266
1.694E-3
-9.0584
-18.105
-258
-30.091
-15.32
-5 626
-29.554
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Calibration Manager

To change the size of tables in CAGE, you use the Calibration Manager dialog
box. Open this tool by selecting Tools > Calibration Manager or by clicking

ﬁ on the toolbar.

You can either set up your tables manually or from a calibration file. You can
also copy table data from other sources.

Note that you can enter the required inputs, number of rows and columns
and an initial value for table cells when you add a new table using the
File > New menu items. See “Adding, Duplicating and Deleting Tables” on
page 3-4. You can use the Calibration Manager to change the sizes, values
and precision of tables.

Setting Up Tables Manually

1 Select the normalizer or table to set up from the list on the left.

2 Enter the number of rows and columns in the edit boxes on the left and
select initial values for each cell in the table.

3 Click Apply.

Rows: Wi‘ Yalue: I ES%
Colur.. |_?§‘ Apply |

Note When initializing tables for a feature calibration (comparing a model
to a strategy) you should think about your strategy. CAGE cannot fill those
tables if you try to divide by zero. Modifier tables should be initialized with
a value of 1 for all cells if they are multipliers, and a value of 0 if they are to
be added to other tables. See “Initializing Table Values” on page 4-25.

4 Check the display of your table, then click Close.
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Setting Up Tables Using an Existing Calibration File

1 Open the file by clicking g
This opens the Import Calibration Data dialog box.

2 You can select whether you want to import from File or from ATI Vision.
See “Importing and Exporting Calibrations” on page 3-46 for details.

3 If importing from file, browse to the calibration file, select it, and click
Open. Note that empty data is filtered out and any empty variables will
not appear.

Note tutorialcal.mat is an example calibration file in the mbctraining
folder.

If importing from ATI Vision, use the Connection Manager dialog to select
the required calibration. See “Importing and Exporting Calibrations” on
page 3-46 for instructions.

4 Highlight both the table in the Calibration File Contents pane and the
table in the Project Calibration Items pane that you want to associate
with it.

5 Associate these two items by clicking

To associate all the items listed in the Project Calibration Items
pane with items having the same names listed in the Calibration File

Contents pane, click ___ "™

6 To find particular names in a large calibration file, click the Calibration
File Contents list, and type the first few letters of the item that you are
searching for. The cursor moves to the letters specified as you type.
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7 Check the display of your table, then click Close.

Assotintion buttons Contents of colibrotion file
Select the mxis
or toble to be  Calibe e x|
" =4 Calibration Manager k
tolibroted. s = =
1:_{ MM armalizer
w4 LMomaliser =l
Eoiri Wi‘ alle: I—BS% Calibration File Infarmation
B — Calibration file
Colum.. I 7 E‘ Apply | Total number of tems
Precizion: |EEE Daouble Nurmber of 20 tables
Manually set S Murnber of 10 tables
fEs=lal Edlit Precizian. . | -
upthetoble or Murber of scalar tems
normalizer. Project term: Mewy 20 Table
LAWM s00 1000 1500 2000 2500 3000
01 11877 13675 15.082 15 067 14 13.445 L
02 23277 25,356 27 264 2712 25463 24971
0.3 34519 36.827 39377 39158 3718 36675
0.4 45575 47.954 =1.103 =1.637 49 .45 43 611
0.5 S6.592 58.551 E1.514 E2 BGY E1.05 60425 e
06 7 045 EA.E79 71413 70922 ED .04 71172
07 R ] 7a.754 &1.558 S016 757849 &0.902 i
Rl | ;I_I

(10 x 71 20 takle Cloze |

Check the disploy of your tuble.

Note You can add additional file formats to configure CAGE to work with
your processes.

Contact The MathWorks for details about adding file formats at
http:/www.mathworks.com/products/mbc/.
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Calibration Manager

Copying Table Data from Other Sources
You can paste table values from other applications, such as Excel, by copying

the array in the other application and clicking Paste B in the Calibration
Manager:

1 Open the desired file and copy the array that you want to import.

2 In the Calibration Manager dialog box, click Paste B

You can also set up a table from a text file:

B

1 Click Set Up From ASCII File in the toolbar.

2 Select the desired file, then click Open.

Note If the size of the table is different from the file that you are copying,
CAGE changes the size of the table in the session.
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Table Properties

Table properties allow you to edit the precision of the number in selected
tables and normalizers according to the way tables are implemented in the
electronic control unit (ECU). The ECU designer chooses the type of precision
for each element to make best use of available memory or processor power.

To edit the precision of a table or normalizer,

1 Click the Edit Precisionbutton in the Calibration Manager dialog box.

Alternatively, if you highlight a table in a calibration (in the
Tables or Feature views), display the table properties by selecting
Table > Properties.

2 Decide whether you want the precision to be writable, then either select
or clear the Properties Read-only check box.

3 Select the Precision type you require for the table:
® Floating Point (See “Floating-Point Precision” on page 3-25.)

® Polynomial Ratio, Fixed Point (See “Polynomial Ratio, Fixed Point”
on page 3-26.)

® |Lookup Table, Fixed Point (See “Lookup Table, Fixed Point” on page
3-28.)

The following sections describe these types of precision in detail.
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Floating-Point Precision

The advantage of using floating-point precision is the large range of numbers
that you can use, but that makes the computation slower.

+) Table Properties x|

Precisian type IFlDating Point j

[~ Properties Read-onlp

¥ |EEE Double precision
™ |EEE Single precision

™ Custom precision

Mantizza Bits: I 3]
Expaonent Bits: I 11

Range :

nf to I Inf

QK. | Cancel Help

There are three types of floating-point precision that you can choose from:

¢ TEEE double precision (64 bit)
¢ TEEE single precision (32 bit)

¢ Custom precision
If you choose Custom precision, you must specify the following:

® Number of mantissa bits

¢ Number of exponent bits

You can use the Range edit boxes to set a range of values restricting the
values in the table.
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When you are done, click OK.

See Also

¢ For more information on IEEE double precision in MATLAB®, see Moler,
C., “Floating points,” The MathWorks Company Newsletter, 1996.

Polynomial Ratio, Fixed Point

The advantage of using fixed-point precision is the reduction in computation
needed for such numbers. However, it restricts the numbers available to
the user.

For example, the polynomial ratio is of the form (see the ratio shown)

y = 50x+0
O+ 255
+) Table Properties x|
Precizion tlype IF'DI_I,JaniaI Fiatio, Fized F'ointj
[~ Properties Read-onlp
=0
40
a0
20
10
f+ BYTE
0 = WORD
u L 50 ¢ LONG
Murnerator Coefficients : ¢ CUSTOM
{50 0 :
Murnber of Bits: I a

Denominatar Coefficients ;
I 0 Fixed Point Position: I 1
Range : ?: Elign_ed 4

nisigre:
I ] ko I A0

QK | Cancel | Help |

To edit the polynomial ratio,


http://www.mathworks.com/company/newsletter/pdf/Fall96Cleve.pdf

Table Properties

1 Select the Numerator Coefficients edit box and enter the coefficients. In
the preceding example, enter 50 0.

The number of coefficients determines the order of the polynomial, and the
coefficients are ordered from greatest to least.

2 Select the Denominator Coefficients edit box and enter the coefficients.
In the preceding example, enter 0 255.

3 Determine the range of values that you want to have in the table. In the
preceding example, enter 0 50.

To edit the size of the precision, choose from

e BYTE (8 bits)

e WORD (16 bits)

e LONG (32 bits)

e CUSTOM (Enter the Number of bits in the edit box)

Next, select the radio button to determine whether you want the numbers to
be Signed (negative and positive) or Unsigned (nonnegative).

You can use the Range edit boxes to set a range of values restricting the

allowable values in the table, though there are also limits inherent in the
storage format.
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Lookup Table, Fixed Point

+) Table Properties x|

Precizion tlype ILDDkup Table, Fixed Paint j

[~ Properties Read-onlp

B0
40
20
f+ BYTE
O = WORD
u 50 ¢ LONG
Physical Data : ¢ CUSTOM

{050 Mumber of Bits: | 3

Hardware Data :

I 0 Fixed Point Position: I 1

Blemae: {+ Signed
" Unsigned
I i] to I a0
QK | Cancel | Help |

The advantage of using fixed-point precision is the reduction in computation
needed for such numbers. However, it restricts the numbers available to
the user.

For example, consider using a lookup table for the physical quantity spark
advance for maximum brake torque (MBT spark). Typically, the range of
values of MBT spark is 0 to 50 degrees. This is the physical data. The ECU
can only store bytes of information and you want to restrict the hardware
store to a range of 0 to 8, with at most one decimal place stored.

To adjust the fixed-point precision of the lookup table,

1 Select the Physical Data edit box and enter the range of the physical
data. In the example shown it isO 50.

2 Select the Hardware Data and enter the range to store. In the example
shown it is 0 8.
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3 Determine the range of values that you want to have in the table. In the
example shown it isO 50.

To edit the size of the precision, choose from

e BYTE (8 bits)

* WORD (16 bits)

e LONG (32 bits)

o CUSTOM (Enter the Number of bits in the edit box)

In the example shown, the hardware is restricted to 8 bytes and to one
decimal place.

Choose whether you want the numbers to be Signed (negative and positive)
or Unsigned (nonnegative) by clicking the radio buttons.

You can use the Range edit boxes to set a range of values restricting the
values in the table.
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About Normalizers

3-30

What are normalizers? A normalizer is the axis of your lookup table. It is the
same as the collection of the breakpoints in your table.

For information on using the controls, see “Normalizer View” on page 3-32

CAGE distinguishes between the normalizers and the tables that they belong
to. Using models to calibrate lookup tables enables you to perform analysis of
the models to determine where to place the breakpoints in a normalizer. This
is a very powerful analytical process.

Note For information on optimizing breakpoints with reference to a model (in
feature calibration), see “Calibrating the Normalizers” on page 4-12.

It is important to stress that in CAGE a lookup table can be either
one-dimensional or two dimensional. One-dimensional tables are sometimes
known as characteristic lines or functions. Two-dimensional tables are

also known as characteristic maps or tables. This is important because
normalizers are very similar to characteristic lines.

For example, a simple strategy to calibrate the behavior of torque in an
engine might have a two-dimensional table in speed and relative air charge (a
measure of the load). Additionally, this strategy might take into account the
factors of air/fuel ratio (AFR) and spark angle. Each of these compensating
factors is accounted for by the use of a simple characteristic line. In CAGE,
these characteristic lines are one-dimensional tables. In the example strategy,
there are the following tables and normalizers:

¢ One characteristic map: the torque table
® Six characteristic lines:
= Two tables: one for AFR and one for spark angle
= Four normalizer functions: speed, load, AFR, and spark angle

Notice also that a breakpoint is a point on the normalizer where you set
values for the lookup table.
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Thus, when you calibrate a normalizer you place the individual breakpoints
over the range of the table’s axis.
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Normalizer View

The normalizer node shows the Normalizer view, which displays

* One normalizer if the table selected is one-dimensional

® Both normalizers if the table is two-dimensional

Note If the table has two normalizers, both are displayed, the normalizer for
the table columns at the top, the normalizer for the table rows below. This is
true whichever normalizer on the tree is highlighted.

See “Editing Breakpoints” on page 3-33.
The parts of the display as shown in the example below are:

¢ “Input/Output Display” on page 3-35. This shows the breakpoints of the
normalizer.

¢ “Normalizer Display” on page 3-35. This is a graphical representation of
the Input Output display.

¢ “Breakpoint Spacing Display” on page 3-36. This shows a slice of the model
(in feature calibration) over the range of the breakpoints.

¢ The comparison pane (for feature calibration with reference to a model). For
information, see “Viewing the Normalizer Comparison Pane” on page 4-21.
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Normalizer View

Selected node

1. Input output disploy

2. Hormaolizer disploy

3. Breukpoint spoting disploy

Editing Breakpoints
To edit breakpoints:
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4, To view the comporison pune

® Double-click on a cell in the Input or Qutput column and edit the value.

¢ (Click and drag a breakpoint in the Normalizer Display graph or the

Breakpoint Spacing display.

To view the history of the normalizer function, select View > History from
the menu. This opens the History dialog box where you can view and revert to
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previous versions. For a more detailed description of the History dialog box,
see “Using the History Display” on page 3-16.

Locking and Unlocking Breakpoints

Locking breakpoints ensures that the locked breakpoint does not alter. You
might want to lock a breakpoint when you are satisfied that it has the correct
value.

To lock a breakpoint, do one of the following:

¢ Right-click the selected breakpoint in the Input/Output display and select
Lock. Locked breakpoint cells have padlock icons.

¢ Right-click the selected breakpoint in the Normalizer Display or
Breakpoint Spacing display and select Lock Breakpoint. Locked
breakpoints are black.

Similarly use the right-click context menus to unlock breakpoints.

Deleting Breakpoints

Deleting breakpoints removes them from the normalizer table. There are still
table values for the deleted breakpoints: CAGE determines the positions of
the deleted breakpoints by spacing them linearly by interpolation between
the nondeleted breakpoints.

Deleting breakpoints frees ECU memory. For example, a speed normalizer
runs from 500 to 5500 rpm. Six breakpoints are spaced evenly over the range
of speed, that is, at 500, 1500, 2500, 3500, 4500, and 5500 rpm. If you delete
all the breakpoints except the endpoints, 500 and 5500 rpm, you reduce the
amount stored in the ECU memory. The ECU calculates where to place

the breakpoints by linearly spacing the breakpoints between the 500 rpm
breakpoint and the 5500 rpm breakpoint.

To delete a breakpoint, right-click the breakpoint and select Delete
Breakpoint.

Deleted breakpoints are green in the Breakpoint Spacing display. You can
restore them by right-clicking and selecting Add Breakpoint.
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Input/Output Display

Input Output
500 1]

10455
1604
2164
2718
3273
3828
4332
4236
5391
5805
Ba00

=g == R R R =R R et

- =

The table consists of the breakpoints of the normalizer function.
The table has inputs and outputs:

® The inputs are the values of the breakpoints.

® The outputs refer to the row/column indices of the attached table.

To change values of the normalizers in the Input Output display, double-click
a cell in the Input column and change its value.

Normalizer Display

This displays the values of the breakpoints plotted against the marker
numbers of the table (that is, the inputs against the outputs).

Click and drag the breakpoints to move them.
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Example of the Normalizer Display

Marmalizer Display

A lodked
hreakpoint

Brenkpoint

02 04 06 08 1
J ]
Volues of the brenkpoints

Breakpoint Spacing Display
The Breakpoint Spacing display shows

¢ A slice through the model in blue (when feature calibrating with reference
to a model)

¢ The breakpoints in red
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To move breakpoints, click and drag.

Example of the Breakpoint Spacing Display
Breakpoirt Spacing

52 ; .
puy Py A slice through the model: blue
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Breokpoints: red
g

[

a8 { ™ | Locked brenkpoint: bluck

0 200§ 4000 OO0
b
Deleted breakpoint: green

Show the Model’s Curvature

You might want to view the curvature of the model to manually move
breakpoints to where the model’s curvature is greatest.

To display the model slice as its second-order derivative, the curvature of
the model,

¢ Right-click the model in the Breakpoint Spacing display and select
Display > Model Curvature..

You can revert to displaying the model by selecting Display > Modelfrom
the right-click menu.

Multiple Slice View

By default the Breakpoint Spacing display shows one slice through the
model, shown.
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Slice Through a Model
Surface

Viewing many slices of the model gives a better impression of the curvature of
the model. For example, see the following figure.

Many Slices Through a Model
Surface

To view multiple slices through the model,

¢ Right-click the model slice in the Breakpoint Spacing display and select
Number of Lines and choose the number of slices that you want to view
from the list.



Inverting a Table

Inverting a Table

You can use CAGE to produce a table that is the inverse of another table.

This involves swapping a table input with a table output, and you can invert
1-D or 2-D tables.

Tamque Lond

- }
Lood Tarque

Inverting a table allows you to link a forward strategy to a backward strategy;
that is, swapping inputs and outputs. This process is desirable when you have
a "forward" strategy, for example predicting torque as a function of speed and
load, and you want to reverse this relationship in a "backward strategy" to
find out what value of load would give a particular torque at a certain speed.

Normally you fill tables in CAGE by comparing with data or models. Ideally

you want to fill using the correct strategy, but that might not be possible to find
or measure. If you only have a forward strategy but want a backward one, you
can fill using the forward strategy (tables or model) and then invert the table.

For example, to fill a table normally from a model, you need the model
response to be the table output, and the model inputs to be a function of the
table inputs (or it should be possible to derive the input -- for example, air
mass from manifold pressure). If the available model is “inverted“(the model
response is a table input and the table output is a model input) and you
cannot change the model, you can invert the table in CAGE.
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Tarque Spark

Load Load

Spark Tamue

Made| Table ta fill

In the diagram of a table shown, the x- and y-axes represent the normalizers
(which you want to be spark and load) and the z-axis is the output at each
breakpoint (torque). To fill this table correctly from the model is a two-step
process. First you need to fill a table that has the same input and output as
the model, and then fill a second table by inversion.

For the inversion to be deterministic and accurate, the table to be inverted
must be monotonic; that is, always increasing or decreasing. This requirement
is explained by the following one-dimensional example. Every point on the
y-axis must correspond to a unique point on the x-axis. The same problem
applies also to two-dimensional tables: for any given output in the first table
there must be a unique input condition; that is, every point on the z-axis
should correspond to a unique point in the x-y plane. Some table inversions
have multiple values and so do not meet this requirement, just as the square
root function can take either positive or negative values. You can use the
inversion wizard in CAGE to handle this problem; you can control the
inversion process and determine what to do in these cases.

The following example illustrates a table with multiple values. There are two
solutions for a single value of torque. CAGE has a table inversion wizard that
can help overcome this problem. You can specify whether you want to use the
upper or lower values for filling certain parts of the table; this allows you to
successfully invert a multiple-valued function. See the inversion instructions
for 1-D and 2-D tables in the next sections.

3-40



Inverting a Table

Load
Tanque )
Tomque
Load
Tomue

The process of inverting a one-dimensional table is different from the process
of inverting a two-dimensional table.

Inverting One-Dimensional Tables
To invert a one-dimensional table,

1 Ensure that your session contains two tables:
a The first table from your forward strategy, filled
b The second table from your backward strategy, which you want to fill

2 Highlight the second table.

3 Click F or select Table > Fill by Inversion.
The lower pane now acts as a wizard.
4 In the lower pane, highlight the table that you want to invert. Click Next.

5 The next page asks what CAGE should do if it encounters multiple values.
The options are

e Minimum selects the lower of the two if a given number has two possible
inverses (like selecting the negative square root of a number).
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® Maximum selects the uppermost range if a given number has two possible
inverses (like selecting the positive square root of a number).

® Intermediate selects the middle range if a given number has more than
two possible inverses.

® Automatic selects the range that produces the least error (see below; the
last page of the wizard plots the error metric).

For example, the function y = x? is impossible to invert over the range -1 to
1. You can specify to invert the range from 0 to 1, sacrificing the inversion

in the lower range, or the reverse. To select the range from 0 to 1, highlight
Maximum.

The display shows a comparison between the table (green) and the function

x = fU(Ax)).
Choose one of these options, then click Next.

The last page of the wizard has a comparison plot that shows how successful
the inversion has been. If your forward function is y = f(x), and your inverse
function is x = g(y), then, combining these, in an ideal world, you should
have x = g(f(x)). The plot then displays a red line showing x against x and
a green line showing x against g(f(x)). The closeness of these two lines
indicates how good the inversion has been: a perfect inverse would show
the lines exactly on top of each other.

In the following example, the lines are together and then diverge; this plot
can show you which part of your table has not successfully inverted and
where you should try a different routine.
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Inverting a One-Dimensional Table

Plot of A against tself (red), and a plot of 4 against f”(f(ﬂ)) (areen).

Note The automatic inversion routine tries to minimize the total distance
between these lines. This can sometimes lead to unexpected results. For
example, given the function f(x) = x*2 between -1 and 1, if you select either
positive or negative square root as the inverse, this induces a large error
in the combined inverse. If you choose g(y) = sqrt(y), then g(f(-1)) = 1, an
error of 2. To minimize this, the automatic routine might choose to send
everything to zero and accept a medium error over the whole range rather
than a large error over half the range. The more knowledge you have of
the form of the "forward" table, the more you can make an informed choice
about which routine to select.

7 Click Finish to accept the inversion or Cancel to ignore the result and
return to the original table.

Inverting Two-Dimensional Tables
To invert a two-dimensional table,

1 Ensure that your session contains two tables:

a The first table from your forward strategy, filled
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b The second table from your backward strategy, which you want to fill

2 Highlight the second table.

3 Click F or select Table > Fill by Inversion.
The lower pane now acts as a wizard.

4 In the lower pane, highlight the table that you want to invert and click
Next.

5 Identify the corresponding signals.

The forward table and backward table share a common input. This page of
the wizard lists all possible combinations of inputs into the forward and
backward tables and asks you to highlight the combination that gives the
two common inputs. To illustrate this, if the forward table gives torque
in terms of the variables engine speed and load, whereas you want the
backward table to give load in terms of RPM and Tq, then the list would
read

e RPM and engine speed
e RPM and load
¢ Tq and engine speed

¢ Tq and load
In this case, you would select the first option.

Highlight the part of the table to invert, then click Next.

6 CAGE asks what to do if it encounters multiple values. The choices are

e Maximum selects the uppermost range (like choosing a positive square
root of a number).

e Minimum selects the lower value if there are two choices (like choosing a
negative square root of a number).

® Intermediate selects the middle range when there are more than two
choices.

® Automatic selects the range that produces the least error. CAGE
tries to choose values to put in the inverse table that minimize an
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error metric similar to the error metric for 1-D tables (see “Inverting
One-Dimensional Tables” on page 3-41).

Choose one of these options and click Next.

7 The last page of the wizard has a comparison plot that shows how successful
the inversion has been. If the forward function is z = f(x,y), and the inverse
function is x = g(y,z), then, combining these, in an ideal world you should
have x = g(y,f(x,y)). The plot then displays a plane showing x plotted against
x and y, and a colored surface showing g(y,f(x,y)) plotted against x and y.
The closeness of these two planes indicates how good the inversion is.

Following is an example. In this case, the forward table is a quadratic (z
= y”2); the backward table is inverted using the positive square root of z
(maximum range). As you can see, this leads to large errors at negative
values of y, but good inversion for positive values of y.

1 Plot of y against tself (hlue), and & plat of v against r”(x,f(x,y)) (colored).

b
[ et | Finizh | Cancel |

Click Finish to accept the result or Cancel to ignore the result and return
to the original table.
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Importing and Exporting Calibrations
You can import and export calibrations in various formats.

® You can import/export the following File formats:
= Simple CSV file
= Simple M file
= Simple MAT file
= ATI Vision MAT file
ETAS INCA DCM file (version 1)
¢ Or directly to/from ATI Vision (Version 2.3.3).

Note Note to use the Vision interface you must first enter mbcconfig
-visioninterface at the command line.

Importing Calibrations

1 Select File > Import > Calibration > File or ATI Vision.

Similarly, from the Calibration Manager, if you click Open Calibration File
in the toolbar, you can select File or ATI Vision in the dialog and proceed
to import in the same way.

2 If importing a file, a file browser dialog opens.

a Select the type of file you want from the Files of type drop-down list, or
leave the default A11 files (*.*) and CAGE will try to load the file
based on the file extension.

b Browse to the file and click Open to import.

If importing from ATI Vision, the ATI Vision Connection Manager dialog
appears.
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=) ATI Yision Connection Manag = |EI|5|

—-onnection
Computer:
[optional) I

| Dizconnect |

—Calibration
Project: I:0Ilexamples\visioan‘Samples\Demo wpi
Device: PCH - |
Stratedy: IATI PCM Strategy =
Calibration; ICAGE_Iink_test |

QK | Cancel |

The Computer field is optional. Leave this field blank if you are using
Vision on the local machine. If you want to connect to a remote machine,
you can enter a machine name or an IP address.

Click Connect.

If Vision is already running on the machine that you try to connect
to, MATLAB connects to Vision. If Vision is not running then it is

launched, typically with no project loaded and with the application
window invisible.

If there is a project (.prj file) currently loaded in Vision it appears in
the Project field. If this field is blank then there is no project loaded.
Type a project file name to load that project. Note that the project file
path is relative to the machine on which Vision is running.

Select the appropriate Vision Device, Strategy and Calibration within
your project, and click OK to import.

Exporting Calibrations

1 Select File > Export > Calibration > Selected Item or All Items.

2 The Export Calibration dialog appears. Select the format you want to

export to:
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ATTI Vision

ATTI Vision MAT file
INCA DCM file
Simple CSV file
Simple MAT file

¢ Simple M file
Click OK.

3 If you select ATI Vision, the ATI Vision Connection Manager dialog
appears, as for importing calibrations.

If you select a file format, a file browser appears. Choose a location and
filename and click Save.

If you choose All Items, all tables, normalizers, curves and constants in the
project are exported.

What you export when you choose Selected Item depends on which node is

highlighted:

® Selecting a Normalizer node outputs the values of the normalizer.

® Selecting a Table node outputs the values of the table and its normalizers.
® Selecting a Feature or Tradeoff node outputs the whole feature or tradeoff

(all tables, normalizers, curves and constants).

When exporting to an existing calibration file, the exported items replace the
existing items. (There is no merging of existing items and new exported items.)

When exporting to Vision, the items in the CAGE project are matched by

name with the items in the Vision calibration and the values are replaced. It
is not possible to add new items to a Vision project by exporting from CAGE.
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Feature Calibrations

This section includes the following topics:

Performing Feature Calibrations
(p. 4-2)

Setting Up a Feature Calibration
(p. 4-5)

Calibrating the Normalizers (p. 4-12)

Calibrating the Tables (p. 4-24)

Calibrating the Feature Node
(p. 4-32)

Feature View (p. 4-41)

Introduction to feature calibrations
and an overview of the processes
involved.

How to add a new feature, assign a
model, and set up your strategy and
tables.

How to calibrate the normalizers by
spacing the breakpoints. This covers
initializing, filling, and optimizing
breakpoints with reference to a
model.

How to initialize, fill, extrapolate
and optimize your table values with
reference to a model.

How to calibrate a whole feature
at once, rather than table by table,
using the Feature Fill Wizard.

Functionality available in the
Feature view.
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Performing Feature Calibrations

A ’feature’ calibration is the process of calibrating lookup tables and their
normalizers by comparing an ECU strategy (represented by a Simulink
diagram) to a model.

The strategy is an algebraic collection of lookup tables. It is used to estimate
signals in the engine that cannot be measured and that are important for
engine control.

CAGE calibrates an electronic control unit (ECU) subsystem by directly
comparing it with a plant model of the same feature.

There are advantages to feature calibration compared with simply calibrating
using experimental data. Data is noisy (that is, there is measurement error)
and this can be smoothed by modeling; also models can make predictions for
areas where you have no data. This means you can calibrate more accurately
while reducing the time and effort required for gathering experimental data.

The basic procedure for performing feature calibrations is as follows:

1 Set up the variables and constants. (See “Setting Up Variable Items” on
page 2-3.)

2 Set up the model or models. (See “Setting Up Models” on page 2-11.)

3 Set up the feature calibration. (See “Setting Up a Feature Calibration”
on page 4-5.)

4 Calibrate the normalizers. (See “Calibrating the Normalizers” on page
4-12.)

5 Calibrate the tables. (See “Calibrating the Tables” on page 4-24.)

6 Calibrate and view the entire feature. (See “Calibrating the Feature Node”
on page 4-32.)
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7 Export the normalizers, tables, and features. (See “Importing and
Exporting Calibrations” on page 3-46.)

The normalizers, tables, and features form a hierarchy of nodes, each with
its own view and toolbar. The feature view is shown.
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Setting Up a Feature Calibration

A feature calibration is the process of calibrating lookup tables and their
normalizers by comparing a collection of lookup tables to a model. The
collection of lookup tables is determined by a strategy.

A feature refers to the object that contains the model and the collection of
lookup tables. For example, a simple feature for calibrating the lookup tables
for the maximum brake torque (MBT) consists of

¢ A model of MBT
® A strategy that adds the two following tables:
= A speed (N), load (L) table
= A table to account for the behavior of the air/fuel ratio (A)

Having already set up your variable items and models, you can follow the
procedure below to set up your feature calibration:

1 Add a feature. This is described in the next section, “Adding a Feature”
on page 4-6.

2 Assign a model. This is described in “Assigning a Model” on page 4-6.

3 Set up your strategy. This is described in “Setting Up Your Strategy” on
page 4-6.

4 Set up the tables. This is described in “Setting Up Tables” on page 3-3.
This section describes steps 1, 2, and 3 in turn.

When you have completed these four steps, you are ready to calibrate the
normalizers, tables, and features.
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Adding a Feature

A feature consists of a model and a collection of lookup tables, organized in a
strategy.

To add a feature to your session, select File -> New -> Feature. This
automatically switches you to the Feature view and adds an empty feature
to your session.

An incomplete feature is a feature that does not contain both an assigned
model and a strategy. If a feature is incomplete, it is displayed as¥- in the
tree display. If a feature is complete, it is displayed as¥- in the tree display.

Assigning a Model

Having already added a feature and a model to your session, you can assign a
model to your feature.

To assign a model to your feature,

1 Highlight the top feature node in the tree display.

2 Click Select Model to select the model you want to work with. A dialog
box appears.

3 Highlight the correct model to assign to your feature and click OK. You will
see the model name and inputs appear above the Select Model button.

Setting Up Your Strategy

A strategy is an algebraic collection of tables, and forms the structure of the
feature.

For example, a simple strategy to calibrate a feature for MBT adds two tables:

¢ A table ranging over the variables speed and load

® A table to account for the behavior of the model as the AFR varies

To evaluate the feature side by side with the model, you need to have a
strategy that takes some or all of the same variables as the model. The
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strategy is expressed using Simulink diagrams. You can either import a
strategy or you can construct a strategy.

The following topics are described next:

¢ “Importing a Strategy” on page 4-7
® “Constructing a Strategy” on page 4-8
¢ “Exporting Strategies” on page 4-10

Importing a Strategy
To import a Simulink strategy,

1 Highlight the top feature node in the tree display.

2 Select File > Import > Strategy.

3 Select the appropriate .md1 file. CAGE checks the strategy for more than
one outport.

4 Select the outport that you want to use.

If there is more than one outport to your strategy, a Simulink window
opens. Double-click the correct blue outport to parse (or import) the
strategy to your feature.

If there is only one outport to your strategy, a dialog box opens.
¢ (Click Automatic to parse the strategy without viewing it.

¢ (Click Manual to edit the strategy. When you are finished editing
double-click the blue outport circle to parse the strategy to your feature.
The Simulink windows close and parse this strategy to your feature.

To view a representation of your strategy, select the Feature node. Your
strategy is represented in the Strategy pane. Select View > Full Strategy
Display to switch between the full description and the simplified expression.
You can select and copy the strategy equation to the clipboard.

For information about using Simulink to amend strategies, see “Constructing
a Strategy” on page 4-8.
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Example. In the matlab\toolbox\mbc\mbctraining directory, there is a
Simulink diagram called tutorial.mdl. If you import this and click Manual
in the dialog box, you see the following diagram.
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Double-click the Torque-Output outport to parse the strategy into the
Strategy pane.

Constructing a Strategy

For you to perform a feature calibration, the strategy and the model must
have some variables in common.

To construct a strategy using Simulink,
1 Highlight the correct feature by clicking the Feature node.

2 Select Feature > Graphical Strategy Editor or press Ctrl+E.

Three Simulink windows open:

® The strategy window for editing your strategy, like the following example.
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¢ A library window with all the blocks available for building a strategy.
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¢ A library window with all the existing blocks in your session, organized
in libraries.

E! Library: CAGE_Project * . ;IEI EI
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3 In the strategy window, build your strategy using the blocks available in
the library windows.

4 Double-click the blue outport circle to parse the strategy into the CAGE
session.

Note This closes all three Simulink windows and parses your strategy
into the feature.

For more information about using Simulink to build your strategy, see
Simulink Help.

Exporting Strategies
Simulink strategies can be exported. For example, you might want to

® Include a strategy in a Simulink vehicle model

¢ Compile the strategy using Real-Time Workshop® to produce C code

¢ Evaluate the strategy using Simulink
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To export a strategy from CAGE,

1 Highlight the Feature node that contains the strategy that you want to save.
2 Select File > Export > Strategy.

3 Assign a name for your strategy.

The strategy is saved as a Simulink model (.md1) file.
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Calibrating the Normalizers

4-12

Select a normalizer in the tree display. This displays the Normalizer view,
where you can calibrate the normalizers.

This section describes how you can use CAGE to space the breakpoints over
the range of the normalizers.

Normalizer Toolbar

I S

1. Initidize 2. Kl 3. Optimize

To space the breakpoints, either click the buttons on the toolbar or select from
the following options on the Normalizer menu:
¢ Initialize

This spaces the breakpoints evenly along the normalizer. For more
information, see “Initializing Breakpoints” on page 4-13.

¢ Fill

This spaces the breakpoints by reference to the model. For example, you
can place more breakpoints where the model curvature is greatest. For
more information, see “Filling Breakpoints” on page 4-13.

¢ Optimize

This moves the breakpoints to minimize the least square error over the
range of the axis. For more information, see “Optimizing Breakpoints”
on page 4-17.

The next sections describe each of these in detail.

Note Fill and Optimize are only available when you are calibrating with
reference to a model, when you are performing Feature calibrations.
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For more information about the Normalizer view controls, see “Normalizer
View” on page 3-32.

Initializing Breakpoints

Initializing the breakpoints places the breakpoints at even intervals along the
range of the variable defined for the normalizer. When you add a table and
specify the inputs in the Table Setup dialog, CAGE automatically initializes
the normalizers of the table by spacing the breakpoints evenly over the ranges
of the selected input variables. If you have edited breakpoints you can return
to even spacing by using the Initialize function.

To space the breakpoints evenly,

1 Click lll on the toolbar or select Normalizer > Initialize.
2 In the dialog box, enter the range of values for the normalizer.

3 Click OK.

For example, for a torque table with two normalizers of engine speed and
load, you can evenly space the breakpoints of both normalizers over the range
500 rpm to 6500 rpm for speed and 0.1 to 1 for the relative air charge. To

do this, in the dialog box you enter 500 6500 for the speed normalizer, N, ,
and 0.1 1 for the load normalizer, L.

Filling Breakpoints

Filling breakpoints spaces the breakpoints by reference to the model. For
example, one method places the majority of the breakpoints where the
curvature of the model is greatest. This option is only available when you
are performing Feature calibrations.

For example, a model of the spark angle that produces the maximum brake
torque (MBT) has the following inputs: engine speed N, relative air charge
L, and air/fuel ratio A. You can space the breakpoints for engine speed and
relative air charge over the range of these variables by referring to the model.

To space the breakpoints based on model curvature, perform the following
steps:
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4-14

1 Click £ or select Normalizer > Fill.

The Breakpoint Fill Options dialog box opens.

<} Breakpoint Fill Options -0l x|

E;FiIIB P_Table_ML

Fill methad: [ShareaveCury =]
Range L: W
Fange M: IW
N
|:F|ange: I 1117
Murnber of paoints: |2—

ak. | Cancel |

2 Choose the appropriate method to space your breakpoints, from the

drop-down menu in the dialog box.

The preceding example shows ShareAveCurv. For more information about
the methods for spacing the breakpoints, see “Filling Methods” on page
4-15.

Enter the ranges of the values for the normalizers.
The preceding example shows Range N 500 6500, and Range L, 0.1 1.
Enter the ranges of the other model variables.

CAGE spaces the breakpoints by reference to the model. It does this at
selected points of the other model variables. The example shows 11 17 for
the Range of A and 2 for the Number of points. This takes two slices
through the model at A = 11 and A = 17. Each slice is a surface in N and L.
That is, MBT(N, L, 11) and MBT(N, L, 17).

CAGE computes the average value of these two surfaces to give an average
model MBT (N, L).
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5 Click OK.

Note If any of the breakpoints is locked, each group of unlocked
breakpoints is independently spaced according to the selected algorithm.

If you increase the number of slices through the model, you increase the
computing time required to calculate where to place the breakpoints.

Filling Methods

This section describes in detail the methods for spacing the breakpoints of
your normalizers in CAGE.

® For one-dimensional tables, the two fill methods are
= ReduceError
= ShareAveCurv

® For two-dimensional tables, the two fill methods are
= ShareAveCurv

= ShareCurvThenAve
ReduceError
Spacing breakpoints using ReduceError uses a greedy algorithm:
1 CAGE locks two breakpoints at the extremities of the range of values.
2 Then CAGE interpolates the function between these two breakpoints.

3 CAGE calculates the maximum error between the model and the
interpolated function.

4 CAGE places a breakpoint where the error is maximum.
5 Steps 2, 3, and 4 are repeated.

6 The algorithm ends when CAGE locates all the breakpoints.
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ShareAveCurv and ShareCurvThenAve

Consider calibrating the normalizers for speed, N, and relative air-charge, L,
in the preceding MBT model.

In both cases, CAGE approximates the MBT,,(IN, L) model, in this case using
a fine mesh.

The breakpoints of each normalizer are calibrated in turn. In this example,
these routines calibrate the normalizer in N first.

Spacing breakpoints using ShareAveCurv or ShareCurvThenAve calculates
the curvature, K, of the model MBT (N, L),

fine mesh
K= Y (MBT " (N.Ly""
i=1

as an approximation for

G000
K= IMBT " (N.L)|"%dN

Both routines calculate the curvature for a number of slices of the model at
various values of L. For example, the figure shown has a number of slices of a
model at various values of L.

Model Slices at Various Values of L
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Then

® ShareAveCurv averages the curvature over the range of L, then spaces the
breakpoints by placing the i breakpoint according to the following rule.

e ShareCurvThenAve places the it" breakpoint according to the rule, then

finds the average position of each breakpoint.

Rule for Placing Breakpoints. Ifj breakpoints need to be placed, the i*"
breakpoint, N,, is placed where the average curvature so far is

N,

I

a0

P 0
j-1

MBTA'[_."”(N, L_]|

Essentially this condition spaces out the breakpoints so that an equal amount
of curvature (in an appropriate metric) occurs in each breakpoint interval.
The breakpoint placement is optimal in the sense that the maximum error
between the lookup table estimate and the model decreases with the optimal
convergence rate of O(N2). This compares with an order of O(N-"?) for equally
spaced breakpoints.

The theorem for determing the position of the unequally spaced breakpoints is
from the field of Approximation Theory — page 46 of the following reference:
de Boor, C., A Practical Guide to Splines, New York, Springer-Verlag, 1978.

Optimizing Breakpoints
Optimizing breakpoints alters the position of the table normalizers so that the
total square error between the model and the table is reduced.
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This routine improves the fit between your strategy and your model. The
following illustration shows how the optimization of breakpoint positions can
reduce the difference between the model and the table. The breakpoints are
moved to reduce the peak error between breakpoints. In CAGE this happens
in two dimensions across a table.

The green shaded oreos show the error
between the interpoluted tuble volues
ond the model using the initiol

brenk points.

Torque

Optimizing the position of the
hrenkpoints cun greotly reduce the error
hetween the interpoloted toble volues
and the model.

Torque

Engine speed

To see the difference between optimizing breakpoints and optimizing table
values, compare with the illustration in “Optimizing Table Values” on page
4-26.

See “Filling Methods” on page 4-15 for details on how the optimal breakpoint
spacing is calculated.

For an example of breakpoint optimization, say you have a model of the spark
angle that produces the MBT (maximum brake torque). The model has the
following inputs: engine speed, N, relative air charge, L, and air/fuel ratio,
A. You can optimize the breakpoints for N and L over the ranges of these
variables.

To optimize the breakpoints, perform the following steps:
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1 Ensure that the optimization routine works over reasonable values for the
table by choosing one of these methods:

a Select Normalizer > Initialize.

b Select Normalizer > Fill .
2 Click @ on the toolbar or select Normalizer > Optimize.

This opens the following dialog box.

<) Breakpoint Optimization O - 10| x|

E;D ptBF_Table_ML
BrL

—FRange: I nz 0.811
M umber of paintz: I 6

=M
—Hange: Iw
—Mumber of pointz: IS'E—
E-A

—Hange: 14.3

—Mumber of points: I 1

" Feorder Deleted Breakpoints [

] Cancel

3 Enter the ranges for the normalizers.
The example shows 0.2 0.811 for the Range of L, and 750 6500 for N.

4 Enter the appropriate number of grid points for the optimization.
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This defines a grid over which the optimization works. In the preceding
example, the number of grid points is 36 for both L and N. This mesh is
combined using cubic splines to approximate the model.

5 Enter ranges and numbers of points for the other model variables.
The example shows a Range of A of 14.3 and the Number of points is 1.

6 Decide whether or not to reorder deleted breakpoints, by clicking the radio
button.

If you choose to reorder deleted breakpoints, the optimization process
might redistribute them between other nondeleted breakpoints (if they are
more useful in a different position).

For information about deleting breakpoints, see “Editing Breakpoints”
on page 3-33.

7 Click OK.
CAGE calculates the table filled with the mesh at the current breakpoints.

Then CAGE calculates the total square error between the table values and
the mesh model.

The breakpoints are adjusted until this error is minimized, using nonlinear
least squares optimization (1sqnonlin).

When optimizing the breakpoints, it is worth noting the following:

® The default range for the normalizer variable is the range of the variable.

¢ The default value for all other model variables is the set point of the
variable.

® The default number of grid points is three times the number of breakpoints.

See Also

¢ Reference page for 1sqnonlin
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Viewing the Normalizer Comparison Pane

To view or hide the comparison pane, select View > Feature/Model
Comparison. Alternatively, click iu «, the “snapper point” at the bottom
of the normalizer display panes.

Plot type:  |Feature Chlue) & Maodel d

Festure and Model Inputs

afr

=pk

Errar Statistics for Graph

Mazimutn sbsolute error

hean square errar

Total sguare efrar

[ b i}
0.2to08, 20
1000 to 000, 20 paints
14375
25 =1
4875
11.36 Iz 0.z o
4543

The comparison pane displays a comparison between the following:

e A full factorial grid filled using these breakpoints
¢ The model

Note This is not a comparison between the current table values and the
model. To compare the current table values and the model, see “Comparing
the Strategy and the Model” on page 4-28.

To make full use of the comparison pane,

1 Adjust the ranges of the variables that are common to the model and table.

2 Adjust the values selected for any variables in the model that are not in
the selected table.
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The default for this is the set point of the variable, as specified in the
variable dictionary. For more information, see “Using Set Points in the
Variable Dictionary” on page 2-6.

3 Check the number of points at which the display is calculated.
4 Check the comparison between the table and the model.
Right-click the comparison graph to view the error display.

5 Check some of the error statistics for the comparison, and use the
comparison to locate where improvements can be made.

Error Display

The comparison pane can also be used to display the error between the model
and the ’generated table’ (grid filled using these breakpoints).

Error Display in the
Comparison Pane

L R
0oz -
0.ms
am

ooos 4§

e

To display the error, select one of the Error items from the Plot type
drop-down list.

This changes the graph to display the error between the model and the table
values at these breakpoints.
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You can display the error data in one of the following ways:
® Error (Table Model). This is the difference between the feature and
the model.
e Squared Error. This is the error squared.
® Absolute Error. This is the absolute value of the error.
® Relative Error. This is the error as a percentage of the value of the table.

e Absolute Relative Error (%). This is the absolute value of the relative
error.

See Also

¢ “Comparing the Strategy and the Model” on page 4-28
This describes the comparison made when a table node is selected in the
tree display.
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After you set up your session and your tables, you can calibrate your tables.

Highlight a table in the tree display to see the Table view. For more
information about the Table view, see “Table View” on page 3-6.

In CAGE, a table is defined to be either a one-dimensional or a
two-dimensional lookup table. One-dimensional tables are sometimes known
as characteristic lines or functions. Two-dimensional tables are also known as
characteristic maps or tables.

Each lookup table has either one or two axes associated with it. These axes
are normalizers. See “About Normalizers” on page 3-30 for more information.

For example, a simple MBT feature has two tables:

* A two-dimensional table with speed and relative air charge as its
normalizer inputs

¢ A one-dimensional table with AFR as its normalizer input

Before you can calibrate your tables, you must calibrate your normalizers. For
information, see “Calibrating the Normalizers” on page 4-12.

This section describes how you can use CAGE to fill your lookup tables by
reference to a model.

o =k K‘-\J A
To fill the table values, either click the buttons in the toolbar, =& Pl ,
or select from the following options in the Table menu:

e Initialize Table

Sets each cell in the lookup table to a specified value. For information, see
“Initializing Table Values” on page 4-25.

¢ Fill Table

Fills and optimizes the table values by reference to the model. For
information, see “Filling Table Values” on page 4-26.
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¢ Fill by Inversion

Fills the table by creating an inversion of another table. For information,
see “Inverting a Table” on page 3-39.

¢ Fill by Extrapolation

Fills the table values based on the cells specified in the extrapolation mask.
You can choose values in cells that you trust to define the extrapolation
mask and fill the rest of the table using only those cells for extrapolation.
For information, see “Filling the Table by Extrapolation” on page 4-30.

The next sections describe each of these toolbar options in detail. See the
“Table Menu” on page 3-12 for other menu options.

Initializing Table Values

Initializing table values sets the value of every cell in the selected table to a
constant. You can do this when you set up a table (see “Adding, Duplicating
and Deleting Tables” on page 3-4) or later.

To initialize the values of the table,

1 Click = or select Table > Initialize.

2 In the dialog box that appears, select the constant value that you want to
insert into each cell.

When initializing tables, you should think about your strategy. Filling with
zeros can cause a problem for some strategies using "modifier" tables. For
example, your strategy might use several speed-load tables for different
values of AFR, or you might use an AFR table as a "modifier" to add to a
single speed-load table to adjust for the effects of different AFR levels on
your torque output.

Be careful not to initialize modifier tables with 0 if they are multipliers in
your strategy. In this case, solving results in trying to divide by zero. This
operation will fail. If your table is a modifier that is added to other tables,
you should initially fill it with zeros; if it is a modifier that multiplies other
tables, you should fill it with 1s.
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Filling Table Values

To fill and optimize the table values by reference to the model,

e Click & or select Table > Fill.

This opens the Feature Fill Wizard. You can fill multiple tables at once
using the wizard, and you can Fill from the top feature node or from
any table node in a feature. See “Feature Fill Wizard” on page 4-34 for
instructions.

Optimizing Table Values

The Feature Fill Wizard optimizes the table values to minimize the current
total square error between the feature values and the model.

This routine optimizes the fit between your strategy and your model. Using
Fill places values into your table. The optimization process shifts the cell
values up and down to minimize the overall error between the interpolation
between the model and the strategy.

This process is illustrated by the following example; the green shaded areas
show the error between the mesh model (evaluated at the number of grid
points you choose) and the table values.
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This shows the error
when filling the
table using
breakpoints.

Torque

This shows the reduced
error after optimizing
table values using input
values between

the breakpoints.

Torgue

Engine Speed

To see the difference between optimizing table values and optimizing the
positions of breakpoints, compare with the illustration in “Optimizing
Breakpoints” on page 4-17.

CAGE evaluates the model over the number of grid points specified in the
Feature Fill Wizard, then calculates the total square error between this mesh
model and the feature values. CAGE adjusts the table values until this error
is minimized, using 1sqnonlin if there are no gradient constraints, otherwise
fmincon is used with linear constraints to specify the gradient of the table

at each cell.

See Also.

¢ Reference page for 1sqnonlin

e “Calibrating the Tables” on page 4-24
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Comparing the Strategy and the Model

When you calibrate a strategy, or collection of tables, by reference to a model,
it is useful to compare the strategy and the model. The comparison pane
provides a graphical tool for investigating this, as shown in the following
example.

Note This is a comparison between the current strategy values and the
model, unlike the comparison pane from the normalizer node, which compares
the model and a full factorial grid filled using the breakpoints.

The ronges of the common
varinhles Humber of points in the comparison disploy

Pldt type: IFeature thiue) & Mol |

Fegture and Model Inputs

Marme Yalue

W —+———_ [ 500to 6500, 20 paints
L L. 01to1,20pairts
A [F14.35

SPK —

Error statistics
Mazitnumn errar 2445 =
lean square errar 9.961 |
Total sguare errar 3954 Ll
|

Varinhles in the model, not

Comporison of the strotegy
in the toble

Error between th
11or AETWEEN e und the model

strateqy ond the model

To make full use of the comparison-of-results pane,
1 Check the ranges of the variables that are common to the model and table.

For each variable check the number of points at which the display is
calculated. Double-click to edit any variable range or number of points.
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2 Check the values selected for any variables in the model that are not in the
selected table. The default for this is the set point of the variable’s range.
Double-click to edit.

3 Check the comparison between the table and the model. You can rotate
this comparison by clicking and dragging, so that you can view all parts of
the comparison easily.

4 Use the Plot Type drop-down menu to display the error statistics for the
comparison.

Error Display

The comparison-of-results pane can also be used to display the error between
the model and the strategy.

To display the error, select one of the Error options from the Plot Type
drop-down menu. This changes the graph to display the error between the
model and the strategy.

You can display the error data in one of the following ways:

® Error (Feature-Model). This is the difference between the feature and
the model.

e Squared Error. This is the error squared.
e Absolute Error. This is the absolute value of the error.

® Relative Error (%). This is the erroras a percentage of the value of the
model.
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e Absolute Relative Error (%). This is the absolute value of the relative
error.

When you have completed a calibration, you can export your feature. For
information, see “Exporting Calibrations” on page 3-47.

Filling the Table by Extrapolation

Filling a table by extrapolation fills the table with values based on the
values already placed in the extrapolation mask. The extrapolation mask is
described below. You can also choose to extrapolate automatically after filling
cells in the mask in the “Feature Fill Wizard” on page 4-34.

To fill a table by extrapolating over a preselected mask, click ““ or select
Table > Extrapolate .

This extrapolation does one of the following:
¢ [fthe extrapolation mask has only one value, all the cell values change to

the value of the cell in the mask.

¢ Ifthe extrapolation mask has two or more colinear values, the cell values
change to create a plane parallel to the line of values in the mask.

¢ Ifthe extrapolation mask has three or more coplanar values, the cell values
change to create that plane.

¢ If the extrapolation mask has four or more ordered cells (in a grid), the
extrapolation routine fills the cells by a grid extrapolation.

¢ [f the extrapolation mask has four or more unordered (scattered) cells,
the extrapolation routine fills the cell values using a thin plate spline
interpolant (a type of radial basis function).

Using the Extrapolation Mask

The extrapolation mask defines a set of cells that form the basis of any
extrapolation.

For example, a speed-load (or relative air charge) table has values in the
following ranges that you consider to be accurate:

4-30



Cadlibrating the Tables

® Speed 3000 to 5000 rpm
® Load 0.4 to 0.6

You can define an extrapolation mask to include all the cells in these ranges.
You can then fill the rest of your table based on these values.

To add or remove a cell from the extrapolation mask,

1 Right-click the table.

2 Select Add To Extrapolation Mask or Remove From Extrapolation
Mask from the menu.

Cells included in the extrapolation mask are colored yellow.

Creating a Mask from the Boundary Model or Predicted Error

You can automatically generate an extrapolation mask based on the boundary
model or prediction error. Prediction error (PE) is the standard deviation of
the error between the model and the data used to create the model.

To generate a mask automatically,

1 Select Table > Extrapolation Mask > Generate From Boundary
Model or Generate From PE

2 If you select PE, a dialog appears where you must set the PE threshold to
apply, and click OK.

The cells in the table either within the boundary model or where the
prediction error is within the threshold now form the extrapolation mask,
and thus are colored yellow.
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Selecting a Feature node displays the Feature view. For more information
about the Feature view, see “Feature View” on page 4-41.

The Feature view enables you to calibrate the entire feature, that is, fill all
the table values by referring to a model.

£

To calibrate the feature, either click the buttons on the toolbar, , Or
select from the following options on the Feature menu described in these
sections:

1 “Initializing the Feature” on page 4-32

2 “Feature Fill Wizard” on page 4-34

Initializing the Feature

For example, a simple feature for maximum brake torque (MBT) consists of
the following tables:

* A speed (N), load (L) table

® A table to account for the behavior of air/fuel ratio (A)

Initializing this feature sets the values of the normalizers for speed, load,
and AFR over the range of each variable and put specified values into each
cell of the two tables.

A table that is already initialized provides a useful starting point for a more
detailed calibration.

To initialize the feature, perform the following steps:
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1 Click = . This opens the Feature Initialization Options dialog box, as
shown.

<) Feature Initialization Op I ] A
E;Initialize MHew_Feature

H—]—Bleakpoints of Table_ML

H—]—Bleakpnints of Mom_L

|—Bleak|:ucuint 1ange: I o2 08N

[=1-Breakpaints of Marm_N

I—Breakpninl 1ange: I R0 6500

'—Enahle

=" alues of Table ML

v
—Initial walue: I a
v

—E nahble

[=-Breakpoints of Fr_a
Breakpoints of Horm_d,

|—Bleak|:ucuint 1ange: 11 176
Enable

[F-Yalues of Fr_a&

v
tlnitial value; I ]
v

Enable

QK. | Cancel |

2 Enter the ranges for the breakpoints in your normalizers. In the preceding
example, these are the breakpoint ranges:

* L. has range 0.2 0.811.
® N has range 750 6500.
® A has range 11 17.6.

3 Enter the initial table value for each cell in each table. Above, the cell
values are

e Table_NL has initial value 0.

4-33



4 reatvre Calibrations

4-34

e Fn_A has initial value 0.

4 Click OK to initialize the feature.

Note The default values in this dialog box are taken from the variable
dictionary. If you clear any Enable box, the associated table or normalizer
is left unchanged.

Feature Fill Wizard

Use the Feature Fill Wizard to fill and optimize the values in tables by
reference to the model. You can fill multiple tables at once using the wizard,
and you can Fill from the top feature node or from any table node in a feature.

Note you could also optimize the breakpoints for the normalizers before
using the Feature Fill Wizard. (See “Filling Breakpoints” on page 4-13 and
“Optimizing Breakpoints” on page 4-17.)

This section describes how to use the Feature Fill Wizard. For a detailed
description about the filling processes, see “Filling Table Values” on page 4-26.

To fill feature tables, perform the following steps:
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1 Click = . This opens the Feature Fill Wizard.

) Feature Fill Wizard ] =]
Choose Tables to fill

Chooze the tables you want to fill, and set options on howe each table should be filled.
Select tables:

T ahle | Clear b azk | E strapolate | T able Bounds | Gradient Bounds |

T es Tes [-Inf Inf] [-Inf Ink-Inf Inf]

Orz Yes Yes [-Inf 1rf] [-Inf 1nf]

OrTz es Tes [-Inf Inf] [-ef ]
[ Clear Mask [+ Extrapolate
Takle Bounds: I:Inf Inf
Gradient Bouncs: i Inf i Inf

Cancel = Back Firizky

Screen 1: Select tables to fill.

Select the check boxes of the tables you want to fill. For each table you
can set the following options:

Clear Mask — select this check box to clear any table mask and fill all
unlocked table cells (locked cells are never altered). Clear this check
box to fill unlocked cells in the current extrapolation mask only, or all
unlocked cells if there is no mask.

Extrapolate — select this to extrapolate across the whole table after
filling cells. The extrapolation is based on the filled cells in the mask
and any locked cells.

Table Bounds — enter values here to set bounds on the table values

Gradient Bounds — enter values here to set bounds on the gradient
(slope) between rows (left edit box) and between columns (right edit box).
For example, entering 0 Inf in the left edit box imposes the constraint
that the gradient must be positive (increasing) between successive rows.

When you have selected filling options for each table, click Next.
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2 Choose models and links.

/) Feature Fill Wizard =10l x|
Choose Models and links
et the model to fill the tables from and optionally set a constraint model and link inputs to other tems from the project.

adel: MET Select Model... |

Caonztraint: <nohes=

Select Cons‘fraim...l Deselect Constraint

“ariables: Links:
“ariahle Linked to Lirk | Mame Type ¢

i 101 Table -
L Urlink | g iewe 20 Table Table
ExH LETO todsl
INT -\ EXTEMP Model
Exhaust_On A MET todsl
Intake_0r i py Table

B rCam Table

_A RADT Domimslmun LEEwIEN] LI

Cancel | = Back | i

¢ (Click Select Model to choose a model to fill the tables from. The feature
filler adjusts the table cells so that the value of the feature across the
range of inputs best matches the value of this model.

¢ (Click Select Constraint to choose a constraint to use in the filling
process. You can use Linear, 1-D table, 2-D table, ellipsoid and model
constraints (see “Constraint Editor” on page 6-27). The feature filler
limits its activity to within this constraint, for example, the boundary
constraint of a model. While boundary models are often used as model
constraints in this setting you can use any model. For example, you
can use a function that returns a logical output (true for valid, false for
invalid) by setting up the model constraint >=0.5.

¢ (Click Link to associate a model, feature or table (selected on the right
side) with a variable (selected on the left side). Linking replaces the
variable inputs to any relevant models and features with the linked item.
This enables useful operations such as feeding a table into a model, for
example, an optimal cam schedule into a torque model, without needing
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to make a separate function model. Click Unlink to disassociate any
pair.
Click Next.

3 Set variable values.

By default the table’s normalizer breakpoints and the set points of other
variables are selected, so the number of grid points is the number of table
cells. To increase the grid size you can enter more points for variables by
editing the Value fields, or you can interleave values between breakpoints
(see below). Increasing the number of grid points increases the quality of
the approximation and minimizes interpolation error, but also increases
the computation time.

) Feature Fill Wizard ” =101 x|

Set Variable Values
et the values you want to use to optimize over.
Use "Intialize from Mormalizer..." to use breakpoints of normalizers as a variable's value.

Matne Yalue
Wl 500: 466 GEEE: 5000 o
L 0.1:0.1:1 Lo
Exhaust_On 1 L
Irtake_On 1 L

Initiglize from Marmalizer ... |

Cancel = Back Mext = Finizh |

® You can edit normalizers manually, or you can click the Initialize
From Normalizer button to reach a dialog box where you can select
normalizers and interleave values between breakpoints. Interleaving
values can minimize interpolation error by adding values between each
normalizer value. In this way you can create a grid of more points than
table cells to optimize over. Select normalizers in the dialog box to use
those breakpoints as a variable’s value.
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In this dialog box, you can enter a value in the Number of values
between breakpoints edit box to add values between breakpoints.

By default, the feature filler compares the feature and model at the
table breakpoints. Choose a positive value to compare the feature and
model on a finer grid. A positive value further enhances the comparison
between feature and model to account also for errors introduced by linear
interpolation in the table (see “Optimizing Table Values” on page 4-26).
A value of 1 inserts one grid point between each pair of breakpoints, and
so on. Click OK to return to the Feature Fill Wizard.

¢ Edit set point values in the Value fields to optimize over a range rather
than at a single point. If you choose a range of values the table will be
filled using the average model value at each cell. For example, if you
enter -5:5:50 for the variable spark, the optimization of table values will
be carried out at values of spark between -5 and 50 in steps of 5 degrees.

Click Next.
Fill Tables. Click Fill Tables to fill the tables.

CAGE evaluates the model over the number of grid points specified, then
calculates the total square error between this mesh model and the feature
values. CAGE adjusts the table values until this error is minimized, using
1sgnonlin if there are no gradient constraints, otherwise fmincon is used
with linear constraints to specify the gradient of the table at each cell.

The graph shows the change in RMSE as the optimization progresses.
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<) Feature Fill Wizard ] =]

Fill Tables
Press 'Fill Tables'to fill the tables based on the settings on the previous panes.

Talerance: e-006

Smoathing: b—

RMSE = 4.9174e-009,

Fill Tahles
o0 ] Stop [~ Festure model
[~ Fill model with links

[ Plat
[ Plot errar
0 5 10 5 20 [~ Surface

[~ Surface error

Cancel = Back [est = Finish

® You can enter a value in the Smoothing edit box to apply a smoothing
penalty to the optimization. The Smoothness penalty uses the second
derivative to avoid steep jumps between adjacent table values. There
is a penalty as smoothing trades smoother tables for increased error.
Enter a smoothing factor (0—Inf) and click Fill Tables to observe the
difference in the resulting RMSE and the table shape. Keep increasing
the value until you reach the required smoothness. If you go too far the
results will be a flat plane.

Select the check boxes to display plots when you close the Wizard. You
can see plots of error against all the variables (Plot), error between
feature and model (Error), table surface and error surface.

Select the check box to create a dataset containing the output values at
each specified grid point.

You can click Back to return to previous screens and fill more tables, or you
can click Finish. When you click Finish to dismiss the wizard, the plots
with selected check boxes appear.
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When you have completed a calibration, you can export your feature. For
information, see “Importing and Exporting Calibrations” on page 3-46.
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Feature View

As you select a Feature node you see the Feature view, shown. This section
describes the Feature view and the Feature menu options.
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The parts of the Feature view include

1 The strategy for the selected feature. This is the algebraic collection of the
tables that you are using to calibrate the selected feature.

2 The model associated with the selected feature.

3 The Feature History pane, which displays the history of the feature.

Feature Menu

The Feature menu has the following options:

® Select Model

Use this to select the correct model for your feature.
* Deselect Model

Use this to clear the current model from your feature.
¢ Convert to Model

Takes the current feature and converts it to a model, which you can view by
clicking the Model button.

¢ Graphical Strategy Editor

Opens your current strategy for editing. For more information, see “Setting
Up Your Strategy” on page 4-6.

¢ Parse Strategy Diagram

Performs the same function as double-clicking the blue outport of your
strategy diagram. For more information, see “Setting Up Your Strategy”
on page 4-6.

¢ Clear Strategy
Clears the current strategy from your feature.
¢ Initialize

Initializes the feature; also in the toolbar. See “Initializing the Feature” on
page 4-32 for details.
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¢ Fill

Fills and optimizes the feature; also in the toolbar. See “Feature Fill
Wizard” on page 4-34 for details.
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Tradeoff Calibrations

This section includes the following topics:

Performing a Tradeoff Calibration
(p. 5-2)

Setting Up a Tradeoff Calibration
(p. 5-5)

Calibrating Tables in a Tradeoff
Calibration (p. 5-10)

Using Regions (p. 5-21)

Multimodel Tradeoffs (p. 5-23)

Automated Tradeoff (p. 5-30)

An overview of the steps required for
tradeoff calibration.

How to set up a new tradeoff, add
tables, and display models.

An overview of how to calibrate
tables in a tradeoff calibration;
setting values for other variables
and determining suitable values at
specific operating points.

How to use regions to fill specific
parts of your table by extrapolation.

How to set up and use multimodel
tradeoffs.

How to use optimizations to
automate tradeoff calibrations.
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Performing a Tradeoff Calibration

N
AL

5-2

Tradeaff

A tradeoff calibration is the process of calibrating lookup tables by adjusting
the control variables to result in table values that achieve some desired aim.

For example, you might want to set the spark angle and the air/fuel ratio
(AFR) to achieve the following objectives:

® Maximize torque

® Restrict CO emissions

The data in the tradeoff is presented in such a way as to aid the calibrator
in making the correct choices. For example, sometimes the model is such

that only a slight reduction in torque results in a dramatic reduction in CO
emissions.

The basic procedure for performing tradeoff calibrations is as follows:

1 Set up the variables and constants. (See “Setting Up Variable Items” on
page 2-3.)

2 Set up the model or models. (See “Setting Up Models” on page 2-11.)

3 Set up the tradeoff calibration. (See “Setting Up a Tradeoff Calibration”
on page 5-5.)

4 Calibrate the tables. (See “Calibrating Tables in a Tradeoff Calibration” on
page 5-10.)

5 Export the normalizers, tables, and tradeoffs. (See “Exporting Calibrations”
on page 3-47.)

You can also use regions to enhance your calibration. (See “Using Regions”
on page 5-21.)



Performing a Tradeoff Calibration

See also

e “Tutorial: Tradeoff Calibration” in the Getting Started documentation.

This is a tutorial giving an example of how to set up and complete a simple
tradeoff calibration.

® “Automated Tradeoff” on page 6-87 is a guide to using the optimization
functionality in CAGE for tradeoffs.

The normalizers, tables, and tradeoff form a hierarchy of nodes, each with its
own view and toolbar.
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Setting Up a Tradeoff Calibration

A tradeoff calibration is the process of filling lookup tables by balancing
different objectives.

Typically there are many different and conflicting objectives. For example, a
calibrator might want to maximize torque while restricting nitrogen oxides
(NOX) emissions. It is not possible to achieve maximum torque and minimum
NOX together, but it is possible to trade off a slight reduction in torque for

a reduction of NOX emissions. Thus, a calibrator chooses the values of the
input variables that produce this slight loss in torque instead of the values
that produce the maximum value of torque.

A tradeoff also refers to the object that contains the models and tables. Thus,
a simple tradeoff can involve balancing the torque output while restricting
NOX emissions.

After you set up your variable items and models, you can follow the procedure
below to set up your tradeoff calibration:

1 Add a tradeoff. This is described in the next section, “Adding a Tradeoff”
on page 5-5.

2 Add tables to the tradeoff. This is described in “Adding Tables to a
Tradeoff” on page 5-6.

3 Display the models. This is described in “Displaying Models in Tradeoff”
on page 5-8.

This section describes steps 1, 2, and 3 in turn.
When you finish these steps, you are ready to calibrate the tables.

Adding a Tradeoff

To add a tradeoff to your session, select File > New > Tradeoff. This
automatically switches you to the Tradeoff view and adds an empty tradeoff
to your session.
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An incomplete tradeoff is a tradeoff that does not contain any tables. If a
tradeoff is incomplete, it is displayed as o5 in the tree display. If a tradeoff is
complete, it is displayed as 9% in the tree display.

After you add a tradeoff you must add tables to your tradeoff.

Adding Tables to a Tradeoff

1 Add a table by selecting Tradeoff -> Add New Table or click E in the
toolbar. You can also add existing tables from your CAGE session; see
“Adding Existing Tables” on page 5-8.

Note that you must select the top tradeoff node in the tree display to use
the Tradeoff menu. This is automatically selected if your tradeoff has no
tables yet (it is the only node). You must also add at least three variables
(in the variable dictionary) to your project before you can add a table,
because CAGE needs a variable to fill the table and two more variables to
define each of the two normalizers.

A dialog box opens.

JRI=E

Mame: INeW_QD_TabIe

Rows: N input: | L

Columns:

| 10 E|:

| 10 E|:

Initial walue: I i 3:
Ok I

K input: | M

Fill ke swith: Select...

Clear

e

Cancel | Helg

2 Enter the name for the table.

If your tradeoff already contains one or more tables, when you add
additional tables they must be the same size and have the same inputs
(and therefore have the same normalizers). So if your tradeoff has existing
tables, you can only enter the new table name and the initial value.
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For the first table in a tradeoff, you must set the normalizer inputs and
sizes:

a Edit the names for the X and Y normalizer inputs (the first two variables
in the current variable dictionary are automatically selected here).

b Enter sizes for each of the normalizers (Y input = rows, X input = columns)
3 Enter an initial value to fill the table cells, or leave this at zero.

4 Click Select to choose a filling item for a table. A dialog opens where you
can select from the models and variables in your session.

+} Select Filling Item x|

Select the item you weant to fill takle with:

[tem | Type |
XN Y ariable
x L " ariable
XA Y ariable
x 5PK " ariable
X E Y ariable
A TO_Madel MEC madel
4\ HOFLOW_Model MEC model
— List options
™ Display models
" Display variahles
{* Display all tems
[ Cnly show items thet are nat filing anather table

QK I Cancel

a Depending on what kind of input you want, click the radio buttons to
display models or variables or both. You can choose to also show items
that are filling another table by clearing the check box.

b Select the filling item for the table and click OK.

5 Click OK to dismiss the Table Setup dialog and create the new table.

CAGE adds a table node to the tradeoff tree. Note you can still change the
input for the table as follows. Double-click the new table in the list under
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Tables In Tradeoff, or click to select the table (it is selected automatically
if it is the only table in the tradeoff) and then click Change Filling Item

(@) in the toolbar. This is also in the Tradeoff menu and the right-click
context menu.

The Select Filling Item dialog appears where you can select inputs to fill
the table, as described above.

6 Repeat this procedure for each new table you want to add. Each additional
table in the tradeoff must have the same normalizers as the first table, so
you do not have to select normalizer inputs and sizes repeatedly. For each
new table you only have to enter the name and initial value.

Adding Existing Tables

1 Add a table by selecting Tradeoff > Add Existing Tables or click @ in
the toolbar.

A dialog appears where you can select from a list of tables in the current
session.

2 Select a table and click OK. It may be helpful to first select the check box to
only show suitable tables that can be added to the tradeoff.

Displaying Models in Tradeoff

To display models when viewing tables in the tradeoff display,
1 Highlight the tradeoff node in the tree.
2 From the Available Models list, select the one you want to display.

Models that are filling a table are automatically displayed.

3 Click ﬂ Add Model to Display List in the toolbar or LI in the Additional
Display Models pane to move the selected model into the Display
Models pane. To quickly add all available models to the display list, click
the display button repeatedly and each successive model will be added.
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4 Repeat steps 2 and 3 to add all the models you want to the display list.

Additional Dizplay Models

| Tvpe

Dizplay Modelz I Tupe

Available Models

Removing a Model

- E

HAT0_Model, L, &, SPK,E] MEBC madel
SANOFLOW ModellN, L, 4, 5P... MEC model

1 In the Display Models list, select the model that you want to remove.

2 Click ﬁ in the toolbar, or LI in the Display Models pane, to move the
selected model into the Available Models pane.

3 Repeat until you have cleared all the appropriate models.
Once you have displayed all the models that you want to work with, you are

ready to calibrate your tables.
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Calibrating Tables in a Tradeoff Calibration

Selecting a table node in the tree display enables you to view the models that
you have displayed and calibrate that table.

To calibrate the tables,

1 Select the table that you want to calibrate.
2 Highlight one operating point from the table.
3 Set the values for other input variables.
For information, see “Setting Values of Other Variables” on page 5-13.
4 Determine the value of the desired operating point.

For instructions, see “Determining a Value at a Specific Operating Point”
on page 5-15.

5 Click @ to apply this value to the lookup table.
This automatically adds the point to the extrapolation mask.

6 Repeat steps 2, 3, 4, and 5 at various operating points.

7 Extrapolate to fill the table by clicking "L in the toolbar.

For information, see “Filling the Table by Extrapolation” on page 4-30.
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After you complete all these steps you can export your calibration. For
information, see “Exporting Calibrations” on page 3-47.

Table View in a Tradeoff Calibration
5. Repent this process over o number of

1. Seled the toble. 2, Select the operating pointinthefoble .- operating points in the tuble, then fill the
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Notice that the graphs colored green indicate how the highlighted table will
be filled:

o If a row of graphs is highlighted, the table is being filled by the indicated
model evaluation (the value shown at the left of the row).

o Ifthe column of graphs is green, the table is being filled by the indicated
input variable (shown in the edit box below the column).

The next sections describe the following in detail:

® “Setting Values of Other Variables” on page 5-13

® “Determining a Value at a Specific Operating Point” on page 5-15
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Setting Values of Other Variables

Typically the models that you use to perform a tradeoff calibration have many
inputs. When calibrating a table of just one input, you need to set values
for the other inputs.

Value: 40
37,* A
20
T
=
§| 1]
o
=4
20
Walue: 4000
79 298
& 3000
=
1 2000
Z
g
=2 1000
<
2 ok
1000 5
- ax -
12 14 1B 0 20 a0 0 5 10
iz SPK E
| 143 3 [ 19.0900 2 [ 0 4|
Model output volues Volue of A Vorlue of SPK Vorlue of E

Setting Values for Individual Operating Points
To set values for inputs at individual operating points,

1 Highlight the operating point in the lookup table.

2 Use the edit boxes or drag the red bars to specify the values of the other
variables.
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In the preceding example, the spark table is selected (the SPK graph is colored
green). You have to specify the values of AFR (A) and EGR (E) to be used,

for example:

1 Select the spark table node.

2 Click in the edit box for A and set its value to 14.3.

3 Click in the edit box for E and set its value to 0.

The default values are the set points of variables, which you can edit in the

Variable Dictionary.

Setting Values for All Operating Points
For example, if you are using a tradeoff to calibrate a table for spark angle,
you might want to set the initial values for tables of air/fuel ratio (AFR) and

exhaust gas recycling (EGR).

To set constant values for all the operating points of one table,
1 Highlight the table in the tree display.

2 Select one operating point in the table.

3 Enter the desired value of the cell.

4 Right-click and select Extrapolation Mask > Add Selection.

This adds the cell to the extrapolation mask.

A

5 Click 2] to extrapolate over the entire table.

This fills the table with the value of the one cell.
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Determining a Value at a Specific Operating Point

Value: 40 .
Volue of the TQ_ Wodel —— 1 32,3118 4 Behovior of TQ_Model
20
T
=
§| 1]
=
99% confidence [imits for
20 TQ_Motel
Walue: 4000
Volue of the NOXFLOW_Model 7828 o g
[=]
§| 2000
o Vorlue of spark
o 1000
=
2 ok
000
b4
0 20 40
SPK
kit box disploying the volue of sPK II 19.0909 f‘

Performing a tradeoff calibration necessarily involves the comparison of two
or more models. For example, in this case, the tradeoff allows a calibrator to
check that a value of spark that gives peak torque also gives an acceptable
value for the NOX flow model.
1 To select a value of an input, do one of the following:

® Drag the red line.

¢ Right-click a graph and select Find the minimum, maximum, or turning
point of the model as appropriate (also in the toolbar and Inputs menu).

¢ (Click the edit box under the graph as shown above and enter the
required value.

2 Once you are satisfied with the value of your variable at this operating
point, you apply this value to the table by doing one of the following:

e Press Ctrl+T

5-15
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¢ Click @ (Apply Table Filling Values) in the toolbar.
¢ Select Tables > Apply > Fill to Table.

Right-Click Menu
Right-clicking a graph enables you to

¢ Find minimum of model output with respect to the input variable

¢ Find maximum of model output with respect to the input variable

¢ Find turning point of model with respect to the input variable
These first three options are also in the Inputs menu.

® Reset graph zooms (also in the View menu)

There are also toolbar buttons to find the minimum, maximum and turning
point of the selected model graph.

Using Zoom Controls on the Graphs

To zoom in on a particular region, shift-click or click with both mouse buttons
simultaneously and drag to define the region as a rectangle.

To zoom out to the original graph, double-click the selected graph, or use the
right-click Reset Graph Zooms option (also in the View menu).

Note Zooming on one graph adjusts other graphs to the same scale.

Tradeoff Table Menus

View Menu
Selecting the View menu offers you the following options:

¢ Table History

This opens the History display. For information, see “Using the History
Display” on page 3-16.
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Configure Hidden Items

This opens a dialog box that allows you to show or hide models and input
variables. Select or clear the check boxes to display or hide items. This
is particularly useful if you are trading off a large number of models or
models that have a large number of factors.

Display Confidence Intervals

When you select this, the graphs display the 99% confidence limits for
the models.

Display Common Y Limits

Select this to toggle a common y-axis on and off for all the graphs. You can
also press CTRL+Y as a shortcut to turn common Y limits on and off.

Display Constraints

Select this to toggle constraint displays on and off. Regions outside
constraints are shown in yellow on the graphs, as elsewhere in the toolbox.

Graph Size

Select from the following options for number and size of graphs:
= Display All Graphs

= Small

= Medium

= Large

Large Graph Headers

Select this to toggle graph header size. The smaller size can be useful when
you need to display many models at once.

Reset Graph Zooms

Use this to reset if you have zoomed in on areas of interest on the graphs.
Zoom in by shift-clicking (or clicking both buttons) and dragging. You can
also reset the zooms by double-clicking, or by using the right-click context
menu on the graphs.
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* Display Table Legend

Select this to toggle the table legend display on and off. You might want
more display space for table cells once you know what the legend means.
The table legend tells you how to interpret the table display:

= Cells with a tick contain saved values that you have applied from the
tradeoff graphs (using the ’Apply table filling values’ toolbar or menu
option).

= Yellow cells are in the extrapolation mask.
= Blue cells are in a region mask.

Yellow and blue cells with rounded corners are both in a region and the
extrapolation mask.

= Cells with a padlock icon are locked.

Tables Menu

e Apply Fill to Table

Select this option to apply the values from the tradeoff graphs to the
selected table cell. This option is also in the toolbar, and you can use the
keyboard shortcut CTRL+T.

Note that the corresponding cell in all tables is filled with the appropriate
input, not just the cell in the currently displayed table. For example if you
have graphs for spark and EGR inputs, selecting Apply Fill to Table
fills the spark table cell with the spark value in the graphs, and the EGR
table cell with the EGR value.

e Extrapolation Mask — Also available in the toolbar and the context
menu (by right-clicking a table cell). Use these options to add and remove
cells from the mask for filling tables by extrapolation. Note that cells
filled by applying values from the tradeoff graphs (using the Apply
Fill To Table toolbar and menu option) are automatically added to the
extrapolation mask.

= Add Selection
= Remove Selection

= Clear Mask
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¢ Extrapolation Regions — Also available in the toolbar and the context
menu (by right-clicking a table cell). Use these options to add and remove
cells from regions. A region is an area that defines locally where to
extrapolate before globally extrapolating over the entire table. Use regions
to define high-priority areas for use when filling tables by extrapolation.
See “Using Regions” on page 5-21.

= Add Selection
= Remove Selection
= Clear Regions

e Extrapolate — This option (also in the toolbar) fills the table by
extrapolation using regions (to define locally where to extrapolate before
globally extrapolating) and the cells defined in the extrapolation mask.

¢ Extrapolate (Ignore Regions) — This option fills the table by
extrapolation only using cells in the extrapolation mask.

¢ Table Cell Locks — Also available in the context menu by right-clicking
a table cell. Use these options to lock or unlock cells; locked cells are not
changed by extrapolating.

= Lock Selection

= Unlock Selection
= Lock Entire Table
= Clear All Locks

Inputs Menu

¢ Reset to Last Saved Values — This option resets all the graph input
values to the last saved value. Also in the toolbar.

¢ Set to Table Value — This option sets the appropriate input value on
the graphs to the value in the table.

The following three options are only enabled if a graph is selected (click to
select, and a blue frame appears around the selected graph). They are also
available in the right-click context menu on the graphs.

¢ Find Minimum of model vs input factor
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¢ Find Maximum of model vs input factor
¢ Find Turning Point of model vs input factor

where model and input factor are the model and input factor displayed in
the currently selected graph, for example, TQ_model vs Spark.

¢ Automated Tradeoff — Use this option once you have set up an
optimization, to apply that optimization to the selected region of your
tradeoff table. See “Automated Tradeoff” on page 6-87 for information.

Tools Menu

¢ Calibration Manager — opens the Calibration Manager. See “Calibration
Manager” on page 3-20.

¢ Surface Viewer — Opens the Surface Viewer. See Chapter 8, “Surface
Viewer”.
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Using Regions

A region is an area that defines locally where to extrapolate before globally
extrapolating over the entire table.

For example, consider filling a large table that has twenty breakpoints for
each normalizer by extrapolation. Two problems arise:

¢ To have meaningful results, you need to set values at a large number of
operating points.

¢ To set values at a large number of operating points takes a long time.

To overcome this problem, you can

1 Define regions within the lookup table.

2 In each region, set the values of some operating points.

3 Click i to fill the table by extrapolation.

Each region is filled by extrapolation in turn. Then the rest of the table is filled

by extrapolation. The advantage of using regions is that you can have more
meaningful results by setting values for a smaller number of operating points.

Tahle: Spark Selected cell:
Filled bry: SPH L=0.5 r=25500
4500 =000 5500 i [=10u]n] E500
0.1 22459 23174 32343 ¥ 42022 44 455 -
02 2234 23.504 25482 ¥ 33414 35534
0.3 24 415 25454 27994 30.747 33.005
04 26154 2736 29.417 ¥ 3.826 33714
0.5 26593 25.097 29995 32.076% 33.939
0g 254879 27 559/% 275 3.183 33
o7 24757 26179 27795 29.571 .39
0.8 23115 24 266 27 524|% 29544
04 21 054 20.393 23716 25,605 27755 v|
T [

Cells are colored
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® Yellow if they form part of the extrapolation mask
¢ Blue if they are part of a region

® Yellow and blue with rounded corners if they are part of the extrapolation
mask and part of a region

Defining a Region
1 Click and drag to highlight the rectangle of cells in your table.
2 To define the region, click " in the toolbar, or right-click and select

Extrapolation Regions > Add Selection, or select the menu option
Tables > Extrapolation Regions > Add Selection.

The cells in the region are colored blue.

Clearing a Region
1 Highlight the rectangle of cells in your table.

2 To clear the region, click & in the toolbar, or right-click and select
Extrapolation Regions > Remove Selection, or select the menu option
Tables > Extrapolation Regions > Remove Selection.

You can clear all regions at once by selecting Clear Regions from the
Extrapolation Regions submenu.



Multimodel Tradeoffs

Multimodel Tradeoffs

There are two types of tradeoff that you can add to your session, a tradeoff
of independent models, as described earlier (see “Performing a Tradeoff

Calibration” on page 5-2), or a tradeoff of interconnected models (a multimodel
tradeoff).

A multimodel tradeoff is a specially built collection of models from the Model
Browser.

You can build a series of models so that each operating point has a model
associated with it. In the Model Browser, you can export models for a
multimodel tradeoff from the test plan node. The models must be two-stage
and must have exactly two global inputs.

The procedure for calibrating by using a multimodel tradeoff follows:

1 Add the multimodel tradeoff. (See the following section, “Adding a
Multimodel Tradeoff” on page 5-24.)

2 Calibrate the tables. (See “Calibrating Using a Multimodel Tradeoff” on
page 5-27.)

3 Export your calibration. (See “Importing and Exporting Calibrations” on
page 3-46.)

The multimodel is only defined for certain cells in the tradeoff tables. These
are the operating points that were modeled using the Model Browser part

of the toolbox. These cells have model icons in the table. At each of these
operating points, you can use the model to trade off, and by doing this you can
adjust the value in the table. The multimodel is not defined for all other cells
in the table and so you cannot use models to tradeoff. You can edit these cells
and they can be filled by extrapolation. You trade off values at each of the
model operating points in exactly the same way as when using independent
models, as described in “Determining a Value at a Specific Operating Point”
on page 5-15. When you have determined table values at each of the model

operating points, you can fill the whole table by extrapolation by clicking A
See “Filling the Table by Extrapolation” on page 4-30.
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Adding a Multimodel Tradeoff

To add a multimodel tradeoff to your session,

1 Select File > New > Tradeoff. CAGE switches to the tradeoff view and
creates a new empty tradeoff.

2 Select the new tradeoff in the tree, then select File
> Import > Multimodel Tradeoff.

The file must have been exported from the MBC Model Browser using the
Tradeoff button (only enabled for two-stage models with exactly two global
inputs). See “Multimodel Tradeoffs” on page 5-23.

3 Select the correct file to import and click Open. This opens a dialog box.



Multimodel Tradeoffs

) Import Multimodel Tradeoff File I ]

— Model setup — Tahle setup
Relative tolerances (% of range): K-gis input; ||_ - I
Y
M I 1 E‘ Mgz inpt: IN 'I
ry
L: I 01
E‘ Mutnker of tables to creste: 8 Select Tahles... |
Model sites:
i L Breckpoint seftings: (% Automatic ' Manual
V 803 .53 1298 = Takle collmms: I—‘ISE‘
7| &08383 2498 =
[ 1002 2002 Tiahle rows I g E‘
™ 1005 a0 I rortalizer: L rorinalizer:
[¥| 100302 39.98 It Cutput Infaut Output
V| 1s501.1m 14.02 805.106 0]= 12.98 0]~
o 1500 24 1003.5 1 14.02 1
v 1501 .83 36 1499 851 2 15.98 2
| 1437 872 50.02 19995 3 18 3
v 2035 15.98 LI 2035 4 LI 20.02 4 LI

Ok I Cancel | Help |

4 In the left Model sites list, you can clear the check boxes for any models at
operating points that you do not want to import.

Notice that the operating points are displayed graphically at the top. If an
operating point is deselected, it is displayed as gray here, rather than blue.

CAGE will create tables for all the models and input variables, with
breakpoints at all the model operating points. You can choose not to create
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all the tables; click Select Tables to choose from the list which tables
you want.

5 Choose the normalizers (axes) of the tables by using the X- and Y-axis
input drop-down menus.

6 You can adjust the number of breakpoints in the following ways:

¢ Leave the Automatic breakpoint settings radio button selected and edit
the relative tolerances around the model sites. Use the tolerance edit
boxes in the model setup pane. You can observe the effects of altering
the tolerances on the number of breakpoint dotted lines drawn on the
top graphic. Initially each model site has a breakpoint. If operating
points are close together, you can increase the tolerances to decrease
the number of breakpoints.

For example, if several close points may all have been intended to run
at exactly the same point, you might want to adjust the tolerances until
those model points (displayed as blue dots) only have one breakpoint
line. The number of rows and columns that will be created is displayed
in the edit boxes on the right.

¢ Alternatively you can select the Manual breakpoint settings radio
button and enter the number of rows and columns in the edit boxes, and
you can directly edit the values of the breakpoints.

7 Click OK.

When you click OK, CAGE creates all the tables for the multimodel tradeoff,
with breakpoints at the values you have selected.

Note When you calibrate the tables, you can only use models to tradeoff at
the operating points defined for the models. These cells have model icons
in the table. You can edit other cells, but they have no models to tradeoff
associated with them.

You can now calibrate your tables. See the next section, “Calibrating Using a
Multimodel Tradeoff” on page 5-27.
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Calibrating Using a Multimodel Tradeoff

Each editable operating point in your tables has a model icon in the cell,
like this example cell.

& 4602722

These cells have a model defined at that point. You use the display of these
models to help you trade off values at these points to fulfill your aims in
exactly the same way as when using independent models in "ordinary"
tradeoff mode, as described in “Determining a Value at a Specific Operating
Point” on page 5-15.

1 Change input values by dragging the red lines on the graphs or by typing
directly into the edit boxes above the graphs. Use the context menu, toolbar
or Inputs menu to find the maximum, minimum, or turning point of a
model if appropriate.

2 Look at the model evaluation values (to the left of each row of graphs)
and the input variable values (in the edit boxes below the graphs) to see if
they meet your requirements.

Remember that the green highlighted graphs indicate how the selected
table is filled: if a row is green, the model evaluation value (to the left) fills
the table at that operating point; if a column is green, the input variable
value (in the edit box below) fills the table.
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See the example following; the SPK column of graphs is green, so the value
of SPK in the edit box is entered in the table when you click the Apply

Table Filling Values button (@).
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This column is green, so this volue
of SPK is entered inthe tuble wheq
you select Apply Fill to Table.
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3 When you are satisfied with the tradeoff given by the value of your variable
at this operating point, you apply this value to the table by pressing Ctrl+T,

selecting Tables -> Apply Fill to Table, or clicking @ in the toolbar.

4 When you have determined table values at each of the model operating

A

points, you can fill the whole table by extrapolation by clicking i . See
“Filling the Table by Extrapolation” on page 4-30.



Multimodel Tradeoffs

You can then export your calibration; see “Importing and Exporting
Calibrations” on page 3-46. An example multimodel tradeoff is shown
following.
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Automated Tradeoff

You can use automated tradeoff to run an optimization routine and fill
your tradeoff tables. Once you have set up an optimization you can run an
automated tradeoff. As with any other tradeoff you need at least one table.
You can apply an optimization to a cell or region of a tradeoff table and the
tradeoff values found are used to fill the selected cells. You can then fill the
entire table by extrapolation.

You must first set up an optimization to use automated tradeoff.

See “Automated Tradeoff” on page 6-87 in the Optimization section for
instructions.
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Optimization

This section includes the following topics:

Using the Optimization View (p. 6-3) An introduction to setting up your

Optimization Problems You Can
Solve with CAGE (p. 6-5)

Setting Up Point-by-Point
Optimizations (p. 6-8)

Creating an Optimization (p. 6-9)

Defining Variable Values (p. 6-18)

Objectives and Constraints (p. 6-24)

Setting Up Sum Optimizations
(p. 6-32)

session for optimizations.

Examples of the optimization
problems that can be solved in CAGE
and links to instructions for setting
up optimizations

Steps to set up point-by-point
optimizations with links to
instructions.

You use the Optimization Wizard

to create an optimization, including
choosing your algorithm, algorithm
options, and free variables. You can
set up objectives and constraints
either in the wizard or from the main
Optimization view.

How to define a set of operating
points for the optimization. You
can define values manually, or
import from a data set or an existing
optimization output.

How to configure objectives and
constraints.

Steps to set up sum optimizations
with links to instructions.
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Running Optimizations (p. 6-41)

Optimization Output View (p. 6-50)

Automated Tradeoff (p. 6-87)

User-Defined Optimization (p. 6-91)

Optimization Function Reference
(p. 6-98)

Functions — Alphabetical List
(p. 6-103)

How to run optimizations, and
configure the Optimization
Parameters dialog box.

Using the optimization output views
to investigate your results and select
and export your preferred solutions.

How to apply an optimization to a
tradeoff table.

An overview of the process of
customizing the optimization
template to use your own
optimization routines in CAGE.

Information on all the methods
available for writing your own
optimization functions.

Alphabetical list of optimization
functions
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Using the Optimization View

Optimization functionality is one of the CAGE processes. The Optimization
button can be found in the left-hand Processes pane.

Processes

Festure

AN
AL

Tradeoff

“

Cptitmization

2l

Optitnization

To reach the Optimization view, click the button.

Here you can set up and view optimizations. As with other CAGE processes,
the left Optimization pane shows a tree hierarchy of your optimizations,
and the right panes display details of the optimization selected in the tree.
When you first open the Optimization view both panes are blank until you
create an optimization.

As for other CAGE processes, you must set up your session for an optimization.
For any optimization, you need one or more models. You can run an
optimization at a single point, or you can supply a set of points to optimize.
The steps required are

1 Import a model or models.

2 Set up a new optimization.
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Optimization functionality in CAGE is described in the following sections:

® “Optimization Problems You Can Solve with CAGE” on page 6-5

® The steps for setting up and running optimizations are described in these
sections:

= “Creating an Optimization” on page 6-9

= “Setting Up Point-by-Point Optimizations” on page 6-8

= “Setting Up Sum Optimizations” on page 6-32

= “Objectives and Constraints” on page 6-24

= “Running Optimizations” on page 6-41

= “Using the Optimization Parameters Dialog Box” on page 6-42

® “Optimization Output View” on page 6-50 describes using the views to
analyze your results.

e After you set up an optimization, you can apply it to a region in a set of
tradeoff tables. See “Automated Tradeoff” on page 6-87

® You can define your own optimization functions for use in CAGE. See
“User-Defined Optimization” on page 6-91

There are tutorial examples to guide you through the optimization
functionality. See “Tutorial: Optimization and Automated Tradeoff”, and see
the optimization sections in “Gasoline Case Study” and “Diesel Case Study”,
in the Getting Started documentation.
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Optimization Problems You Can Solve with CAGE

CAGE provides a flexible optimization environment in which many
automotive optimization problems can be solved. These problems can be
divided into two main groups:

¢ “Point-by-Point Optimization Problems” on page 6-5

¢ “Sum Optimization Problems” on page 6-6

Point-by-Point Optimization Problems

In a point-by-point problem, a single optimization run can determine optimal
control parameter values at a single operating point. To optimize control
parameters over a set of operating points, an optimization can be run for
each point.

Examples of point-by-point problems that CAGE can be used to solve are
described below:

¢ Find the optimal spark timing (SPK), intake valve timing (INTCAM) and
exhaust valve timing (EXHCAM) at each point of a lookup table whose axes
are engine speed (N) and relative load (L).

Optimized values of the control parameters are determined by running the
following optimization at each point of the lookup table:

Objective: Maximize engine torque, TQ = TQ(N, L, SPK, EXHCAM,
INTCAM)

Constraints:

= Residual fraction <= 17% at each (N, L) operating point

= Exhaust temperature <= 1290°C at each (N, L) operating point

= Engine to be operated inside the operating envelope of the engine

¢ Find the optimal mass of fuel injected (F), rail pressure (P), pilot timing
(PT) and main timing (MT) at each point of a lookup table whose axes are
engine speed (N) and engine torque (TQ).

Optimized values of the control parameters are determined by running the
following optimization at each point of the lookup table:
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Objective: Minimize brake specific fuel consumption, BSFC = BSFC(N, TQ)
Constraints:

= Engine out NOx <= 0.001 kg/s at each (N, TQ) operating point

= Engine out Soot emissions <= 0.0001 kg/s at each (N, TQ) operating point

® Find the optimum spark timing (SPK) and exhaust gas recirculation (EGR)
at each point of a set of operating points defined by engine speed (N),
engine load (L) pairs. Optimized values of SPK and EGR are determined by
running the following optimization at each point:

Objective: Maximize engine torque, TQ = TQ(N, L, SPK, EGR)
Constraints: Engine out NOx <= 400 g/hr at each (N, L) operating point

* For a new engine, find out the optimal torque versus NOx emissions
curve for this engine over the operating range of the engine. This is
a multi-objective optimization, and CAGE Optimization contains an
algorithm (NBI) to solve these problems.

For this example, the optimal torque-NOx curve is determined by solving
the following optimization problem for optimal settings of spark timing
(SPK) and exhaust gas recirculation (EGR):

Objectives:
= Maximize engine torque, TQ = TQ(N, L, SPK, EGR)
= Minimize engine out NOx = NOx(N, L, SPK, EGR)

To find out more about solving these types of problems in CAGE, see “Setting
Up Point-by-Point Optimizations” on page 6-8.

Sum Optimization Problems

In a sum optimization, a single optimization run can determine the optimal
value of control parameters at several operating points simultaneously. All
the control parameters for the operating points are optimized by calling
the algorithm once (there’s only one call to foptcon per run for a sum
optimization). This approach contrasts with a point-by-point optimization,
which has to make a call to the algorithm for every point to find the optimal
settings of the control parameters.
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¢ Find the optimal spark timing (SPK), intake valve timing (INTCAM) and
exhaust valve timing (EXHCAM) at each point of a look-up table whose
axes are engine speed (N) and relative load (L).

Optimized values of the control parameters are determined by running the
following optimization once:

Objective: Maximize weighted sum of engine torque, TQ = TQ(N, L, SPK,
EXHCAM, INTCAM) over the (N, L) points of a look-up table.

Constraints:
= Difference in INTCAM between adjacent cells is no greater than 5°.
= Difference in EXHCAM between adjacent cells is no greater than 10°.

At each table cell, residual fraction <= 17%

At each table cell, exhaust temperature <= 1290°C

® Find the optimal start of injection (SOI), basefuelmass (BFM), fuel pressure
(P), turbo position (TP) and lift of the EGR valve (EGR) at a set of mode
points defined by engine speed (N), engine torque (TQ) pairs.

Optimized values of the control parameters are determined by running the
following optimization once:

Objective: Maximize weighted sum of brake specific fuel consumption,
BSFC = BSFC(SOI, BFM, P, TP, EGR, N, TQ) over the (N, TQ) mode points.

Constraints:

= Weighted sum of brake specific NOx must be less than a legislated
maximum

= At each mode point, air fuel ratio must be greater than a specified
minimum

= At each mode point, turbo speed must not exceed a specified maximum

To find out more about solving these types of problems in CAGE, see “Setting
Up Sum Optimizations” on page 6-32.
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Setting Up Point-by-Point Optimizations
Use the following process to set up a point-by-point optimization:

1 Use the “Optimization Wizard” on page 6-9 to create your optimization.

It is optional whether you set up your objectives in the wizard or later in
the Optimization view.

2 For simple model constraints it is optional whether you set them up in the
wizard or later in the Optimization view. To apply other types of constraints
(more flexible model constraints, linear, ellipsoid, 1-D table, 2-D table,
and range) you must use the Optimization view. See “Constraint Editor”
on page 6-27 for details of all these constraints.

3 Set variable values for the points where you want the optimization to run.
See “Defining Variable Values” on page 6-18. You can enter values manually
or by importing from data sets or the output of existing optimizations.

4 Run the optimization. See “Running Optimizations” on page 6-41.

5 View the results. See “Optimization Output View” on page 6-50).
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Creating an Optimization
To create a new optimization, select File > New > Optimization.

This takes you to the Optimization Wizard (described below), which leads you
through the steps of choosing the optimization to run, specifying the number
of variables to optimize over (unless this is predefined by the function), and
linking the variables referenced in the optimization to CAGE variables.

Optimization Wizard
You use the Optimization Wizard to:

1 Choose algorithm

2 Set up free variables, objectives, and constraints options — “Optimization
Wizard Step 2” on page 6-11

3 Select free variables — “Optimization Wizard Step 3” on page 6-13

The last 3 steps you can do in the wizard or in the Optimization view:
4 Set up objectives — “Optimization Wizard Step 4” on page 6-14
5 Set up model constraints — “Optimization Wizard Step 5” on page 6-15

6 Set up data sets (user-defined optimizations only) — “Optimization Wizard
Step 6” on page 6-16

Step 1. First you must choose your algorithm. The first screen of the
Optimization Wizard is shown below.
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-} Dptimization Wizard =0l x|

Algorithm Selection
Select from the list the algorithm that you wart the newy optimization to use.

Available optimization algorithms:

Free Varisbles | Dbjectives Constraints | Dperating Point Sets |
HEI ary number 2 or more ary number 0
whorkedExample 2 1 0 0
Cancel Mext = Firizh

The first two algorithm choices in the list are standard routines you can use
for constrained single and multiobjective optimization.

e foptcon is a single-objective optimization subject to constraints. This
function uses the MATLAB fmincon algorithm from the Optimization
Toolbox.

* NBI stands for Normal Boundary Intersection algorithm, which is
multiobjective and can also be subject to constraints.

In many cases these standard routines are sufficient to allow you to solve
your optimization problem. Sometimes, however, you might need to write

a customized optimization algorithm; to do this you can use the supplied
template to modify for your needs. Any optimization functions that you have
checked into CAGE appear in this list. See “User-Defined Optimization” on
page 6-91 for information. The Worked Example option is designed to show
you how to use the modified template. For step-by-step instructions, see the
optimization tutorial section “Worked Example Optimization” in the Getting
Started documentation.
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Note If you choose a user-defined optimization function at step 1, all choices
in subsequent steps depend on the settings defined by that function. When
writing user-defined optimizations you can choose to set predetermined
algorithm options or allow the user to make selections on any subsequent
screen of the Optimization Wizard.

Optimization Wizard Step 2

Here you select algorithm options for numbers of free variables, objectives,
and constraints. The optimization tries to find the best values of the free
variables. The options available depend on your selected algorithm.

¢ Ifin step 1 you select the foptcon algorithm and click Next, you get the
following choices:

) Optmizationwizard i

Algorithn Options
Algarithms may be able to use a variable number of items. Select the number of each item that you weant to use in this
optimization.

Mumber of free variahles: I—‘Iil
Murmber of obhjectives: I—'lil
Mumber of constraints: I—Dil
Murmber of operating point sets: I—Dil

Finizh

Cancel = Back

The foptcon algorithm can only have a single objective, so this control
is not enabled. Choose the number of free variables and constraints you
require. You can also add constraints later.

e Ifin step 1 you select the algorithm NBI, and click Next, you see this:

6-11
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R — =10lx|

Algorithm Options
Algorithins may be able to uze 5 vatiable number of terms. Select the number of each itern that you want to use in this
optirmization.

Mumber of free varisbles: I—'lil
Mumber of objectives: |—2§|
Mumber of constraints: I—Dil
Mumber of operating point sets: I—Dil

Cancel = Back Firizh

NBI must have a minimum of two objectives, and you can choose as many
free variables and constraints as you like. You can add constraints later
if required.

Click Next to proceed to setting up free variables.
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Optimization Wizard Step 3

You must select variables to link with the free variables used in your
optimization.

.} Dptimization Wizard _ 1O =l
Required Yariables
td atch each required variable in the optimization ta a variable frarm the Y ariable Dictionary.
Optimization inputs; CAGE wariables:
Symbal [ CAGE Variable | JuEs
Freetfariablel 'I&
SPK
E
L
Select CAGE Yariable
Caticel | < Back | i EE | Fitirzhy |

Use this screen to associate the variables from your CAGE session with the
free variable(s) you want to use in the optimization. Select the correct pair

in the right and left lists by clicking, then click the large button as indicated
in the figure.

Once you have assigned your free variables here you can either click Next or
Finish. This also applies to all later steps in the Optimization Wizard.

¢ Ifyou click Next you proceed to further screens of the Optimization Wizard
where you can set up objectives and constraints.

¢ Ifyou click Finish you return to the Optimization view in CAGE. You can
set up your objectives and constraints from the Optimization view instead
of using the Optimization Wizard. You cannot run your optimization until
objectives (and constraints if required) have been set up.
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Optimization Wizard Step 4

You can set up your objectives here or you can set them up at the Optimization
view in CAGE. See “Objective Editor” on page 6-25.

) Dptimization Wizard e =10l x|

Objectives
Ohbjectives are quantities that the algorithm will attempt to optimize. Select CAGE models to be used for each objective,
and whether it should be minimized, maximized or used as a helper model for the algorithm,

Optimization objectives: CAGE models:

T0 Model
MOsFLOW_Modsl

Optimization Model | CAGE Madel | Type
Objectivel TO_Model b aximize
Objective? MOHFLOW k... Minimize

Select CAGE Model

]

Objective type:  © Minimize & Maximize € Helper

Caticel | < Back | et = | Firizh |

Here you can select which models from your session you want to use for the
optimization, and whether you want to maximize or minimize the model
output. The foptcon algorithm is for single objectives, so you can only
maximize or minimize one model. The NBI algorithm can evaluate multiple
objectives. For example, you might want to maximize torque while minimizing
NOX emissions. Remember you can also define constraints later, for example,
using emissions requirements.

You can also include ’helper’ models in your user-defined optimizations, so
you can view other useful information to help you make optimization decisions
(this is not enabled for NBI or foptcon).

¢ (Click Next to proceed to setting up constraints.

¢ (Click Finish to complete the Optimization Wizard and return to the
Optimization view. Note you can only set up point objectives in the
wizard, but you can also set up sum objectives in the main Optimization
view. See “Objectives and Constraints” on page 6-24.



Creating an Optimization

Optimization Wizard Step 5

You can use models to define constraint regions that restrict free variables.

If you want to use constraints you can select them here, or add them in the
Optimization view in CAGE. You can also add other types of constraints in the
Optimization view. See “Constraint Editor” on page 6-27.

) Dptimization Wizard =10l x|

Constraints
Conztraints defing regions that the free variables will vary within, Select CAGE models to be uzed for each constraint,
and the value that each iz congtrained to be greater than or less than,

Optimization constraints; CAGE models:

todel Constraint | CAGE Model | Bound |
Congtraint MOHFLOW Mo, <= 250

MNOXFLOW Model

Select CAGE Model

[ -]
Constraint: HO=FLOW _Model |<= "I I 250 %I

Caticel | < Back | et = | Firizh |

Select a model for each constraint by selecting a CAGE model and a model
constraint and clicking the button to match them up.

For each constraint enter a value in the edit box. Select the operator to define
whether the optimization output should be constrained to be greater than or
less than the value. The example shown is NOXFLOW_Model <= 250.

¢ (Click Finish to complete the Optimization Wizard and return to the
Optimization view.

® You can only click Next to proceed to setting up any data sets if required
by your user-defined optimization.
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Optimization Wizard Step 6

If your user-defined optimization allows you to add a data set you can select
it on step 6 of the Optimization Wizard. You can use data sets to evaluate
models over a different set of operating points during an optimization run.
As an example, you could run an optimization at the points (N1, L1), (N2,
L2), but an important quantity to monitor and possibly act upon is, say,
temperature at points (N3, L3), (N4, L.4). You can monitor the temperature at
these points by using data sets, to help you select optimization results. You
can set up data sets in Step 6 of the wizard or in the Optimization view in
CAGE (select Optimization > Edit Data Sets).

Data sets are not enabled for foptcon and NBI optimizations.
Click Finish to return to the Optimization view in CAGE. Your new

optimization appears as a new node in the tree pane on the left, and the setup
details appear on the right.

Optimization View Toolbar

| R

Common tasks are available in the toolbar:

¢ Add Objective — Adds an objective to your optimization (if enabled;
remember foptcon can only have a single objective). You must double-click
the new objective to open the Objective Editor, select a model, and set
whether to maximize or minimize. See “Objective Editor” on page 6-25.

¢ Add Constraint — Adds a constraint to your optimization. You must
double-click the new constraint (in the list of constraints) to open the
Constraint Editor and set up the constraint. See “Constraint Editor” on
page 6-27

® Import from a data set, Import from output— You can populate the Variable
Values panes by importing values — See “Defining Variable Values” on
page 6-18.

¢ Set Up Optimization, Set Up and Run Optimization — Both these options
open the Optimization Parameters dialog box, where you can change
optimization settings such as tolerances and number of solutions. When
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you close the dialog the settings are saved (and the optimization runs in
the case of Set Up and Run). See “Using the Optimization Parameters
Dialog Box” on page 6-42.

¢ Run Optimization — Starts the optimization. See “Running Optimizations”
on page 6-41.
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In the optimization view you can use the Variable Values panes to define a

set of operating points for the optimization. You do not have to choose a set
of operating points; if you do not, however, the optimization runs at a single
point of your choosing (the set points of variables is the default).

Running the optimization requires the selected models to be evaluated (many
times over) and hence values are required for all the model input factors.
The default values for the fixed variables are their set points, as shown in
the Fixed Variables pane. You chose one or more free variables, so the
optimization chooses different values for those free variables in trying to find
the best value of the objectives. The default initial value for a free variable is
the set point, as shown in the Free Variables pane.

To define the set of operating points for the optimization, you can

¢ “Define Variables Manually” on page 6-18
* “Import from a Data Set” on page 6-19
¢ “Import from Optimization Output” on page 6-21

Define Variables Manually
To define values manually:

1 In the Input Variable Values pane, increase the Number of runs. New
rows appear for both fixed and free variables, all containing the default
set point values of each variable. Each row defines an operating point for
an optimization run.

2 Edit the values in the Fixed Variables pane to define the points where
you want to run the optimization.

® You can copy and paste values from other parts of CAGE (existing
optimizations or data sets etc.), or from the Help Browser or other
documents.

® You can select Optimization > Import From Data Set if you have
suitable variables to import.
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® You can select Optimization > Import From OQutput if you have
suitable optimization outputs.
An example is shown in the following figure.

Fixed Yariahles

Y arighle: L M 2 E

Nawes I_=T = E= E
1 0.1 1000 12 5
2 0.5 1000 12 =
8 0.1 3000 12 5
4 0.8 3000 12 5
5 0.1 EO00 12 5
5 0.5 E000 12 5

3 You can edit the values in the Free Variables pane in a similar way
to define the starting values of the free variables if you want, or you can
leave these at the default.

For foptcon optimizations you can specify a number of initial starting
values per run, see “foptcon Optimization Parameters” on page 6-43.

If you wish to restrict the range of the free variables, you can select
Optimization > Edit Free Variable Ranges. The default is the range of
the variable as defined in the Variable Dictionary.

4 Use the right-click context menu to duplicate or delete runs, or select Fill
All Runs to copy the selected run’s values to all other runs.

The Number of Values controls are for sum optimizations. See “Setting Up
Sum Optimizations” on page 6-32.

Import from a Data Set

1 Select Optimization > Import from Data Set (or use the toolbar button)
to define the operating points for an optimization from a data set, if you
have suitable variables to import. The Import From Data Set dialog box
appears.
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) import From Dataset = -l x|

Data set ta impart from:
[ Crly shove data sets that contain optimization inputs

RETE Rorees | Conterts

Kl | 0
Select data set columns to use:
Import | Optimization Input Dataset Column

r s =

[~ |ExH i

T |t i

M | G =

F L Bl il

— Import options
{+ Use one data set rovw for each run (atter number of runs)

{~ Use entire data set column for each run (atter length of each variable)
[~ Set optitmization to bewve & single

[ Set each optimization input to have 2 single value

QK I Cancel

2 Select a data set.
3 Select data set columns to import.

4 Choose whether you want a run per data set row, or each variable to
have the same length as the number of data set rows. For information on
altering the length of variables (for sum optimizations only), see “Using
Variable Values Length Controls” on page 6-34.
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5 Click OK to import the variable values.

Import from Optimization Output

1 Select Optimization > Import from OQutput to import starting values
from the output values of a previous optimization. The Import From
Optimization Output dialog box appears.

) Import From Optimization Outpuk | i m] 5
Optitmization output to import from:
¥ Only show outputs thet contain optimization inputs

Iame Rows | Solutions |Free “arishles Fixed'arishles
[ Optimization_Output 100 1|5, EXH, INT M, L

A Cptimization_Cutout_1 100 1| 5, ExXH, INT M, L
Kl | i
Select data set columns to use:
Import | Optimization nput Output Walue
s s =i
|exH EXH =i
| INT 5
¥ N N =i
VoL L =
— Selection within output
Runs: Al / The number of selected

runz dogs not match

i~ Selection: I the number of runs in

th mization.
¥ Feasible Talerance: I 00001 §| e optimization

[~ Atter number of runs in optimization if required

Solutior: = Selected| solutian

" Solution: I 1%' Select in Table. .. |
a6 I Cancel |

2 Select the desired optimization output.
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3 Select the columns from the output you want to import.

4 Choose the runs from the optimization output that you want to use. The

Selection within output controls allow you to choose selected solutions,
and/or select a subset of rows to import. If the number of values per run
differs between current inputs and selected outputs, the inputs are altered
to match.

® Select the option button All to import all runs.

® Select the option button Selection to import a subset of runs. You can
enter a vector specifying the runs you want to import (e.g., 1 3 6:9),
or click the button Select in Table to open a dialog box and select
runs manually.

® Select the option button Feasible to filter the output by constraint
values. You can optionally set the Tolerance by using the buttons or
entering a value, then click the button Select in Table to open a dialog
box to view and edit this selection.
If the number of runs of the selected output is different to the current
input, you are prompted (as shown in the preceding figure) to select the
check box Alter number of runs in optimization if required to alter
the number of runs of the optimization to match the output. For example, if
you are importing 3 variables to a 5 variable optimization, all 5 variables
must share the same number of runs. You cannot click OK to import the
runs if it is necessary to select this check box first.

If you click the button Select in Table you see the following dialog box.



Defining Variable Values

CECITTITR =i

Select & subset of the output data by highlighting a selection of roves inthe displayed table of
output data. If there are multiple solutions inthe output vou can ook st each solution.

Run zelection: |:13:1 52326 3336 4246 Scliticr: % Selected soluticn
) Salution: I 1 él

Select feasible runs within & tolerance of: I 0.0001 §| Select |

wector display format: IW
“ariable: H L Objectiveq | Constrai... | Constrai... | Constrai...
22 o6 1500 0.2 10097 -152.276 0.028 006G =
23 1 1500 0.3 35.007 -154.61 -0.605 -0.193
24 4 1500 0.4 64 955 -34.576) 4.565e-12 -0.316
2% Ha 1500 0.5 91112 4.655e-11 -1.629 -0.214 J
26 i 1500 0.6 113632 -2.049:-9 -10.776 -0.094
2 58 1500 or 130.964 0.056 -10.897 0153
25 27 1500 0.3 155,767 0.012 -10.831 0.397
29 5 1500 0.3 156.595 21.274 -11 .83 0626
30 |- 1500 1 1491.999 5.4 -9.1588 0831
il a7 2000 0.1 -17.487 -84.055 0.085 0.256
32 7a 2000 0.2 10.565 -109.576 4.995e-5 2331e-3
33 HE 2000 0.3 39101 -119.373 -2.059 0266
34 B3 2000 0.4 E6.343 -49.294 -3.042 -0554 ) - |
Kl E

Ok I Cancel |

Highlight cells in the table (Shift+click, Ctrl+click, or click and drag) to
select runs to import.

If you chose to filter for feasibility, the table appears prefiltered with runs
selected that met the required Tolerance. For example, if the Tolerance was
set to 0.0001, runs are selected where all constraint outputs were <=0.0001.
You can enter an independent selection for the tolerance on this dialog box,
and click the Select button to filter using this value.

If there are multiple solutions in the output you can browse them with the
Solution controls.

When you are satisfied with the selected runs, click OK to return to the
Import From Optimization Output dialog box. Click OK to import the runs.
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Objectives and Constraints
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You can set up objectives and constraints from the main CAGE Optimization
view, as well as within the Optimization Wizard.

You can perform the following tasks:

e Add, Edit, or Delete objectives from the right-click context menu and
Optimization menu (if allowed by the algorithm—foptcon can only have
a single objective).

e Add, Edit, Delete, or Disable constraints from the right-click context
menu and Optimization menu. Use Disable to remove constraints
without deleting them, and use Enable to reapply them.

Double-click to edit existing objectives and constraints in the Objectives or
Constraints panes.

You can run two types of optimizations, point optimizations and sum
optimizations. Point optimizations look for the optimal values of each objective
function at each point of an operating point set. A sum optimization finds the
optimal value of a weighted sum of each objective function. The weighted sum
is taken over each point, and the weights can be edited. For an example, see
the tutorial section “Sum Optimization” in the Getting Started documentation.

You need to use the Objective Editor and Constraint Editor to set up sum
objectives and model sum constraints. You must do this to run weighted sum
optimizations. You cannot set these up from the Optimization Wizard.

See the following topics:

® “Objective Editor” on page 6-25
e “Constraint Editor” on page 6-27
You can also set up linear, 1- and 2-D table, and ellipsoid constraints in

the Constraint Editor, as for designs in the Model Browser part of the
Model-Based Calibration Toolbox.



Obijectives and Constraints

Obijective Editor
Double-click or right-click objectives to open the Edit Objectives dialog.

<) Edit Objective : =] 3
L - — A point objective function is a CAGE model that provides P
Ohjective type: IPolrrt Ohjective ]’ an ohjective to be optimized for each set of input values. N\
Available models: Ohbjective type:
Model | Tupe | " Minimize

<ABT0 MEC model {5 Maximize

HMEXTEMP MBC modsl  Helper

A P522 BTO MEBC model

-k POLYZ_EXTEMP MBC model

A TORGUE MBC modsl

BT MBC model

Selected model BTC

Ok I Cancel | Help |

You can select Point objective or Sum objective from the Objective type
drop-down menu. Use sum objectives only for weighted sum optimizations;
otherwise, use point objectives.

Point Objectives

The preceding example shows the point objective controls. Select which
models from your session you want to use for the optimization, and whether
you want to maximize or minimize the model output. The foptcon algorithm
is for single objectives, so you can only maximize or minimize one model. The
NBI algorithm can evaluate multiple objectives. For example, you might want
to maximize torque while minimizing NOX emissions.

You can also include ’helper’ models in your user-defined optimizations, so

you can view other useful information to help you make optimization decisions
(this is not enabled for NBI or foptcon).
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These are the same options you can choose in the Optimization Wizard. See
“Optimization Wizard Step 4” on page 6-14.

Sum Obijectives

For weighted sum optimizations, the objectives are typically sum objectives.
See the following example.

)} Edit Objective : oy =] 3
L _ — A zum objective function calculates the weighted sum of the iy
Dhjective type: ISum Ohjective ]" output of & CAGE model as its objective value. a5k
_—
Available models: Ohjective type:
Model | Tupe | ' Minimize
- T0_Model MEBL madel ' Maximize
-‘l MNORFLOW _Maodel MBC model ¢~ Helper

Expected Weights Sum: I 10 %

Selected model: TG Model

[ ]4 I Cancel | Felp

As for point objectives, select which models from your session you want to
use for the optimization, and whether you want to maximize or minimize
the model output.

You can edit weights in the Optimization view, to make certain operating
points more important, giving more flexibility to solutions for other points.
The weights are applied to each solution to calculate the weighted sums.
You can edit the weights in the Fixed Variables pane. This is the same
process as selecting weights for the Weighted Pareto View. See “Weighted
Objective Pareto Slice” on page 6-54.
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In the Edit Objective dialog box, the Expected sum of weights is optional.
However if this option is used (and set correctly), then it improves the
performance of the optimization. When the expected sum is set correctly, it
scales the objective sum onto a range that is commensurate with the other
optimization objectives and constraints.

The Expected sum of weights is a normalization value per run—all weights
are divided by this value, to try to make the normalized weights sum to 1 for
each run. With this normalization, the objective sum should approximately
vary on the same range as the other optimiz