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Getting Started

This section includes the following topics:

About CAGE (p. 1-3)

Navigating CAGE (p. 1-5)

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

System Requirements (p. 1-11)

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 tutorials and reference chapters for all CAGE
functionality.

Hardware and operating system requirements, and
required and related products from The MathWorks.
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Starting the CAGE Browser
To start the application, type

cage

at the MATLAB® command prompt.
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About CAGE

About 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.

Calibrating Lookup Tables Using CAGE

There are two different types of calibration that you can perform using CAGE:

® Feature calibration
* Tradeoff calibration

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 nitrogen 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 uses
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the value of the spark angle that gives this reduction in NOX emissions instead
of the spark angle that generates maximum torque.

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.



Navigating CAGE

Navigating CAGE

The view of CAGE depends on two things:

® The process or object type that you are viewing
® The item you highlight in the branch display (tree)

When you open CAGE, it looks like this.
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CAGE Browser - Untitled [ |
File Edit Tools ‘Window Help

DEed ”
Feature
((1|ih|’(lﬁ0l1 Processes Feature

(selected)

Feature

N
14

Tradeofi Tree Display

Tradeoff
Calibration

Opfimization ﬁ’)

Cptitmization

Data Objects

Variable

Manual
Calibration

Model

Models

Data Set

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 you intend to
use. You use the buttons in these panes to navigate.
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Navigating CAGE

Processes

The Processes pane enables you to select the type of calibration that you want
to perform with CAGE. For example, if you want to calibrate lookup tables by
comparing them to a model, select Feature.

Processes

Feature

]
BB

Tradeoff

U

Optimization

K7
The Processes pane has three buttons:

® Feature shows the Feature view, with any tables or strategies that are
associated with that feature.

For more information, see “Feature Calibrations” on page 9-1.

* Tradeoff shows the Tradeoff view, with a list of the tables and models to
display. For more information, see “Tradeoff Calibrations” on page 10-1.

® Optimization gives you access to the optimization functionality of CAGE.
Here you can set up optimizations and automated tradeoffs. See
“Optimization in CAGE” on page 11-1.

Data Objects

The Data Objects pane lets you identify the different objects that you need to
perform the calibrations with CAGE. For example, if you want to fill lookup
tables by comparing them to models, you need to include models. Select Models
to view the models in your session.
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Data Objects

Madels

The Data Objects pane has these buttons:

® Variable Dictionary stores all the variables, constants, and formulas in
your session. Click Variable Dictionary to view and edit any variables in
any part of your session.

For more information, see “Setting Up Your Variable Items” on page 7-7.

® Tables enables you to see all the tables and normalizers in your session. You
can calibrate tables manually here. See “Using the Tables View” on
page 15-2.

® Models stores all the models in your session. Click Models to show a
graphical display of the models in your session.
For more information, see “Setting Up Your Models” on page 7-14.

® Data Sets enables you to set up operating points for running optimizations,
see the data produced by your objects and use that data to fill tables, and
enables you to compare this with other data such as experimental data.

For more information, see “Data Sets” on page 12-1.

For a more detailed overview of CAGE functionality in different views and
links to in-depth help on each topic, see “Using CAGE” on page 7-1.



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

There are four tutorial chapters, with worked examples to guide you through
using the tools in CAGE:

e “Tutorial: Feature Calibration” on page 2-1 describes how to set up and
calibrate lookup tables by reference to a model.

¢ “Tutorial: Tradeoff Calibration” on page 3-1 describes how to calibrate
lookup tables using tradeoff calibrations.

e “Tutorial: Data Sets” on page 4-1 describes how to validate calibrations using
experimental data.

e “Tutorial: Filling Tables from Data” on page 5-1 describes how to fill lookup
tables using experimental data.

¢ “Tutorial: Optimization and Automated Tradeoff” on page 6-1 describes how
to set up and run optimizations, including automated tradeoff.

Using CAGE

® “Using CAGE” on page 7-1 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.

* “Normalizers” on page 8-1 describes what normalizers are, and how to space
breakpoints in a normalizer.

* “Feature Calibrations” on page 9-1 describes how to calibrate lookup tables
by reference to models built using the model browser.

¢ “Tradeoff Calibrations” on page 10-1 describes how to calibrate lookup tables
by adjusting one value to fulfill different objectives.

® “Optimization in CAGE” on page 11-1 describes how to use the optimization
functions, including automated tradeoffs, and describes all the functions
available for user-defined optimizations.

® “Data Sets” on page 12-1 describes how to use CAGE to compare calibrations
to experimental data, and how to use experimental data to fill lookup tables.
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¢ “Calibration Manager” on page 13-1 describes how to use the Calibration
Manager.
® “Surface Viewer” on page 14-1 describes how to use the Surface Viewer.

* “Manual Calibration and the History Display” on page 15-1 describes how to
use the History viewer, and how to add and delete tables and manually

calibrate tables.

Training Material
The files for the tutorial chapters are all contained in the
matlab/toolbox/mbc/mbctraining directory.



System Requirements

System Requirements

This section lists the following:

® Hardware requirements

® Operating system requirements
® Required MathWorks products
® Optional MathWorks products

Hardware Requirements

The Model-Based Calibration Toolbox has been tested on the following
processors:

e Pentium, Pentium Pro, Pentium |1, Pentium |11, and Pentium IV
e AMD Athlon

Minimum memory:
* 256 MB
Minimum disk space:

* 450 MB for the software and the documentation

Operating System Requirements
The Model-Based Calibration Toolbox is a PC-Windows only product.

You can see the system requirements for MATLAB online at

http://www.mathworks.com/products/system.shtml/Windows

1-11


http://www.mathworks.com/products/system.shtml/Windows

1 e ng Started

Required MathWorks Products

Model-Based Calibration requires the following other MathWorks products:
* Simulink®

® Optimization Toolbox

® Statistics Toolbox

* Extended Symbolic Toolbox

Optional MathWorks Products

The Model-Based Calibration Toolbox can use the following MathWorks
product:

e Neural Networks Toolbox
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Tutorial: Feature

Calibration

This section includes the following topics:

What Are Feature Calibrations?
(p. 2-2)

Setting Up Calibrations (p. 2-4)
Creating a Feature Calibration

(p. 2-10)
Calibrating a Feature (p. 2-16)

Exporting Calibrations (p. 2-25)

Introduction to feature calibrations. These allow you to
calibrate tables by comparing a strategy (or collection of
tables) to a model.

How to set up variables and models in order to calibrate
tables.

Setting up a strategy (or collection of tables) and setting
up tables to prepare for calibration.

How to calibrate normalizers, tables, and the whole
feature (collection of tables) at once, by comparing a
strategy and a model.

How to export calibrations to file.



2 Tutorial: Feature Calibration
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What Are Feature Calibrations?

The feature calibration process within the Model-Based Calibration Toolbox
calibrates an estimator, or feature, for a control subsystem in an electronic
control unit (ECU). These features are usually algebraic collections of one or
more tables. You use the features to estimate signals in the engine that are
unmeasurable, or expensive to measure, and are important for engine control.
The toolbox can calibrate the 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.

An example of an ECU subsystem control feature estimates the value of torque,
depending on the four inputs: speed, load, air/fuel ratio (AFR), and spark angle.

A diagram of this ECU subsystem example follows.

Plant Model for Torque = TQ(speed, load, AFR, spark)

e N ’

Air/tuel I +
ratio I :
| |
Spark I + |
angle | : |
L e e - - - 4
ECU SUBSYSTEM



What Are Feature Calibrations@

In this tutorial example, there are three lookup tables:

® A speed-load table
e A modifier, or table, for AFR
* A modifier for spark angle

This tutorial takes you through the various steps required to set up this feature
and then calibrate it using CAGE. You will use CAGE to fill the tables by
comparing them with a torque engine model.

The model is a copy of the torque model built in the Model Browser's Quick
Start tutorial using engine data. This illustrates how you can use the
Model-Based Calibration Toolbox to map engine behavior and transfer this
information to engine calibrations. You can construct a model using the Model
Browser; then you can use CAGE to calibrate lookup tables by reference to the
model.
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Setting Up Calibrations

Start CAGE by typing
cage

at the MATLAB prompt.

Note If you have a CAGE session open, select File = New —> Project.

Before you can perform a calibration, you must set up the variable dictionary
and models that you want to use.

Setting Up Variables

To set up the variables and constants that you want to use in your calibration,

1 Click Variable Dictionary in the Data Objects pane of CAGE.

The Variable Dictionary displays all the variables, constants, and formulas in
a session.

There are two ways in which you can set up variables:

® Import a variable dictionary
* Add variables and constants to your session

After setting up your variables and constants, you can export the variable
dictionary to use in other calibrations.

Importing a Variable Dictionary
To import a variable dictionary,

1 Select File —> Import —> Variable Dictionary.



Sefting Up Calibrations

2 Select the tutorial.xml file found in matlab\toolbox\mbc\mbctraining
and click Open.

This imports a set of variables and a constant. In our example, the variable
dictionary contains

® N, engine speed
® |, load
* A, AFR

® The stoichiometric constant, stoich

Your display should resemble the following.
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‘) CAGE Browser - Untitled 10| =]
File Edit WYariable Toaols Window Help
DR X|&® || BH
Processes Wariable Dictionarny
Mame | Tupe | Aliaz | Minimuml Ma:-timuml Set F'l:uintl Formula
x M Warable  engine_speed 500 BR00 2500
xL ‘ariable  load, Load 01 1 0.4
Festure x A Variable  afr, AFR 1 17 14.35
; k stoich Congtant 14.25
O
L
Tradeoft
4
Optimization N
Aliaz I engine_speead
Description: I Engine speed [1pm)
Minimum: [ 500 2| Masimum: [ 6500 2
Set Paint; S
Eormula: I

Adding and Editing Variables and Constants
To add a variable for the spark angle,

1 Click L) in the toolbar. This adds a new variable to your dictionary.




Sefting Up Calibrations

2 Select Edit —> Rename (or press F2) to rename the variable.
3 Enter SPK as the name.

4 Set the range of the variable by entering -5 as the Minimum and 50 as the
Maximum.

The variable dictionary enables you to specify different names for the same
variable, and also give descriptions of variables. For example, the variable spk
might be referred to as S or spark in other models.

To ensure that CAGE recognizes an instance of S or spark as the same as spk,
specify the aliases of SPK:

5 Enter S, spark in the Alias edit box.

6 Enter Spark advance (deg) in the Description edit box.

Note The Variable Dictionary is case sensitive: s and S are different.

The variable dictionary enables you to specify a preferred value for a variable.
For example, in the preferred value of the variable, AFR is set as the
stoichiometric constant 14.35.

7 Enter 25 in the Set Point edit box to specify the preferred value for spk.

For more information about the variables, see “Setting Up Your Variable
Items” on page 7-7.

Setting Up Models

A model in the Model-Based Calibration Toolbox is a function of a set of
variables. Typically, you construct a model using the Model Browser; then you
can use CAGE to calibrate lookup tables by reference to the model.

The following example uses a model of how torque behaves with varying spark
angle, air/fuel ratio, engine speed, and load.
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Importing a Model
To import a model built using the Model Browser,

1 Select File —> Import —> Model, which opens a file browser.

2 Browse to matlab\toolbox\mbc\mbctraining, select the tutorial.exm file
(this is a copy of the torque model built in the Model Browser’s Quick Start
tutorial), and click Open. The Model Import Wizard appears.

3 There are two models stored in this file, tg and knot. Highlight tq and select
the check box to Automatically assign/create inputs.

CAGE automatically assigns variables in the variable dictionary to the
model input factors or their aliases (as long as names are exact). If names
are not exact you can select variables manually using the wizard.

4 Click Finish to complete the wizard.

When you complete the wizard, you return to the Models view, as shown
following.



Sefting Up Calibrations

CAGE Browser - Untitled - o ] 4|
File Edit ‘iew Model Tools ‘Window Help ~
nea|x|gzale [|owy B |
Processes I ociels |
Mame | Type | Ihputs | Lawer Output Limitl Upper

kg MEBC model SPE. M. L. A& -Inf

1]

Connections

4

|Read\; |

For more information about models, see “Setting Up Your Models” on
page 7-14.
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Creating a Feature Calibration

The feature calibration process calibrates an algebraic collection of lookup
tables, or strategy, by comparing the tables to the model.

When you have set up the variables and models, you can set up the feature:

Select File —> New —> Feature.
This automatically displays the Feature pane and creates a new feature.

Click the Select Model button. This opens the Select Model dialog. Select
tq (currently the only model in your project) and click OK.

You can see the model appear above the Select Model button.

Create a strategy. For instructions, see the next section, “Setting Up the
Strategy” on page 2-12.

A strategy is a collection of tables. The Model-Based Calibration Toolbox
uses Simulink® to enable you to graphically specify the collection of tables
for a feature.

After you have created a strategy, the next step is to set up your tables. For
more information, see the section, “Setting Up the Tables” on page 2-13.



Creating a Feature Calibration

1. Add a Feature

Set up the variables

Set up the model

4. Initialize t

-} CAGE Browser - Untitled

he tables

3. Set up your strategy

2. Assign a model

=10l x|

File Edit Wiew Featuré Tools  window Help
D @|x|#a||LEo
Proceszes Feature Strategy: Set the shrategy expreszion

A Branch1

haodel: Set the model expression

Select Model... | Deselect Wodel |

— Feature Histary

Comment ¢ Action

Dretails:

Add

Eemoyve |
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Setting Up the Strategy

The toolbox uses Simulink to graphically specify the strategy.

Importing a Strategy
To import a strategy,

1 Select File —=> Import —> Strategy.

2 Select the file called tutorial.mdl, found in
matlab\toolbox\mbc\mbctraining, and click Open.

3 This opens the Import Strategy dialog box. To view the strategy, click
Manual.

This opens the following Simulink window.

| x|
File Edit ‘iew Simulakion Format  Tools  Help
Model Brnwser@ﬁﬂ
______ =Y o] )
M
. Marm_M
— T =
v (ot i
ol T L
il Marm_L
Torque_Dutput
e He——
| | :
F_A Horm_A
e e E
| | SPK
F_SPK Norm_SFK

This shows how the strategy is built up.

4 Now double-click the blue circle labeled Torque Output.

Note This shuts down the Simulink window and parses the new feature into
the calibration browser.
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The New_Feature is the output of the algebraic equation of tables. You can see
this parsed into the Strategy pane as follows:

New_Feature = T(Norm_N(N),Norm_L(L)) + F_A(Norm_A(A)) +
F_SPK(Norm_SPK(SPK))

Select View —> Full Strategy Display to turn off the full description and see
this simplified expression:

New_Feature = T + F_A + F_SPK

This shows the collection of tables that makes up the new feature — a torque
table T (with normalizers in speed (N) and load (L)) combined with modifier
tables depending on the values of air/fuel ratio and spark. You will fill these

tables by using CAGE to compare them with the torque model.

For a more detailed description of the strategies, see “Setting Up Your
Strategy” on page 9-6.

Setting Up the Tables
Currently, the lookup tables have neither rows nor columns, so you must set
up the tables.

Click £ or select Tools —> Calibration Manager. The Calibration Manager

dialog box opens, so you can specify the number of breakpoints for each axis.
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<} Calibration Manager

Rows: I 1|:|§| e I D%I
Coalurnhs: I 12 il

Precision: IEEE Double Precision

Ediit Precisian... |

Calibration File

Calibration File Information

Calibration file

Total number of tems

Murnber of 20 tahbles

Murmber of 10 takles
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Project tem: T
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o
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oo oo oo oo oo

o | e e e e e e e e e |

oo oo oo oo oo
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Kl

(10 % 12) 2D table

2

Close |

To set up table T,

1 Highlight the table T by clicking T in the tree hierarchy.

2 Enter 10 as the number of rows and 12 as the number of columns. This
determines the size of each normalizer.

3 Leave the value for each cell set to 0.




Creating a Feature Calibration

4 Click Apply. The pane changes to show the table is set up.
5 Follow the same procedure for the F_A table. In other words,
a Highlight the F_A node.
b Set the number of rows to be 10 and press Enter.
¢ Leave the value for each cell set to 0.
d Click Apply.

6 Repeat step 5 for F_SPK.

Note The icons change as you initialize each table or function.

7 Click Close to leave the Calibration Manager.

After completing these steps, you can calibrate the lookup tables.
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Calibrating a Feature

The feature contains both a strategy (which is a collection of tables) and a
model. You can use CAGE to fill the lookup tables using the model as a
reference.

These are the three steps to calibrate a feature:
1 Calibrate the normalizers.

2 Calibrate the tables.

3 Calibrate the feature as a whole.

These steps are described in the next sections.

Click the expand icon, =, to expand the nodes and display all the tables and
normalizers in the feature.

Feature |

3. Calibrate the feature — S % New Feature
fer

|/ MNam N

<i__._{ Morm_L

= F A
— ] Mo A

1. Calibrate the normalizers EL. F Pk
e Mam_SPE

Each node in the display has a different view and different operations.

2. Calibrate the tables

Calibrating the Normalizers

Normalizers are the axes for the lookup tables. Currently, Norm_N has 12
breakpoints; the other normalizers have 10 breakpoints each. This section
describes how to set values for the normalizers Norm_N and Norm_L, based on
the torque model, tq.

To display the Normalizer view, select the normalizer Norm_N in the branch
display.



Calibrating a Feature

Input output display Normalizer display Breakpoint spacing display

Horm_M |

Input Bregkpoint Spacing
0.00
1.00
2.00
3.00
4.00
5.00
G.00
7.00
8.00
5.00
10.00
11.00

]
=
=
=
—

Mormalizer Dis

52

e ===l s RE= R A RS R R R Ea =y

—_ =

MHarn_L

Input Qutput Breakpoint Spacing
0.00 I
1.00
2.00
3.00
4.00
5.00
.00
7.00
8.00
9.00

W00 = O N | LD D =

The Normalizer view has two panes, Norm_N and Norm_L.

In each pane, you see

* An input/output table
* A normalizer display
* A breakpoint spacing display
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In both Normalizer panes, the Input Output table and the Normalizer
Display show the position of the breakpoints.

The Breakpoint Spacing display shows a blue slice through the model with
the break points overlaid as red lines.

For a more detailed description of the Normalizer view, see “Normalizer View”
on page 8-14.

Placing the Breakpoints Automatically

You now must space the breakpoints across the range of each variable. For
example, Norm_N takes values from 500 to 6500, the range of the engine speed.

To space the breakpoints evenly throughout the data values,
1 Click [l in the toolbar. Alternatively, select Normalizer —> Initialize.
This opens a dialog box that suggests ranges for Norm_N and Norm_L.

2 To accept the default ranges of values of the data, click OK.

A better fit between model and table can often be achieved by spacing the
breakpoints nonlinearly.

1 Click & in the toolbar. Alternatively, select Normalizer —> Fill.

This opens a dialog box that suggests ranges for Norm_N and Norm_L. It also
suggests values for AFR and SPK; these values are the set points for AFR and
SPK.

2 To accept the values in the dialog box, click OK.

This ensures that the majority of the breakpoints are where the model is
most curved. The table now has most values where the model changes most.
So, with the same number of breakpoints, the table is a better match to the
model.

For more information about calibrating the normalizers, see “Normalizers”
on page 8-1.

You can now calibrate the lookup tables; this is described in the next section.



Calibrating a Feature

Calibrating the Tables

The lookup tables currently have zero as the entry for each cell. This section
demonstrates how to fill the table T with values of torque using the torque

model, tq.

To view the Table display, click the T node.

Lookup table

Graph of table

jtcomF
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0155
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0582

0727
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0843
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olo|lojo|lolo|lo|o|lo|o

olo|lojo|lolo|lo|o|lo|o

LEe

Plot type: IFeature (hlue) & Mocel

Feature and Model Inputs

Mame

Walue

i

500 to G500, 20 poirts

L

0.1 to1, 20 points
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ean souare error

2833

Total square error
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Error between table and model

Comparison o

results
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This view has three panes: the table, the graph, and the comparison-of-results
pane.

To fill the table with values of the model at the appropriate operating points,
1 Click £ on the toolbar.

This opens a dialog box that suggests the set points of AFR and SPK as
appropriate values for evaluating the model over the range of N and L.

2 Click OK.

The following view shows the table filled with values of the model.

Lm 500 1054 622 1608244 21658
0.1 -3.19 -2.865 .
0.155 2.485 3117 3.38 ;
0.245 12.899 13.673 14.047 1.
0.391 28.745 28.753 30.5359 3
0.582 43 632 50.061 31.01 !
0.727 G4.542 66.105 6715 53
0.827 VE.393 77892 78893 7!
0.591 54193 §5.9396 G6.416 8l
0.945 90.974 92131 92.823 .
1 a7 626 95.545 95.903 Qi
[ ]
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The following comparison-of-results pane shows just how good a fit the strategy
is to the model.

Plot type: | Feature (hlue) & Model d

Festure and Model Inputs

[Matme “alue
&l 500 to 6500, 20 points
L 01 to1, 20 points
A 14.35
SPK 250
Error statiztics
Maxitnum errar 0.32358 =
lean square errar 0.01156 -
Total zoquare error 4 625 ﬂ

The model is represented by the multicolored surface and the strategy is the

blue surface.

The table T is now filled with values of the model at these operating points.

For more information about the process of filling tables, see “Calibrating the
Tables” on page 9-12.

Now you must fill the tables F_A and F_SPK and their normalizers. The tables
are modifiers for AFR and the spark angle respectively. These steps are
described in the next section.

Calibrating the Feature

A feature is a strategy (which is a collection of tables) and a model. Currently
the torque table, T, is filled with values of the torque model, tq. You must now

calibrate the normalizers and tables for F_A and F_SPK.

You could calibrate the normalizers and then the tables for F_A and F_SPK in
turn. However, CAGE enables you to calibrate the entire feature in one

procedure.

To view the Feature view following, click the New_Feature node.
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Dretails:

To calibrate all the tables and their normalizers,

1 Select Feature —> Fill (or use the Fill Feature toolbar button) to open a
dialog box.
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2 Confirm the variable ranges and the table-filling order by clicking OK in the
Feature Filling Options dialog box.

All three tables and normalizers are filled.

As the model and the feature are four-dimensional objects, it is difficult to fully
view a comparison between the feature and the model. A meaningful
comparison is shown in the lower half of the following figure (select the F_A
node in the branch display). The equation model = strategy is rearranged so
that the table is compared to the model and the remainder of the strategy.

A F_a

11 -0.251
11.909 0.307
12.758 0.534
13.606 0.456
14394 0073
15.061 -0.53
15.606 -1.326
16.091 -2.351
16.515 -3.543

17 -5.305

Plot type: | Feature (blue) & Model d

Feature and Madel Inputs

Mame Yalue
A 11 1017, 20 poirts
M 2500
L 04
SPK 25.0

Error statistics

baxitnumm errar 0.06336 =
hlean square error 0.002097 |
Total sguare error 0.04183 ﬂ
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This display shows that the range of the normalizer for F_A is 11 to 17, the
range of AFR. The lower pane shows a comparison between the red strategy
and a slice through the model, over the range of AFR.

You can use CAGE to improve on these results. CAGE can run an optimization
routine over the feature to minimize the total square error between the model
and the feature.

To optimize the feature,
1 Select the New_Feature node.
2 Click ﬂ This opens a dialog box, suggesting ranges for the variables.

3 To confirm the default variable ranges and table-filling order, click OK in
the dialog box.

This reduces the error between the feature and the model.
To view this reduction in error, select the F_A node in the branch display.

Notice that the mean square error between the model and the feature over this
range of values is 0.001348, which is less than the 0.002097 previously
obtained.

This completes the calibration of the torque feature.

For more information about calibrating features, see “Calibrating the Feature
Node” on page 9-39.

You now need to export the calibration for the ECU.



Exporting Calibrations

Exporting Calibrations
To export your feature,
1 Select the New_Feature node in the branch display.
2 Select File —> Export —> Calibration.

3 Choose the type of file you want to save your calibrations as. You can choose
from

= Comma Separated Value (.csv)
= MAT-file (mat)
= M-file script

4 For the purposes of this tutorial, select Comma Separated Value (.csv).

5 Enter tutorial.csv as the file name and click Save.

This exports the successful calibration, ready for the ECU.
Note that what you export 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 outputs the whole feature (all tables and normalizers).
® Selecting a branch node outputs all the features under the branch.

You have now completed the feature calibration tutorial.
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Tutorial: Tradeoff
Calibration

This section includes the following topics:

What Is a Tradeoff Calibration? (p. 3-2) Introducing tradeoff calibrations.

Creating a Tradeoff Calibration (p. 3-3) Adding tables and displaying models to set up a tradeoff
calibration.

Performing the Tradeoff Calibration How to use tradeoff: calibrating normalizers, setting
(p. 3-8) value for other variables, filling key operating points, and
filling the table by extrapolation.

Exporting Calibrations (p. 3-18) How to export your calibration.
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What Is 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 over the values that produce
the maximum value of torque.

This tutorial takes you through the various steps required for you to set up this
tradeoff, and then to calibrate the lookup table for it.



Creating a Tradeoff Calibration

Creating a Tradeoff Calibration

Start CAGE by typing
cage
at the MATLAB prompt.

Before you can calibrate the lookup tables, you must set up the calibration.

1 Select File —> Open Project (or the toolbar button) to choose the
tradeoffInit.cag file, found in the matlab\toolbox\mbc\mbctraining
directory, then click OK.

The tradeoffInit.cag project contains two models and all the variables
necessary for this tutorial. For information about how to set up models and
variables, see “Using CAGE” on page 7-1.

To create a tradeoff calibration,
2 Select File —> New —> Tradeoff.

This takes you to the Tradeoff view. You need to add tables and display
models to the tradeoff, which are described step by step in the following
sections:

= “Adding Tables to a Tradeoff Calibration” on page 3-5.

= “Displaying the Models” on page 3-6 describes how you display the models
of torque and NOX emissions.
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1. Open the
project file.

3. Add new table.

4. Select item to fill 5. Display the models.
table. -

2. Add a new ‘) CAGE Browser - tradeoffInit.cag A |EI|5|
tradeoff —File\ Edit Tradeoff Tools window\ Help
DB | XD sy
Processzes |Tradeoff | Tahles
------ OO MNew Tradeolf | Table size:
Tahble inputs:
Tables In Tradeoft | Filed By | &dditional lng
4| | |
|Additional Display Madels |
Available Models | Type | Digplay Models | Type |
A TO_ModslN, L, ... MBC..
A NOXFLOW Mod.. MBC .

H -
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Adding Tables to a Tradeoff Calibration

The models of torque and NOX are in the current session. You must add the
lookup table to calibrate.

Both models have five inputs. The inputs for the torque and NOX models are

® Exhaust gas recycling (EGR)
¢ Air/fuel ratio (AFR)

® Spark angle

® Speed

® Load

For this tutorial, you are interested in the spark angle over the range of speed
and load.

To generate a lookup table for the spark angle,

1 Click E (Add New Table) in the toolbar. This opens the Table Setup
dialog.

Table Setup x|

Mate:  [Spark

¥ input: |N

Y input: ||_

Riowes: I 10;‘ Initial walue: I D%
Colurmns: I 13;‘

QK | Cancel |

2 Enter Spark as the table Name.

3 Check that N is the X input and L is the Y input (these are selected
automatically as the first two variables in the current Variable Dictionary).

4 Enter 10 as the size of the load axis (Rows).

5 Enter 13 as the size of the speed axis (Columns).
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6 Click OK.

7 Double-click the new Spark table under Tables in Tradeoff, or click to select
the table and then click Change Filling Item (' 2| ) in the toolbar. A dialog
appears where you can select inputs to fill thetabple.

<} Select Filling Tkem ' X|

Select the item you wart to fill table MNew 20 Table with:

|tem | Type |
o\ TO_Model MBC model

4\ MORFLOW _Madel MBC model
— List options

% Display models

" Digplay varishles

" Display all tems

[¥ Crly show items that are not filing another table

QK Cancel

8 Select Display variables, then select SPK to fill the table and click OK.

Before you can perform the calibration, you must display the models.

Displaying the Models

For this tutorial, you are comparing values of the torque and NOX models.
Thus, you need to display these models.

To display both models,

* Click 4# Display Model in the toolbar twice. This will move both available
models into the Display list.
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¢ Alternatively, click Ll twice to include both models in the current display. In
this case you want to include all available models. You can click to select

particular models in the list to display.

The Display Models pane following shows both models selected for display.

|Add'rtiu:|nal Display Models

Available Maodels | Type | Dizplay todels | Type

HATO_ModellN, L. & SPK.E]  MBC madel
HANORFLOW ModelN, L, A, ... MBC model

H
JE1

You can now calibrate the tradeoff.
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Performing the Tradeoff Calibration

You now fill the lookup table for spark angle by trading off gain in torque for
reduction in NOX emissions.

The method that you use to fill the lookup table is

® Obtain the maximum possible torque.
® Restrict NOX to below 250 g/hr at any operating point.

To perform the tradeoff calibration, follow the instructions in the next four
sections:

1 Check the normalizers.
2 Set values for the other variables, AFR and EGR.
3 Fill key operating points with values for spark angle.

4 Fill the table by extrapolation.

Once you have completed the calibration, you can export the calibration for use
in the electronic control unit.



Performing the Tradeoff Calibration

3. Trade off torque and NOX to find values of spark to 4. Fill the table by extrapolation.
5. Export the calibration. fill key operating points in the table.

<} CAGE Browser - tradeoffInit.cag
File Edit Wiew Tables Inputs Toogls

Dsd|x|Fe * BEEEEE DK

window H

T Rra|o

Processes Tradeoff Tahle: Spark Selected cell
Filled! by SPK L =07,M= 5000
a0 5000
04 2654 27|
0s i 215 2
i 05 157353 1¢
1. Check the normalizers: 0.7 o B
08 5304 :
03 1 529 i
1 2216 B
4 3
Value: T T T T T
58.724 80 BRREE Rae I
3 [ T
- 6l 3y Fer==——i o~ | fr3fi----%n-oH | bke===a-----0 E
R R S AR S
Data Ohjects E' a0 S EEELI BERE ceeedee TN
20 B B e
Vaue 80003 P o —
248739 T . N oo
= n SR ARl S iaiihe|  RERR IR
z H . H i i f/ i i
S 2000 PR J. b f=d R
z i e
= N P
2 : =S ==
w
o 5 10
E
2. Set values for the other 145 2 || 832 | [2204se0s 2]
variables, either

individually for each
operating point or in the
Variable Dictionary.




3 Tutorial: Tradeoff Calibration

3-10

Checking the Normalizers

A normalizer is the axis of the lookup table (which is the collection of
breakpoints). The breakpoints of the normalizers are automatically spaced
over the ranges of speed and load. These define the operating points that form
the cells of the tradeoff table.

Expand the Tradeoff tree by clicking the plus sign in the display, so you can see
the normalizers Speed and Load. Click to highlight either normalizer to see the
normalizer view. A tradeoff calibration does not compare the model and the

table directly, so you cannot space the breakpoints by reference to the model.

Miormalizer (W) |
Inpit Output Mormalizer Dizplay Breakpoint Spacing
=00 0 1% raaaenooooooc o q
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10 .................... ]
1500 2 0.8
2000 3 gliig i
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Setting Values for Other Variables

At each operating point, you must fill the values of the spark table. Both of the
models depend on spark, AFR (labeled A, in the session), and EGR (labeled E in
the session). You could set the values for AFR and EGR individually for each

operating point in the table, but for simplicity you will set constant values for
these model inputs.

To set constant values of AFR and EGR for all operating points,

2

Click Variable Dictionary in the Data Objects pane.
Click A and change the set point to 14.3, the stoichiometric constant.
Click E and change the set point to 0.

You have set these values for every operating point in your tradeoff table.

You can now fill the spark angle lookup table. The process is described next.

Click Tradeoff in the Processes pane to return to the tradeoff view.
Highlight the Spark node in the branch display.

In the lower pane, check that the value for A is 14.3, and the value for E is
0, as shown in the following example. You leave these values unchanged for
each operating point.

For each operating point you change the values of spark to trade off the torque
and NOX objectives; that is, you search for the best value of spark that gives
acceptable torque within the emissions constraint. The following example
illustrates the controls you use, and there are step-by-step instructions in the
following section.
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Filling Key Operating Points
You now fill the key operating points in the lookup table for spark angle.

The upper pane displays the lookup table, and the lower pane displays the
behavior of the torque and NOX emissions models with each variable.

The object is to maximize the torque and restrict NOX emissions to below 250
g/hr.



Performing the Tradeoff Calibration

Determining the Value of Spark

At each operating point, the behavior of the model alters. The following display
shows the behavior of the models over the range of the input variables at the
operating point selected in the table, where speed (N) is 4500 and load (L) is
0.5. You can show confidence intervals by selecting View —> Display
Confidence Intervals.

Value of the torque model

“alue: 4000
L I e S
: : | | ! ! ! ! !
' 2000 SRR R B & R B R R
g ' | |
o 1000 St e I e L e
S ] 1 1
S ol —
-1000
- = -
12 14 18 0 20 20 0 5 10
& SPK E
| 143 2] | 02 | 04
Value of the NOX model

The top three graphs show how the torque model varies with the AFR (labeled
A), the spark angle (SPK), and the EGR (E), respectively. The lower panes show
how the NOX emissions model varies with these variables.

You are calibrating the Spark table, so the two spark (SPK) graphs are green,
indicating that these graphs are directly linked to the currently selected lookup
table.

1 Select the operating point N = 4500 and L = 0.5 in the lookup table.

3-13



3 Tutorial: Tradeoff Calibration

2 Now try to find the spark angle that gives the maximum torque and restricts
NOX emissions to below 250 g/hr. You can change the value of spark by
clicking and dragging the orange line on the SPK graphs, or by typing values
into the SPK edit box. You can change the values of any of the other tradeoff
variables in the same way, but as you have already set constant values for
A and E you should not change these. Try different values of spark and look
at the resulting values of the torque and NOX models.

3 Click to select the top SPK - TQ_Model graph (when selected the graph is
outlined as shown in the following example).

4 Now click ‘Find maximum of output’ ( 7~ ) in the toolbar. This calculates the
value of spark that gives the maximum value of torque. The following
display shows the behavior of the two models when the spark angle is
26.4458, which gives maximum torque output.

Torque model behavior

99% Confidence interval for the torque
model

NOX model behavior

SPK —— Value of spark

At this operating point, the maximum torque that is generated is 48.136
when the spark angle is 26.4458. However, the value of NOX is 348.968,
which is greater than the restriction of 250 g/hr. Clearly you have to look at
another value of spark angle.
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5 Click and drag the orange bar to change to a lower value of spark. Notice the
change in the resulting values of the torque and NOX models.

6 Enter 21.5 as the value of SPK in the edit box at the top of the SPK column.

The value of the NOX emissions model is now 249.154. This is within the
restriction, and the value of torque is 47.2478.

At this operating point, this value of 21.5 degrees is acceptable for the spark
angle lookup table, so you want to apply this point to your table.

7 Press Ctrl+T or click @ (Apply table filling values) in the toolbar to apply
that value to the spark table.

This automatically adds the selected value of spark to the table and turns
this cell yellow. It is blue when selected, yellow if you click elsewhere. Look
at the table legend to see what this means: yellow cells have been added to
the extrapolation mask, and the tick mark indicates you saved this input
value by applying it from the tradeoff. You can use the View menu to choose
whether to display the legend.

8 Now repeat this process of finding acceptable values of spark at four more
operating points listed in the table following. In each case,

= Select the cell in the spark table at the specified values of speed and load.

= Enter the value of spark given in the table (the spark angles listed all
satisfy the requirements).

= Press Ctrl+T or click @ (Apply table filling values) in the toolbar to apply
that value to the spark table.

Speed, N Load, L Spark Angle, SPK
2500 0.3 25.75

3000 0.8 10.7

5000 0.7 8.2

6000 0.2 41.3
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After you enter these key operating points, you can fill the table by
extrapolation. This is described in the next section.

Filling the Table by Extrapolation

When you have calibrated several key operating points, you can produce a
smooth extrapolation of these values across the whole table.

When you apply the value of the spark angle to the lookup table, the selected
cell is automatically added to the extrapolation mask. This is why the cell is
colored yellow. The extrapolation mask is the set of cells that are used as the
basis for filling the table by extrapolation.

Click [ to fill the table by extrapolation.
The lookup table is filled with values of spark angle.

The following figure displays the view after extrapolation over the table.



Performing the Tradeoff Calibration
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Note Not all the points in the lookup table will necessarily fulfill the
requirements of maximizing torque and restricting the NOX emissions.

You could use these techniques to further improve the calibration and trade off
torque and NOX to find the best values for each cell in the spark table.

For a more detailed description of tradeoff calibrations, see “Tradeoff
Calibrations” on page 10-1.

You can now export this calibration to file.
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Exporting Calibrations
To export your table and its normalizers,

1 Select the Spark node in the branch display.
2 Select File —=> Export —> Calibration.

3 Choose the file type you want for your calibration. You can choose from

= Comma Separated Value (.csv)
= MAT-file (mat)
= M-file

4 For the purposes of this tutorial, select Comma Separated Value (.csv).

5 Enter tradeoff.csv as the file name and click Save.

This exports the spark angle table and the normalizers, Speed and Load, ready
for an ECU.

You have now completed the tradeoff calibration tutorial.



Tutorial: Data Sets

This section includes the following topics:

Setting Up the Data Set (p. 4-2)

Comparing the Items in a Data Set
(p. 4-7)

Reassigning Variables (p. 4-14)

You can use the Data Sets view in CAGE to compare
features, tables, and models with experimental data. This
tutorial takes you through the basic steps required to
compare a completed feature calibration to a set of
experimental data. This section covers how to set up a
new data set, open an existing calibration, import
experimental data into a data set and add data set items.

How to use to views to investigate data sets, viewing as
tables or plots, displaying errors and using color in the
display.

How to alter the data set by changing which variables are
used for project expressions. You can also use data sets to
fill lookup tables from experimental data. For
information, see “Tutorial: Filling Tables from Data” on
page 5-1.
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Setting Up the Data Set

You can use the Data Sets view in CAGE to compare features, tables, and
models with experimental data. You can use data sets to plot the features,
tables, etc., as tabular values or as plots on a graph.

Data sets enable you to view the data at a set of operating points. You can
determine the set of operating points yourself, using Build Grid. Alternatively,
you can import a set of experimental data taken at a series of operating points.
These operating points are not the same as the breakpoints of your tables.

This tutorial takes you through the basic steps required to compare a
completed feature calibration to a set of experimental data.

Start CAGE by typing
cage

at the MATLAB prompt.

To set up the data set tutorial, you need to
1 Open an existing calibration.
2 Import the experimental data.

3 Add the Torque feature to the data set.

Your data set contains all the input factors and output factors required. As the
imported data contains various operating points, this information is also
included in the data set.

The next sections describe these processes in more detail.



Sefting Up the Data Sef

Opening an Existing Calibration

For this tutorial, use the file datasettut.cag, found in the
matlab\toolbox\mbc\mbctraining directory.

To open this file,
1 Select File —> Open Project.

2 In the file browser, select datasettut.cag and click Open.

This opens afile that contains a complete calibrated feature with its associated
models and variables. This particular feature is a torque calibration, using a
torque table (labeled T1) and modifiers for spark (labeled T2) and air/fuel ratio
(labeled T3).

For information about completing a feature calibration, see “Feature
Calibrations” on page 9-1.

3 Select File —> New —> Data Set to add a new data set to your session.

This automatically switches you to the Factor Information pane of the data
set display.

Importing Experimental Data into a Data Set
To import data into a data set,
1 Select File —> Import —> Data.

2 In the file browser, select meas_tq_data.x1ls from the mbctraining
directory, and click Open.

This set of data includes six columns of data, the test cell settings for engine
speed (RPM), and the measured values of torque (tgmeas), engine speed

(nmeas), air/fuel ratio (afrmeas), spark angle (spkmeas), and load (1oadmeas).

3 The Data Set Import Wizard asks which of the columns of data you would
like to import. Click Next to import them all.

The following screen asks you to associate variables in your project with
data columns in the data.
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4 Highlight afr in the Project Assignments column and afrmeas in the Data
Column, then click the assign button, shown.

<

5 Repeat this to associate load with loadmeas, n with RPM, and spk with
spkmeas. The dialog box should be the same as shown.

-} Data Set Import Wizard 1ol =l

— Match data columnz in right ligt to project expressions in left lizt
Mate: Unazsigned columns will be treated az output data
Froject Azzignments Data Colurins
Project | Drata Column Mame | Column
x afr afrmneas X afrmeas 4
X load lpadmeas X loadmeas 3
X n RP v nreas 2
X spk spkmeas PR X RPM 1
x zpkmeas ]

x tgmeaz E

l | B | |+

<- Back | Finigh | Cancel

Assign button

6 Click Finish to close the dialog box.
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Note If you need to reassign any inputs after closing this dialog you can
click ﬂ in the toolbar or select Data —> Assign.

Adding an Item to a Data Set
To add the Torque feature to the data set,

1 Highlight the Torque feature in the lower list of Project Expressions.

2 Select Data —> Factors —> Add to Data Set.

This adds two objects to the data set: Torque: Model and Torque: Strategy.
These two objects make up the Torque feature.

® Torque: Model is the model used as a reference point to calibrate the feature.

® Torque: Strategy is the values of the feature at these operating points.

When these steps are complete, the list of factors includes four input factors
and four output factors, as shown.
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Comparing the Items in a Data Set

By viewing the data set, you can compare experimental data with calibrations
or models in your project.

Viewing the Data Set as a Table

Click M in the toolbar to view the data set as a table of values.

@n- n @n- load @n- afr @n- =pk nmeas tomeas Tk Torgue: Model| T+ Torgue: Strate:

1 2235 0.549 95 0.1 2247 BG.7 71 BEE
2 ey | 0.454 13.2 0.1 3615 4.1 47 163
3 4346 0.651 12 0.1 4974 737 47 573
4 G551 0.645 1149 a7 G551 5.8

5 2234 0.441 133 0.1 2247 559 51 .256
13 ey | 0.747 1049 0.1 3612 30 92837
7 4947 0.541 97 0.1 4973 628

8 51 0.622 949 0.1 G54 721 7E.195
9 1219 0.333 14 0.1 1224 418 33.226
10 1555 0.352 12 0.1 1567 49.4 40457
11 1896 0.209 107 3.3 1906 285

12 2234 0.254 9.5 3.2 2245 36 23.063
13 2574 0.407 134 3 2555 499 49629
14 2914 0.595 115 31 2929 0.5

15 3251 0.781 123 31 3268 0.5 117 .424
16 3559 0.665 135 3 FEO0G 77 g7 .9587
17 3930 0.452 114 31 3952 527 46.511
18 4265 0.235 1049 3 4293 2T

19 4606 0.134 12 32 4633 2.3 -2.088

In the table, the input cells are white and the output cells are grey. Select the
Torque: Strategy column header to see the view shown. The selected column
turns blue and the column headers of the strategy’s inputs (n, load, afr and
spk) turn cream. Column headers are always highlighted in this way when
they are associated with the currently selected column (such as model inputs,
strategy inputs or linked columns).

In addition to viewing the columns, you can use data sets to create a column
that shows the difference between two columns:

1 Select the tgmeas and Torque: Strategy columns by using Ctrl+click.
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2 Select Create Error from the right-click menu on either column header.

This creates another column that is the difference between tgmeas and Torque:
Strategy. Note that all the columns that are inputs to this new column have
highlighted headers.

@n- n @n- load @n- afr @n- =pk nmeaz | tgmeas |TB Torgue: Model| T8 Torgue: Strategy| P tgmeas_minus_Torgue
1 2235 0.549 95 0.1 2247 BE.7 71 BEE
2 ey | 0.454 13.2 0.1 3613 541 47 163
3 4946 0651 12 0.1 4374 737 47 573
4 51 0645 1149 a7 G851 758 99.23
5 2234 0.441 133 0.1 2247 554 51 .256
[ ey | 0.747 1049 0.1 3612 g0 92837 105586
T 4947 0.541 97 0.1 4373 G628 5776
] G551 0622 9.9 0.1 G54 721 7E.195
9 1219 0.333 14 0.1 1224 418 33.226
10 1555 0.352 12 0.1 1867 49.4 40457
11 1896 0.209 107 3.3 1906 285 3492
12 2234 0.254 9.5 3.2 2245 36 23.063
13 2574 0.407 134 3 2588 439 49629
14 2914 0.595 115 31 2929 705 5468
15 3251 0.7a1 123 31 3268 05 117 .424 117 259
16 3559 0665 135 3 3605 A g7 .9587
17 3930 0.452 114 31 3952 527 46.511
18 4265 0.235 1049 3 4293 257 5.253
19 4606 0194 12 32 4633 213 -2.088

The error column is simply the difference between tgmeas and Torque:
Strategy. This provides a simple way of comparing the feature and the
measured data.

Viewing the Data Set as a Plot

1 Click H or select View —> Plot to view the data set as a plot.

The lower pane lists all the output expressions in the data set and in the
project.

2 Use Ctrl+click to select tgqmeas and Torque: Strategy from the lower list.
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3 Change the x-axis factor to n from the drop-down menu.

This displays the calibrated values of torque from the feature, and the

measured values of torque from the experimental data, against the test cell

settings for engine speed.

Clearly there is some discrepancy between the two.

Displaying the Error

View the error between the calibrated and measured values of torque.
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| 2. Select Absolute
Relative Error
(tqmeas - Torque).

b -
1. Select tqmeas_minus_Torque.

1 Select tgmeas_minus_Torque from the lower list (Output Expressions).

2 For the y-axis factor, select Absolute Relative Error (tgmeas - Torque)
from the drop-down menu.
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As you can see, there seems to be no particular correlation between engine
speed and the error in the calibration.

Coloring the Display

1 Select Color by Value from the right-click menu on the graph.

2 From the color by drop-down menu, select load.
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—
o
o

]
=

Absolute Relative Emor (%) (tgmeas - Torque)
e m
[} o

[ul
[}
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i Color by:
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In this display, you can see that some of the low values of load display a high

error.
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Limiting the Range of the Colors

Iz
0.5
074 . .
| Adjust the maximum
value of the range
Lw-{0 52
- . .
e Adjust the mid
value of the range
-
0.40
Adjust the minimum
—value of the range
028
{¢ Limit range L.
L Limit range
Calar by: check box
Iload "I

To view the colors in more detail, you can limit the range of the colors:

1 Select the Limit range box (or you could right-click the graph and select
Restrict Color to Limits).

2 Set the minimum value of the color range to be as low as possible by
dragging the minimum value down.

3 Set the maximum value of the color range to be around 0.4.
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As the low values of load are causing large errors, it would be wise to reexamine

the calibration, particularly at small values of load.

IIDad j

4-13



4 Tutorial: Data Sets

Reassigning Variables

Instead of using the test cell settings for the engine speed (RPM), you might
want to use the measured values of engine speed (nmeas). So you have to
reassign the variable n to nmeas.

To reassign n,
1 Click B4 or select Data —> Assign.

2 Inthe dialog that appears, select n from the Project Assignments pane and
nmeas from the Data Columns pane.

3 Click the assign button.

) Data Set Assign ;lglﬂ

— Match data columng in right list to project expressions in left list
Mote: Unassigned columng will be treated as output data
Froject dezignments Drata Columng
Praject | [rata Calurin M arne | Colurnn
X afr afimeas X afrmeas 4
X load loadmeas X Iloadmeas 3
Xn nmeag o X nmeas 2
X spk spkrmeas &« RPr 1
X spkmeaz b
® tgmeas B
| | B | |
[ Show all expressions

}Assigning nmeas to n; unassigning data column BPM. 0K Caricel

You can now compare your calibration with your experimental data again,
using the techniques described.
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For more information about the complete functionality of data sets, see “Data
Sets” on page 12-1.

You have now completed the data sets tutorial.
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Tutorial: Filling Tables
from Data

This section includes the following topics:

Setting Up a Table and Experimental  How to set up a new table and import experimental data.
Data (p. 5-2)

Filling the Table from the How to fill a table from experimental data.
Experimental Data (p. 5-9)

Selecting Regions of the Data (p. 5-13) How to use regions to include only the data you want to
use.

Exporting the Calibration (p. 5-15) How to export your calibration.
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Setting Up a Table and Experimental Data

If you are considering a straightforward strategy, you might want to fill tables
directly from experimental data. For example, a simple torque strategy fills a
lookup table with values of torque over a range of speed and relative air charge,
or load. You can use CAGE to fill this strategy (which is a set of tables) by
referring to a set of experimental data. You can also fill tables with the output
of optimizations.

This tutorial takes you through the steps of calibrating a lookup table for
torque, based on experimental data.

® This section describes the steps required to set up CAGE in order to calibrate
a table by reference to a set of data.

* “Filling the Table from the Experimental Data” on page 5-9 describes the
process of filling the lookup table.

® “Selecting Regions of the Data” on page 5-13 describes how you can select
some of the data for inclusion when you fill the table.

® “Exporting the Calibration” on page 5-15 describes how to export your
completed calibration.

1 Start CAGE by typing

cage
at the MATLAB prompt.
If you already have a CAGE session open, select File —> New Project.

First you will set up a blank table ready for filling using experimental data or
optimization output.
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The steps that you need to follow to set up the CAGE session are
1 Add the variables for speed and load by importing a variable dictionary.
2 Add a new table to your session.

3 Import your experimental data.

The next sections describe each of these processes in detail.

Adding Variables

Before you can add tables to your session, you must add variables to associate
with the normalizers or axes.

To add a variable dictionary,
1 Select File —> Import —> Variable Dictionary.

2 Select table _filling_tutorial.xml from the
matlab\toolbox\mbc\mbctraining directory.

This loads a variable dictionary into your session. The variable dictionary
includes the following:

® N, the engine speed

¢ |, the relative air charge

e A, the air/fuel ratio (AFR)

® stoich, the stoichiometric constant

You can now add a table to your session.
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Adding a New Table
You must add a table to fill.

To add a new table,
1 Select File —> New —> 2D table.

This opens a dialog box that asks you to specify the variable names for the
normalizers. As you can see in the dialog controls, accepting the defaults will
create a table with ten rows and ten columns with an initial value of 0 in
each cell.

2 Change the number of columns to 7.

3 Select L as the variable for normalizer Y and N as the variable for normalizer
X, then click OK.

Note In CAGE, a 2-D table is defined as a table with two inputs.

CAGE takes you to the Tables view, where you can see the following.
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Inspecting the Values of the Normalizers

CAGE has automatically initialized the normalizers by spacing the
breakpoints evenly across the range of values for the engine speed (N) and load
(L). The variable ranges are found in the variable dictionary. Switch to the
Normalizer view to inspect the normalizers.
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4 Expand the table branch by clicking =, and select NNormalizer as shown.

Tahles |

Elj" Hew_20_Table
i/ NNamaliser
i/ LHamaliser
4/ NNomaliser
“edd LNomaliser

This displays the two normalizers for the table.

You have an empty table with breakpoints over the ranges of the engine speed
and load, which you can fill with values based on experimental data.

Importing Experimental Data

To fill a table with values based on experimental data, you must add the data
to your session. If you want to fill a table with the output of an optimization,
the output appears automatically in the Data Sets view as a new data set called
Exported Optimization_Data when you select the Export to Data Set toolbar
button. For this tutorial you need to import some experimental data.

CAGE uses the Data Sets view to store grids of data. Thus, you need to add a
data set to your session as well.

Select File —> New —> Data Set to add a data set to your session. This changes
the view to the Data Set view.

You can now import experimental data into the data set:
1 Select File —> Import —> Data.

2 In the file browser, select meas_tq_data.csv from the
matlab\toolbox\mbc\mbctraining directory and click Open.

This set of data includes six columns of data: the test cell settings for engine
speed (RPM), and the measured values of torque (tgmeas), engine speed
(nmeas), air/fuel ratio (afrmeas), spark angle (spkmeas), and load (1oadmeas).



Sefting Up a Table and Experimental Data

3 This opens the Data Set Import Wizard. The first screen asks which of the
columns of data you want to import. Click Next to import them all.

The following screen asks you to associate variables in your project with
data columns in the data.

4 Highlight N in the Project Assignments column and nmeas in the Data
Column, then click the assign button, shown.

4

5 Repeat this to associate L with loadmeas. The dialog box should be the same
as the following.

) Data Set Import Wizard : o ] |
— Match data columns in right list bo project expressions in left list
Mote: Unaszsigned columns will be treated az output data
Project Aszsignments [rata Columnz
Project | [1ata Column Mame | Calumn
XA x afrmeas 4
xL loadmeas X loadmeas 3
x M nmeas o X nmeas 2
= RPH 1
X spkmeas i}
x tqmeas 3
Ej
J o ‘ o]
[ Show all expressions
(0]:4 Cancel
Assign button
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6 Click Finish to close the dialog box.

You now have an empty table and some experimental data in your session. You
are ready to fill the table with values based on this data.
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Filling the Table from the Experimental Data

You have an empty table and the experimental data in your session. You can
now fill the table with values based on your data.

The data that you have imported is a series of measured values of torque at a
selection of different operating points. These operating points do not
correspond to the values of the breakpoints that you have specified. The lookup
table has a range of engine speed from 500 revolutions per minute (rpm) to
3500 rpm. The range of the experimental data is far greater.

CAGE extrapolates the values of the experimental data over the range of your
table. Then it fills the table by selecting the torque values of the extrapolation
at your breakpoints.

To fill the table with values based on the experimental data,

1 Toview the Table Filler display, click ﬂ (Fill Table From Data Set) in the
toolbar in the Data Sets view; or select View —> Table Filler.

You can use this display to specify the table you want to fill and the factor
you want to use to fill it.

2 In the lower pane, select New_2D_Table from the Table to fill list.

3 Select tgmeas from the Factor to fill table list. This is the data that you
want to use to fill the table.

4 Select N from the x-axis factor list and L from the y-axis factor list. Your
session should be similar to the following display.
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A breakpoint in

Filling takle Mew _20_Table, from factar tgmeas

your lookup table
(a cross)

An operating point
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070
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from the
experimental data
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0.20

010
50000 100000 150000 200000 250000 300000 350000
H (table axis)

®-axis factor: IN d y-axis factor: ||_ d

Filling table News 2D Table with output factor tgmeas from meas_tqg_data

Tahle to fill | Factor to fill table
T ahle | |hpLits Factar | Information -~
g Mew_2D_Table M. L. EEIRPH
[ spkmeas
E Iqmeas r
-
4] | J3 Kl | [
Tahle filing rules (optianal) |
Click and drag over Data Set plat to create rules

[+ Shive table history atter fil Fill Table |

The upper pane displays the breakpoints of your table as crosses and the
operating points where there is data as blue dots. Data sets display the
points in the experimental data, not the values at the breakpoints. You can
inspect the spread of the data compared to the breakpoints of your table
before you fill the table.

5 Toview the table after it is filled, ensure that the Show table history after
fill box, at the bottom left, is selected.



Filling the Table from the Experimental Data

6 To fill the table with values of tgmeas extrapolated over the range of the
normalizers, click Fill Table.

This opens the History dialog box, shown.

History for New 2D _Table x|
Werzion | Comment / Action | Date and Time |
2 Walues filed from data zet meas_tq data, factor tqmeas 16 ar-2004 13:32:06
1 Initial configuration 16-Mar-2004 12:15:34 Reset |
Add...
Remove |
Ediit...
Lk 500 1000 1500 2000 23500 3000 3500
0.1 12.245 13.471 14 B37 15.054 14 522 13.805 13.044
0z 23802 25.336 2684 27322 254 24 344 23697
0.3 3514 36987 35912 35.876 36.595 33.439 3151
0.4 45.028 48217 511148 51517 4949 43317 40164
05 26839 25411 60.752 E2.257 52139 E1.779 52486
(I} 558694 63387 68545 63367 G68.75858 71.364 68274
oy 79.019 79.285 7565 76015 75705 52.919 85571
08 88452 55408 92831 93575 92016 a1.03 93014
os 104147 106 255 110.504 114.302 1121583 107 475 107431
1 121 B4 123 967 126 965 129.007 128 826 127 BAs 127 643
Cloze Help

7 Click Close to close the History dialog box and return to the Table Filler
display.

8 To view the graph of your table, as shown, select Data —> Plot —> Surface.
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Tahle
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100
80
g0
40
20

Filling table Mew2DTahkle, from factor tomeas

L n

This display shows the table filled with the experimental points overlaid as
purple dots.

The table has been calibrated by extrapolating over the values of your data and
filling the values that the data predicts at your breakpoints.

Notice that the range of the table is smaller than the range of the data, as the
table only has a range from 500 rpm to 3500 rpm.

The data outside the range of the table affects the values that the table is filled
with. You can exclude the points outside the range of the table so that only
points in the range that you are interested in affect the values in the table.



Selecting Regions of the Data

Selecting Regions of the Data

You can ignore points in the data set when you fill your lookup table.

For example, in this tutorial the experimental data ranges over values that are
not included in the lookup table. You want to ignore the values of engine speed
that are greater than the range of the table.

To ignore points in the data set,

1 Select Data —> Plot —> Data Set. This returns you to the view of where the
breakpoints lie in relation to the experimental data.

2 To define the region that you want to include, left-click and drag the plot.
Highlight all the points that are included in your table range, as shown.

Filling takle Mew _20_Table, from factar tgmeas
100 M [T B W e e e et e e e
Iol= (1 T S x ........ K ........ x ......... i ........ i ....... ﬂ ........ & Cheeeenn [ TR oy o o
(U= 1 O AP T S W e e
i _ * L TUwTh o ¢
F0T0F b I PR e S Weeeiaien BB S
2 nend- |- B % & R & ©
L L : . : S o)
_E 050% - .x ........ o, E W R, KDO .................................... [+ TR
3-0_40(_. ..... G e 5:4""-""". ...... e 738 ror e
o304 |- x‘x ........ x.x ........ e N
0204 |- x ........ P .;;( ......... e Heeeeee x ............. 2 0 R T PP PP
010 A S & L 4 i
50000 400000 150000 200000 250000 300000 3500.00
H itable axis)
x-gixis factor; IN d y-gixis factor; ||_ d

3 Tofill the table based on an extrapolation over these data points only, click
Fill Table. This opens the History display again.

4 In the History display, select version 3 and 4, using Ctrl+click. The
following display shows a comparison between the table filled with two
different extrapolations.
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History for New_Z2D_Table

Werzion | Comment / Action | Date and Time |

3 Walues filed from data zet meas_tq data, factor tqmeas 16-ar-2004 13:41:36

2 Walues filed from data zet meas_tq_data, factor lgmeas 18- ar-2004 13:32.06

1 Initial configuration 16-ar-2004 12:15:34

Lk 500 1000 1500 2000 23500 3000 3500
0.1 -0.365 0.203 0.454 -0.013 -0E22 -0.36 0.265
0z -0525 0oz 0324 -0.202 -0437 0626 1227
0.3 -0621 -0.18 0.465 0312 0.553 3238 2139
0.4 -0.451 -0.262 -0ME 0121 -0.04 3294 5275
05 -0.247 014 0.762 0.41 -1.059 -1.354 -2413
(I} -0.746 0292 1 865 1555 -0.7458 -0.182 2826
oy -0.706 0465 2805 4145 0.054 =207 -3E97
08 -1.20 -1.266 -0.239 -0.649 0.424 1.38 -0.4939
os -6.319 -E.772 -4 776 -2133 -0.709 -1.971 -3.44
1 -11.745 1142 -8.054 -4 653 -4 504 -5.045 10513

Cloze

Feset

Addd

Remove

il |

Eclit...

Help

5 Click Close to close the History viewer.

6 Select Data —> Plot —> Surface to view the surface again.

The display of the surface now shows the table filled only by reference to the
data points that are included in the range of the table.

You have filled a lookup table with values taken from experimental data.




Exporting the Calibration

Exporting the Calibration

You can export the calibration for use in an electronic control unit (ECU).

To export the calibration,

1 To highlight the table that you want to export, you must first click Tables,
shown.

Tables

N

Highlight the New_2D_Table.

(2]

Select File —> Export —> Calibration —> Selected Item.

H

Choose the type of file you want to save your calibrations as. You can choose
from

a Comma Separated Value (.csv)
b MAT-file ((mat)
¢ M-file script

5 For the purposes of this tutorial, select Comma Separated Value (.csv).

6 Enter table filling tutorial.csv as the file name and click Save.

This exports the successful calibration, ready for the ECU.

You have now completed this tutorial.
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Tutorial: Optimization and
Automated Tradeoff

This section includes the following topics:

Getting Started (p. 6-2)

Single-Objective Optimization (p. 6-6)

Multiobjective Optimization (p. 6-19)
Sum Optimization (p. 6-33)
Automated Tradeoff (p. 6-37)
Worked Example Optimization

(p. 6-40)

Creating an Optimization from Your
Own Algorithm (p. 6-48)

Introducing the tutorial optimizations and how to set up
your session by importing models and setting up an
operating point set.

How to set up and run a simple single-objective
optimization, examine and export your results, and use
those results to fill a table.

How to set up and run a multiobjective optimization, and
use the output views to select the best solutions to export.

How to set up a sum optimization so you can assign
weights to more significant operating points, for example
to constrain emissions over a whole drive cycle.

How to use your optimizations for automated tradeoff.

How to use the Worked Example. We provide this to
illustrate modifying the template to create your own
user-defined optimizations.

A detailed walk-through of the steps involved in
incorporating your own algorithm into an optimization
function for use in CAGE.
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Getting Started

In this tutorial you will use optimization to find solutions to the following
problems:

® A single-objective optimization to find maximum values of torque, subject to
a constraint to keep NOX emissions below a specified level. You will export
the output and use it to fill a table. See “Single-Objective Optimization” on
page 6-6.

* A multiobjective optimization to maximize torque and minimize NOX
emissions. See “Multiobjective Optimization” on page 6-19.

® A sum optimization to maximize torque while minimizing NOX, weighted to
give more importance to idle speed. See “Sum Optimization” on page 6-33.

® Using any of your optimizations to run an automated tradeoff. Once you have
set up an optimization you can apply it to a tradeoff. See “Automated
Tradeoff” on page 6-37.

The Optimization View

You can use the Optimization view to set up, run, view, and export
optimizations. You must also set up optimizations here in order to use them for
automated tradeoff.

Start the CAGE Browser part of the Model-Based Calibration Toolbox by
typing
cage

at the MATLAB prompt.

<

Cptitmization

To reach the Optimization view, click the button in the Processes

pane.

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 hand 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.



Cetting Started

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. In
this case you also need to set up this set of points using the Data Sets view. The
steps required are as follows:

1 Import a model or models.
2 Define an operating point set if required.

3 Set up a new optimization.

The following tutorial guides you through this process to evaluate this
optimization problem:

MaxTQ (SPK, N, L)

That is, find the maximum of the torque model (TQ) as a function of spark
(SPK), engine speed (N), and load (L). You will use the NOXFLOW model to
constrain these optimization problems.

Setting Up Your Optimization Session
Before you can set up the optimization, you must set up your session.

1 Select File —> Open Project (or the toolbar button) to choose the
tradeoffInit.cag file, found in the matlab\toolbox\mbc\mbctraining
directory, then click OK.

The tradeoffInit.cag project contains two models and all the variables

necessary for this tutorial. For more information about how to set up models
and variables, see “Using CAGE” on page 7-1.
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2 Select the Models view by clicking the button shown in the Data Objects

pane.

h

Models

Observe that the project you have opened already contains two models:
TQ_Model and NOXFLOW_Model. In this tutorial you use these models to
optimize torque values subject to emissions constraints.

The project already has the relevant variables defined, so you do not need to
import a variable dictionary.

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

The Variable Dictionary view appears, displaying the variables, constants,
and formulas in the current project. Note that the variables have ranges and
set points defined.

Select File == New —> Data Set.

CAGE creates an empty data set. The Data Sets view appears. You can
switch to this view to see your data sets at any time by clicking the Data Sets
button, shown, in the Data Objects pane.

You need a data set to run your optimization at several points. You can use
the data set to define a set of operating points for the optimization. Note that
you do not have to have an operating point set; if you do not, the optimization



Cetting Started

will run at a single point of your choosing (the set points of variables is the
default).

5 To add speed and load to your empty data set, press and hold the Shift key
while you click Nand L in the lower Project Expressions pane to select them
both. Then right-click (N or L) and select Add to Data Set.

6 To create a grid of points for your operating point set, click Build Grid in the
toolbar ( gg ) or select Data —> Build Grid. The Grid Data Set dialog
appears, as shown below.

) Grid Data Set _10l =l

Grid over data set input factors

Factor | Tupe | Fange |
AL Grid 0108 (2 points)
/N Grid 1000 3000 K000 (3 points)

Enter range or constant for this variable. Clear |

Colon natation may be used to specity range [eq 0:5:20 = 0,5,10,15,20]
fake Activel

N | 1000 3000 5000

Cancel |

Current zize: E paoint(s]. Projected size: B point[z). oK

7 Click L in the Factor column and enter two values in the edit box, as shown
below, then press Enter:

0.1 0.8

8 Click N and enter three values in the edit box, as shown below, then press
Enter:
1000 3000 6000

As you can see reported at the bottom of the dialog, this will give you an
operating point set containing six points. Click OK.

You can click the View Data toolbar button ( T ) to see these six operating
points displayed as a table. Your session is how ready to create a new
optimization using this operating point set.
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Single-Objective Optimization
The following sections describe these stages:

1 Using the Optimization Wizard to choose

= Your optimization algorithm
= How many objectives, constraints, and operating point sets to use
= What free variables to use

2 Using the Optimization view to choose
= A model for your objective
= A model, type, and value for your constraint
= An operating point set for your optimization

3 Running the optimization, examining the output, exporting to a data set,
and using the output to fill a table

Using the Optimization Wizard
To create a new optimization,

1 Select File —=> New —> Optimization.

This opens the Optimization Wizard.
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-} Optimization Wizard _ 1Ol =l
Algorithm Selection
Select from the list the algarithmn that pou want the new optimization o use.

Available optimization algorithmes:

M arne | Free Yariables | Ohjectives | Constraints | Operating Faint Sets |

ME| any number 2 of more any number Oarl

foptzon any number 1 any number Oarl

wWorkedE Rample 2 1 0 1

Cancel < Biachk Mewt » Finizh

2 Click toselect foptcon in the list. This is the optimization algorithm you will
use for this example. Note that this algorithm specifies a single objective in
the Objectives column. Click Next.
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3 On the next screen, set the number of constraints and the number of
operating point sets to 1, as shown.

-} Dptimization Wizard r 10l =l

Algorithm Dptions
Algarithriz may be able to use a wariable number of ikerms. Select the number of each item that pou want to uze in this
optimization,

Mumber of free variables: |—1%
MHumber of objectives: I—'I%I
Mumber of constraints: |—1%
MHumber of operating point sets: I—'I%I

Cancel | < Back Mext > | Eirigh |

Leave the number of free variables at 1 (spark will be the free variable).
Click Next.
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4 On the next screen, choose spark as your free variable for this optimization
by clicking SPK in the list on the right, then click the button to match it up
with FreeVariable1, as shown. Then click Finish.

.} Dptimization Wizard 5 101 =l
Required Yariables
td atch each required variable in the optimization ta a variable frarm the VW ariable Dictionary.

Optimization inputs; CAGE wariables:

Syrmbol | CAGE variabls |
Freetariablel SPE

Feamt

L

Select CAGE Variable
=

Cancel | < Back | Mext > | Finizh |

A new branch named foptcon appears in the Optimization tree. Your CAGE
browser should look like the following example. In the Optimization
Information pane you can see listed the algorithm name foptcon, free
variable SPK, and the description Single objective optimization subject
to constraints. In the three panes Objectives, Constraints, and Operating
Point Sets you can see messages informing you that you need to specify a
model for an objective, a constraint, and an operating point set.
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. CAGE Browser - optimtutorial.cag

File Edit Optimization Tools

Window  Help

=10l x|

D=d|x|E2|?

e

Processes Optitnization

Optirnization Infarmation

...... foptzon

Data Ohjects

Algarithm name

|f0ptc:0n

Description

|Single objective optimization subject to constraints

Free variables

|sPH

OperatingPointSet! variables

|N0ne required

Ohbjectives

Mame

| Diescription | Type

| Information |

Ay Dbjectivel

Minimize Flease select a model

Constraints

Mame | Diescription

| Information |

. Constraint]

Flease select a constraint

Operating Point Sets

Mame | Diescription

I Type | Information

[ OperatingPaintS et1

1

Frimary

Flease select a data set

| H

| Ready

Setting Objectives, Constraints
and Operating Point Sets

1 Double-click Objective1 in the Objectives pane.

The Objective Editor appears.
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'} Objective Editor 10| =l

— Awvailable objectives

S - — A point objective function is a CAGE model that is -~
Objective type: IF'DInt abjective 'I optimized at each point of the primary opersting point set N\

— Objective options

Ayailable models: Ohjective type:
o 7 Minimize
MOXFLOW _Madel Mo
' Helper

Selected model: TO_tMadel

QK Cancel Help

2 Click to select TQ_Model and select Maximize from the radio buttons on the
right. Click OK.

You return to the CAGE Browser Optimization view. The Description
TQ_Model(SPK,L,N,A,E) appears in the Objectives pane.

3 Double-click Constraint1 in the Constraints pane.

The Constraints Editor appears.
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-} Constraint Editor Ol x|
— Awailable constraints
3 : Model constraints keep only points vwhere the output value -, [ .
Constraint type: |M0d3| :I' of & model ix above or belovy the specified limit. “

— Constraint options
Axailable models: Model feature to uze:

' Model value

i Model prediction erar vaniance

MOEFLOW bl odel

° Model's Boundan coristraint

Constraint type and bound:

=

-]

Selected model: MO=FLOYW_Model

(0] | Cancel | Help |

4 Ensure that Model is selected from the Constraint Type drop-down menu.

5 Select NOXFLOW_Model from the list, and enter 250 in the edit box as the
maximum value for the constraint, as shown above. Click OK.

You return to the CAGE Browser Optimization view. Notice that the
Description NOXFLOW_Model (SPK, L, N, A, E) <=250 appears in the
Constraints pane.

6 Double-click OperatingPointSet1. CAGE automatically selects
New Dataset(L,N) because it is the only one in your session that contains
appropriate variables.

7 Your CAGE Browser should now look like the following example, with an
objective, constraint, and operating point set. Note that the toolbar button
Run Optimization ( )is now enabled, because your optimization setup
has provided enough information to start an optimization.
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. CAGE Browser - optimtutorial.cag 10l =|
File Edit Optimization Tools Window Help £
Dsd|x|g2e [[sazBaE
Processes Optitnization | Optirnization Infarmation
------ foptcon Algorithin narme [fomtcon
Description |Single objective optimization subject to constraints
Free variables |SPK
Festure OperatingPointSet1 variables |N0ne required
AN Objectives |
!.’J l_ﬁ Mame | Diescription | Type | Information |
Tradeaft A Objectivel TO_ModellSPE. L. N. A E]  Maximize
Constraints |
Mame | Diescription | Information |
g Canstraint1 MNOXFLOW Model[SPK, L, M. &, E] <= 250
Operating Point Sets
Mame | Diescription | Type | Information
R OperatingPointSet]  New_DatasetiL, M) Primary
Ll |

Running the Optimization
1 Click Run Optimization ( )in the toolbar.

Running the optimization requires the selected models to be evaluated
(many times over) and hence values are required for all the model input
factors (L, N, A, E, and SPK). Before the optimization can proceed two dialogs
will appear because some values are needed.

= Spark (SPK) has been designated a free variable, so the optimization will
choose different values for SPK in trying to find the best. You do not need

to state a value for SPK but you do need to choose a starting value of SPK
and a range.
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= Your operating point set defines values of L and N where you want the
optimization to run. A and E are the remaining variables required by the
optimization to evaluate the TQ and NOX models. You need to choose values
for these variables that will be used at every operating point.

2 A dialog appears called Set Constant Values, asking you to supply values
for the fixed variables in the model not specified by your operating point set
(A and E). The defaults are taken from the set points for these variables in
the Variable Dictionary. Click OK to accept these values.

-} Set Constant ¥alues 'T : 1ol =l

Pleaze supply walues far the follawing:

ak. | Cancel |

3 The Free Variable Set Up dialog appears, showing the bounds and initial
value of your free variable (SPK). The defaults are taken from the range and
set point in the Variable Dictionary. Click OK to accept these values.

-} Free Yariable Set Up 10l =l

Lower Bound:  Upper Bound: Imitial ¥ alue:

SPK 5 L=11] a Yectar |

ak. | Cancel |

When you click OK, the optimization runs, with progress messages as each
point is evaluated. On completion of the optimization, a new node appears
in the Optimization tree. Click the plus sign next to the foptcon node to
expand the tree, then click the new node foptcon_Output to view the
optimization results.
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Optitnization
=-[#] foptcon

...... ﬁ foptean_Output

This single-objective optimization produces one best solution for each point
in the operating point set. Click the cells of the table to view solutions at
those operating points.

CAGE Browser - optimtutorial.cag 101l
File Edit ‘iew Solution Tools MWindow Help £
DS HE X|#F»% ? |[HE&b T
Processes Optitnization | =

Solution: I
B[] foptcon !l LS ! ﬂ

NN | £ fopteon_Output Optimization Cutput | [ Algarthi Statistics
A U

Tradeaff

’ﬂeraﬂnns 3

Free YWariable Yalues
BSPH |35 496603...

Objective Functions |

TH
)
=
[=]
EI
a
=
2
T T T T ¥ T 1
1] 10 20 30 40 a0
SPK
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Using Optimization Results to Fill Tables

As an example, to use these optimization results to fill a table, first create a
new table as follows:

2

Build a SPK table in N and L. Select File - New—> 2-D Table.
Leave 10 in the Rows and Columns edit boxes and 0 in the Value edit box.
Use the drop-down menus to select L and N for the Y and X inputs.

Click OK. Your CAGE browser shows the Tables view. CAGE has
automatically initialized the normalizers to space breakpoints evenly over
the ranges of N and L.

There are two methods for filling tables with optimization results.

From the foptcon_Output optimization output node, select Solution —> Fill
Tables.

The Table Filling wizard appears.
Select the New_2D Table to fill and click Add. Click Next.

Select SPK from the list of optimization results and click the button to select,
as shown. Notice that by default you will fill the table with solution 1 — in
this single objective optimization there is only one solution for each
operating point.



Single-Objective Optimization

« ) Table Filling from Dptimization Results Wizard x|
Optimal Result Selection
Choose the optimization results that you wish to fill each table with
Tahles to be filled: Optimization results:
CAGE Table | Output Colunt | Salution Type | Op.Pt/Salu Optirization Fesulks
W New 2D Ta. x SPK xL
x M
Xx 5PK
XA
x E
Eelect optimization output column|
I Constraint]
l i
Cutput data to fill tables:
* Solution  : slice I 1 il
" Pareta I 1 §|
 Weighted Pareto
Cancel = Back et = Finizh

4 Click Finish.

You will see a dialog reporting successful table filling. Switch to the Tables
view to examine the new spark table.

The other method of filling tables with optimization output uses Data Sets.

1 From the foptcon_Output optimization output node, click Export to Data
Set ( 4@ )in the toolbar (or select Solution —> Export to Data Set)

2 Go to the Data Sets view (click Data Sets in the Data Objects pane) to see
that the table of optimization results is contained in the new data set
foptcon_sol1. The new data set takes the name of the optimization (in this
case foptcon) and the suffix sol1 identifies that you exported solution one
from the solution view. In this case there is only one solution, but for
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multiobjective optimizations there are more than one. This is covered in a
later section of this tutorial, “Selecting Best Solutions” on page 6-29.

You can now use this data set (or any optimization results) to fill tables, as
you can with any data set.

You can fill tables in the Data Sets view. Select the data set foptcon_sol1
and if you are not already in the table view, click the View Data button in
the toolbar.

Right-click the SPK column header and select Copy Current Values. You
must make a copy of the values of SPK because CAGE will not allow you to
use model inputs to fill tables.

Click ¥/ (Fill Table From Data Set) in the toolbar.

Choose to fill the spark table with the Copy_of_SPK optimization output by
selecting them in the two lists, then click Fill Table.

See also

® “Tutorial: Filling Tables from Data” on page 5-1 for more details on using

data sets to fill tables.



Multiobjective Optimization

Multiobjective Optimization

In this optimization you will construct a search for values of spark that
maximize values of torque while minimizing values of NOX at a series of (L, N,
A, E) points.

Select File —> New —> Optimization.
This opens the Optimization Wizard.

Click to select NBI in the list. This is the optimization algorithm you will use
for this example. Note that this algorithm specifies two or more objectives in
the Objectives column. Click Next.

On the next screen, set the number of constraints and the number of
operating point sets to 1. Leave the number of free variables at 1 (this will
be spark) and objectives at 2 (these will be the TG and NOXFLOW models).
Click Next.

On the next screen, select SPK as your free variable and click the button to
match it up to Freevariable1. Click Next.

Here you must select models for your objectives.

=lol x|

.} Optimization Wizard

Objectives

Objectives are quantities that the algorithm will attempt to optimize. Select CAGE models to be uzed for each objective,
and whether it should be minimized, maxinized or uzed az a helper madel for the algarithm,

Optimization objectives: CAGE models:

Optimization Model | CAGE Model | Type 70 _Model
Objectivel TO_Model M aximize MOxFLO%W_Model
Objectives MOXFLOW_M...  Minimize
<
Objective type: £ Minimize & Makimize Helper
Cancel | < Back | et = | Firizh |
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a Select TQ_Model and click the button to match it up to Objectivel, then
select the Maximize radio button.

b Select NOXFLOW_Model and click the button to match it up to Objective2.
Leave the Minimize radio button selected

Note that this stage was skipped for the first simple example

(single-objective optimization) by clicking Finish on the previous screen.

= You can set up objectives, constraints, and operating point sets in the
Optimization Wizard. You can change any of these settings later.

= You can also click Finish on any of these screens of the wizard and set up
any or all of these later from the main Optimization view in the CAGE
Browser, as in the first tutorial example.

¢ Click Next.

6 On the next screen you can set up a constraint.

=101 x|

.} Dptimization Wizard

Constraints
Congtraintz define regions that the free variables will van within, Select CAGE models to be uged for each constraint,

and the value that each iz constrained to be areater than or less than.

CAGE models:

Optimization constraints:

todel Congtraint | CAGE Model | Bound |
Conztraint MOHFLOW Mo, <= 250

MNOEFLOYW Maodel

Seleck CAGE Model

-

Constraint: HO=FLOW _Model |<= "I I 250 %I

Caticel | < Back | Mext » | Firish |

Select the NOXFLOW_Model and click the button to match it to Constrainti.
Enter 250 in the edit box and press Enter. Leave the operator at <= to
constrain the NOXFLOW_Model to a maximum of 250. Click Next.
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7 Select New_Dataset and click the button to match it up to
OperatingPointSet1. Then click Finish.

_} Optimization Wizard E o ]

Operating Point Sets
Select the data sets that the algorithrm will uze. The "Primary” operating point et contains the values of fised variables
that pou want the optimization bo be run at,

Optimization operating point gets CAGE data sets:

Operating Faoint Set | Type | CAGE Data Set | M

OperatingFaintSet] Primary ~ Mew Dataset

-]

Caricel ¢ Back = | Finigh |

A new node, NBI, appears in the Optimization tree. Your CAGE browser
should look like the following example. Your optimization has objectives, an
operating point set, and a constraint all set up and is ready to run.
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Optimization | Optimization Information
F-[F foptcon  [&igorithm name ME
o MBI Description Mortral Boundary Intersection Algarithim
Free variables SPK
OperatingPoint=et! variables More recuired
Chiectives |
Mame | Degcription | Tupe | Infol
Ay Objectivel TO_ModellSPE, L M, A E) h awinnize
Ay Objective? MNORFLOW _ModellSPK. L. M. A, E]  Minimize
<] | |
Caonstraints |
M arne | D escription | Information
ilig Constraint] NORFLOW _Model[SPK. L. M. &, E] <= 250
1| | -
Cperating Poirt Sets |
M arne | D escription | Type | Infarmn,
FH OperatingPointSet]  New DatasetL, N) Frimary
1] | |

8 Click Run Optimization ( )in the toolbar.

As before, some values for the model input factors are required before the
optimization can run. Recall that

= SPK is the free variable, so the optimization will provide values for SPK as
it searches for the optimum. A starting value and range are required for
SPK.

= L and N are specified by the operating point set, but you need to give values
for the other fixed variables, A and E.

A dialog appears called Set Constant Values. Click OK to accept the
defaults, then click OK in the next dialog, Free Variable Set Up, to accept
those default values.

6-22



Multiobjective Optimization

The optimization runs, showing progress messages as each point is
evaluated until the optimization is complete. A new node, NBI_Output,
appears in the Optimization tree.

Optimization Output View

1 Expand the NBI node in the Optimization tree by clicking the plus sign. Then
click the NBI_Output node to view the optimization output.

. CAGE Browser - optimtutorial2.cag 10l =l
File Edit Wiew Solution Tools Window Help ~
ale %,
Dsd|x|F2? |[CR&d|wn|s
Processes Optinization e
Solution: 4| 1k
- foptcon !l J
"?gl fopteon_Output e e | [#igerithm Statistics
Feature i Eﬁ HEI_Output L SPK shadowherations 3
1 shadowFuncCount 13
!"a] E! 2 0.8 1000 -5 :;numberNBISubproble... 10
"‘ l' 3 01 3000 -5 i[MEISubproblemiterat.. 24
b -_J_ 4 0.8 3000 -5 ENBISubprobIemFunc... 120
Tradeoff B 0.1 5000 -5 |
B o0& BO00 5 | Free Yariahle Yalues |
‘t’i 5P -0.0112922637747 |
IS |
Optimization Ohjective Functions |
1
=
=}
l
T
2
S
e}
=
=3
=
z
o
i 1
£
0 Al
I T T T T T T T T T T |
=) o 5 10 13 20 23 30 33 40 43 50
] 7] i

| Ready |

The toolbar buttons determine which view is displayed. The default is the
Solution View ( @ ). The Solution View shows one solution at all operating
points. That is, you can see a table of all operating points at once, and you
can scroll through the solutions using the Solution buttons at the top. At the
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start all 6 operating points show solution 1. Change solution to 2, and you
see the second solution for all 6 operating points, and so on. As this is a
multiobjective optimization, there are several solutions for each operating
point.

The graphs show the objective functions at the currently selected operating
point (highlighted in the table), with the solution value shown in red.

Note that before you run an NBI optimization you can specify how many
solutions you want the optimization to find, using the Set Up and Run
Optimization toolbar button.

For an example point, click in the table to select operating point 6, and enter
10 in the Solution edit box. Observe the effect of the constraint you applied
in the objective function graphs, as shown in the example. Areas in yellow
are excluded by constraints. Similarly, if you export boundary constraint
models from the Model Browser, they appear in optimizations as yellow
areas. Note that for some problems the optimization might fail to find a
value within the constraints (depending on the constraints and starting
values) in which case you might need to run more optimizations to find valid
solutions. Changing your settings to make constraints less stringent and
choosing more suitable starting values can help in these cases.

Objective Functions |

T _Model

MORFLOWY_hode
I
=
=
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3 Click Pareto View ( |E.] ) in the toolbar.

Operating Point; il 1 ﬂ
Optimization Qutput Algorithm Statistice
shadowlterations 3
1 shadowFuncCount 13
3 01 Tl numberMBISubproblems 10
10 IR T T TR A7 |16 st S
4 0.1 1000 1081 - 2R S
] 0.1 1000 14.947 1 Free Wariable Values
B 0.1 1000 1912 [f5pK -0.0112922365503
7 0.1 1000 2338
1 | | 3
Pareto Graphs |
T T T T T .
i B H H
_ b3 EERRTEEEE SEEEE e il it
- L H H H
: e A
a * H H H H
= 05 aiai ity e e il it
* : : : :
i * ' . . : .
o
(=]
=i
£ s
ol
& (I}
S o4
4
b, il w
-1 -05 ] 05 04 0B 0.5 1 1.2
T2 hocdel MOXFLOWVY Mocel

Here you can see all solutions found by the optimization at one operating
point. The table shows all solutions at a single operating point. You can
scroll through the operating points using the Operating Point buttons at
the top. The graphs show all solutions for the selected operating point, with
the currently selected solution in red. Click in the table to select different
solutions.

Recall that the first example, a single-objective optimization, produced a
single solution at each point, so you could view the Pareto View but it only
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contained one solution at each operating point. The Pareto View is useful to
show you the set of optimal tradeoff solutions when using multiobjective
optimizations, as in this case. You can use these plots to help you select the
best solution for each operating point. As you can see, this example trades
off NOX emissions for torque, so it is a judgment call to choose the best
depending on your priorities. You will select best solutions in a later section,
“Selecting Best Solutions” on page 6-29.
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4 Click Weighted Pareto View ( | ) in the toolbar.

[Iperating Eaint: 4| 1 ﬂ
O ptirnization Output | Algarithr Statistics
TG Model | NOXKFLOW. . <Ma information avail...
1 120.208 124087 | =]
il 144104 135.8149 [
3 166.896 150,041
4 188167 167 643
] 207.374 89-2 | Free Wariable Yalues
b 217958 SPK 191247456398
7 237196 253172
a 247.046 285 996 ;I
Pareto Graphs |
ez 1 W s e e (1 e T 2
' & ' |
- H T : i
B 200 R boeeoe- 4
= - : :
fu] . : :
" s JRSS RN S—
- : : :
400 : : ;
T : : :
2 : : b
| 300 e LS ;
Z : ' -
S : : .
% ol b T
(=} H - '
= . : .
- &
el il
150 200 250 200 300 400
Ti2_hlodel MORFLOWY Model

This view displays a weighted sum objective output across all operating
points for each solution.

The value in the NOXFLOW_Model column in the first row shows the weighted
sum of the solution 1 values of NOX across all 6 operating points. The second
row shows the weighted sum of solution 2 NOX values across all 6 operating
points, and so on. This can be useful, for example, for evaluating total
emissions across a drive cycle. The default weights are unity (1) for each

operating point.
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5 You can alter these weights by clicking Edit Pareto Weights ( M) in the
toolbar. The Pareto Weights Editor appears.

} Pareto Weights Editor x|
Objectives: “Weightz for ;
] _Mod ' Table entry:
NO=FLOW adel Vieights

1 10
2
3 1
4 1
5 1
3 1

' MATLAR vector:

= Data column:
It ]
;I Select data from solution: I—‘]%

Ok, | Cancel |

Here you can select models, and select weights for any operating point, by
clicking and editing, as shown in the example above. The same weights are
applied to each solution to calculate the weighted sums. Click OK to apply
new weights, and the weighted sums are recalculated.

You can also specify weights with a MATLAB vector or any data column in
your data set by selecting the other radio buttons. If you select Data column
you can also specify which solution; for example you could choose to use the
values of spark from solution 5 at each operating point as weights. Click
Table Entry again, and you can then view and edit these new values.

Note Weights applied in the Weighted Pareto View do not alter the results
of your optimization as seen in other views. You can use the weighted sums to
investigate your results only. You need to perform a sum optimization if you
want to optimize using weighted operating points.
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Selecting Best Solutions

In a multiobjective optimization, there is more than one possible optimal
solution at each operating point. You can use the Selected Solution View to
collect and export those solutions you have decided are optimal at each
operating point.

Once you have enabled the Selected Solution View, you can use the plots in
the Pareto View and Solution View to help you select best solutions for each
operating point. These solutions are saved in the Selected Solution View. You
can then export your chosen optimization output for each point from the

Selected Solution View, in order to use your optimization output to fill tables.

1 In order to choose a single solution at each operating point, you need to
enable the Selected Solution View. Select Solution —> Selected Solution
—> Initialize.

A dialog called Create Selected Solution appears. Click OK.

-} Create Selected Solution B
Solution number to initialize selected solution with: I 1 j‘

ak. | Cancel |

The default initializes the first solution for each operating point as the
selected solution.

2 Click the Selected Solution View button ( ﬁ ) which is now enabled in the
toolbar. Observe that the Solution number at the top is not editable, and is
initially solution 1 for each operating point you click in the table. You must
select the solutions you want using the Pareto View and Solution View to
decide which solution is best for each point.

6-29



6 1uorial Optimization and Automated Tradeoff
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3 Return to the Pareto View and select a solution for operating point 1. An
example is shown with solution 7 highlighted. To select this solution as best,
do one of the following:

= Click Select Solution ( ﬂ ) in the toolbar.

= Select the menu item Solution —> Selected Solution —> Select Current
Solution.

6-30



Multiobjective Optimization

Operating Point: il 1 ﬂ
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4 If you return to the Selected Solution View you can now see that solution
7 is now present for operating point 1, while all the other operating points
remain at the initial solution 1. This view collects all your selected solutions
together in one place. For example, you might want to select solution 7 for
the first operating point, and solution 6 best for the second, and so on.

5 Inorder to use your optimization output to fill tables, you should repeat this
process to select a suitable solution for all operating points. Then click
Export to Data Set ( 47 )in the toolbar. Go to the Data Sets view (click Data
Sets in the Data Objects pane) to see that the table of optimization results
is contained in a new data set, NBI_selectedsol. You could use these
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optimization results to fill tables, as described in “Using Optimization
Results to Fill Tables” on page 6-16.

Note that the table in the current view is exported to the data set. If you
want to export your selected best solutions for each operating point, make
sure you display the Selected Solution View before exporting the data. If
you export from the Pareto View, the new data set contains all solutions at
the single currently selected operating point set. If you export from the
Solution View the new data set will contain the current solution at all
operating points.

Recall that the previous example was a single-objective optimization and
therefore only had one solution per operating point. In that case the
optimization results could be exported directly from the Solution View, as
there was no choice of solutions to be selected. See “Single-Objective
Optimization” on page 6-6.
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Sum Optimization

In this exercise you will use a copy of the NBI optimization from the last
example to create a sum optimization.

Up to this point, you have found 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 in the operating point set, and the weights can be edited.

You do not need an existing NBI optimization to create a sum optimization.
This example is used for convenience and also to illustrate copying
optimizations. This feature can be useful when you are trying different settings
to improve your optimizations while keeping previous attempts for comparison.

In order to create a sum optimization, all objectives must be sum objectives,
and the optimization must contain a data set. You can use a mixture of point
and model sum constraints, but if you include a sum constraint then all
objectives must be sum objectives. The following instructions describe these
settings.

1 Select the NBI node in the Optimization tree.
2 Select Edit —> Duplicate NBI.

A copy of the NBI node called NBI_1 appears in the tree. You use this copy to
create a sum optimization. This means that instead of performing the
optimization at each point individually, the optimization takes the sum of
solutions at all points into consideration. You can apply different weights to
operating points, allowing more flexibility for some parts of the
optimization.

3 Select the node NBI_1 and select Edit —> Rename (or press F2). Edit the
name to read SUM_NBI.

You can only construct a sum optimization if your optimization contains an
operating point set (as you cannot construct a sum if there is only one point).

You must edit all the objectives in your existing optimization to be sum
objectives.
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Double-click Objective1 (or right-click and select Edit Objective). The
Objective Editor appears.

Select Sum Objective from the Objective Type drop-down menu.

Operating Point Weights controls appear. You need to set up your new
objective.

) Dbjective Editor - O] x

— Available objectives
S e A zum objective function is a weighted sum of i
Dbjective type: | Sum objective ﬂ & CAGE model over the selected operating point set g
F s
— Objective optionz
Available models: Objective wpe; Operating point weights:
IO | ¢ Minimize % Table entry:
HOFLOW_Model o ilerire Weights
) Helper 1 5 ﬂ
] i i : -
perating point et 3 1 j
INew_Dataset j " MATLAB wector:
j " Data column:
Selected model: TH_Madel IL j
0K | Cancel | Help |

6 Select TQ_Model and Maximize. Torque has a strong correlation with fuel

consumption so this sort of problem could be useful for a fuel consumption
study.

You can edit the weights to make certain operating points (for example idle
engine speed) more important, giving more flexibility to other points. As in
the example shown, edit the weight of the first operating point to read 5, and
leave the other weights at 1. To calculate the weighted sum, for each solution
the first operating point output value will be multiplied by 5, and the other
operating point values by 1.

8 Click OK to finish editing the objective.



Sum Optimization

9 Repeat to edit Objective2. Set up a sum objective to minimize NOXFLOW,
with a weighting of 5*operating point 1.

10 You can also edit your constraint to be a sum constraint. Note that you can
use a mixture of point and sum constraints, but if you include a sum
constraint then all objectives must be sum objectives or the optimization
cannot be evaluated. Double-click Constraint1 and the Constraint Editor

appears.

J Constraint Editor _|Ol| x|
— Awvailable constraintz
; Model summation constraints bound & wweighted sum of a model ; Z
Constraint type: IModeI Sum ]" over inputs taken from & specified operating point set. r.h’
— Constraint optiohs
Available madels: Canztraint bype and bound: Operating paint weights:
|<= ﬂ I 450 % & Table entry;
NOXFLOW Model 7
: : Weights
Operating point zet; 1 5 i’
I Mev_[atazet j 2
3 (I
 MATLAE vectar:
LI  Data colurr;
Selected model, NORFLOW_Model IL j
QK. | Cancel | Help |

11 Select Model Sum from the Constraint Type drop-down menu, then ensure
that NOXFLOW_Model is selected under Available Models.

12 Enter 450 in the constraint bound edit box, and give the first operating point
a weighting of 5. Click OK.

You have modified your objectives and constraint for a sum optimization,
which is ready to run.

13 Click Run Optimization ( )in the toolbar, and click OK in the next two
dialogs to accept the default starting values.
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14 There is a wait notice as the optimization runs. There are no progress
messages as points are evaluated because sum optimizations do not
evaluate points individually. When the optimization is complete, select the
output node to examine the results.
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Automated Tradeoff

Once you have set up an optimization you can use automated tradeoff. You can
select cells to fill by applying an optimization. The cells you select in the
tradeoff table define the operating point set for the optimization.

Set up a tradeoff as follows (also described in “Creating a Tradeoff Calibration”
on page 3-3).

Select File —> New —> Tradeoff.

This takes you to the Tradeoff view. You need to add tables to the tradeoff.
Click @ (Add New Table). This opens the Table Setup dialog.

Enter Spark as the Table name.

Select L as the Y name and N as the X name.

Click Select to open the Select Filling Item dialog.
a Select the radio button to Display variables.

b Click to select SPK.

¢ Click OK to return to the Table Steup dialog.

Leave 10 as the size of the rows and columns (the speed and load axes), and
0 as the initial value.

Click OK.

A new Spark table appears in the Tradeoff tree. CAGE has automatically
spaced the normalizers evenly over the ranges of N and L.

Click to expand the New_Tradeoff tree and select the Spark table node to
view the new table.

You need to select the cells where you want to apply automated tradeoff. Create
a region within the table:

Highlight a rectangle of cells in the SPK table by clicking and dragging. Note
that a large region can take a very long time to evaluate. Try four cells to
start with.
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2 Click H_ (or right-click and select Define Region) to define the region. The
cells become light blue.

To use automated tradeoff on the cells in a defined region,
1 Click any cell in a region.
2 To apply optimization, select Inputs —> Automated Tradeoff.

The Automated Tradeoff dialog appears, showing a list of available
optimizations in your session that are set up and ready to run.

<) Automated Tradeoff X]

Select an optimization to run:

M arne | Type |
fopteon Single objective optimization zubject to constraints
MBI MHarmal Boundary Intersection Algorithm
SUM_HEI Hormal Boundary Intersection Algorithm

QK I Cancel

3 Select your NBI multiobjective optimization to apply to the tradeoff, and click
OK in the following two dialogs to accept the default starting values for the
optimization.

The automated tradeoff optimization runs, showing progress messages as
each point in the region is evaluated. The results appear in the selected cells
in the table, as shown in the example. You could optimize several regions
and then use these results to extrapolate across the whole table.

6-38



Automated Tradeoff

SPK_1: N=1166 6667, L = 0.4_ Cell filled with SPK.
500000 | 11BG.667 | 1833.3a:
0.100 0.000 0.000 0.000
0.200 0.000 0.000 0.000
0.200 0.000 7.001 0.000
0.400 1101 7.202
0.500 0.000 2145 0.000
0600 0.000 0.000 0.000
0.700 0.000 0.000 0.000
0.800 0.000 0.000 0.000
0.800 0.000 0.000 0.000
1.000 0.000 0.000 0.000
1| | |
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Worked Example Optimization

There is a simple worked example provided to show you what you can do by
modifying the template file to write your own optimizations. This example
demonstrates a simple use of the CAGE optimization feature. The aim of this
example is to obtain values of spark (SPK) and air/fuel ratio (AFR) that
maximize torque at a given speed (N) and load (L). These values could then be
used to fill calibration tables.

An example of a user-defined optimization algorithm is provided.

® To see a description of this algorithm, at the command line type
help mbcweoptimizer

mbcweoptimizer is an example of a user-specified optimization that solves the
following problem:

Maximum TQ over (AFR, SPK) at a given (N, L) point.

The syntax for this example function, mbcweoptimizer, mimics that used in the
Optimization Toolbox.

[bestafr,bestspk]=mbcweoptimizer(TQ, speed, load) finds an optimal
(bestafr,bestspk) that gives a maximum TQ at the given speed and load.

® To evaluate this at the command line, type this example:
[bestafr,bestspk]=mbcweoptimizer (@mbcTQ,1000,0.2)

The optimization finds values of AFR and spark (the free variables) that give
the maximum output from TQ at the values of speed and load (the fixed
variables) that you specified, as shown below.

bestafr
12.9167

bestspk
25

To use this optimization algorithm in CAGE, you need to include the function
in a CAGE optimization function M-file. This worked example modifies the
template provided to show you how to use your own user-defined algorithms.
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You can find detailed information on all the available CAGE optimization
interface functions in “Optimization Template” on page 11-47.

® To view the worked example M-file, at the command line, type
edit mbcOSworkedexample

The worked example optimization wraps mbcweoptimizer in a function that
can be called by the CAGE optimization feature. When you run your
optimization from CAGE, you can alter the search ranges of the free variables
and the resolution of the search.

Using the Worked Example Optimization

In order to run any optimization, you first need to set up your CAGE session.
You need the following:

* A model

® An operating point set (in the case of this worked example)

For this example, the CAGE session requires

* A torque model
* A variable dictionary defining required variable ranges and set points (N, L,
AFR, and SPK)

* A data set defining the (N,L) points where you want to run the optimizer

There is a preconfigured session provided that contains the model, variable
dictionary, and data set.

1 Select File —> Open Project and load the file optimworkedexample.cag.
This should be in the mbctraining directory.

® The tq model was fitted to the Holliday engine data and exported from the
Model Browser quick start tutorial (also used in the CAGE feature
calibration tutorial). It can be found in tutorial.exm in the mbctraining
directory. To view this model in your current session, click the Models
button in the Data Objects pane.

* You can look at the variables by clicking the Variable Dictionary button in
the Data Objects pane.
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® You can look at the operating point set by clicking Data Sets in the Data

Objects pane.

2 Select File —> New —> Optimization.
The Optimization Wizard appears.

3 Select Worked Example, and click Next.

) Optimization Wizard

=10l x|
Algorithm Selection
Select from the lizt the algorithm that you want the new oplimization to uze.
Ayailable optimization algaorithms:

Mame | Free Waniables | Objectives | Congtraintz | Operating Point Sets |

MEI ary number 2 or more ary number Qorl

foptecon ary number 1 ary number Qorl

WiorkedE sample 2 1 i] 1

Cancel < Bach: et = Fitiizhy
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4 Associate each pair of inputs and variables, for example by clicking spark in
the left and right lists, and then click the large Select button. Similarly
associate Speed with N, Load with L, and afr with A. Click Next.

=lal x|

_} Optimization Wizard

Required Yariables
Match each required wariable in the optimization to a wariable fram the Y ariable Dictionary.

Optimization inputs: CAGE wariables:
5 pmbol [ CAGE Varisble | spak
EngSpeed M E
Load L s
afr A
zpk spark.
et
Caricel ¢ Back Mewt » | Finigh |

5 The next screen of the wizard automatically shows the tq model selected and
Maximize chosen; these are specified in the function. Click the button to
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match the tg CAGE model with the Torque optimization model, then click
Next.

-} Dptimization Wizard 101 =l

Objectives

Ohbjectives are quantities that the algorithm will attempt to optimize. Select CAGE models ta 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:
Optimization Model | CAGE Model | Type |
Taorque b aximize tuttq
T

2

Objective type: & Finimize % Maximize € Helper

Cancel < Back Mext » | Finizh |

6 On the next screen of the wizard select the New_Dataset. Click the button to
match it to the operating point set SpeedLoadPoints, then click Finish.

-} Dptimization Wizard 101 =l

Operating Point Sets

Select the data sets that the algontbim will uze. The "Primary’’ operating point set contains the values of fixed variables
that pou want the optimization to be run at.

Optimization operating point sets CAGE data zets:

Operating Point Set | Type | CAGE Data Set |
SpeedlLoadPoints Primary  Mew_Dataset

Hew Datazet

Select CAGE Data Set

-

Cancel | < Back | (=13 | Finizh |
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This completes the optimization setup. CAGE switches to the Optimization

view and the new WorkedExample hode appears

in the tree. The setup details

appear in the right pane: the model to be maximized and the operating point
set to use, as shown in the following example.

. CAGE Browser - optimworkedexample.cag 10| =l
File Edit Optimization Tools MWindow Help a
»» =
D@ E|X &% | hEe E8E
Processes Optirnization | Optirnization Ir'ufu:nrrmat-ﬁ“gf|
Fun Optimization |
------ WworkedExample [Slgorithim name TarkedExarple
Descrigption A zimple worked example o maximize targue
Free variahles A spark
SpeedloadPoints variables M, L
AL Ohjectives |
'!ﬁ‘ lh M arne | Description | Type | Ir
Tradeott A Torque ta(spark, M, L, A] I aximize
4| | i
Caonstraints |
M arne | Description | Infarmatio
There are no constraintg in this optimization
4| | I
Cperating Pairt Sets |
Mame | Degcription | Tupe | Ir
[ SpeedLoadPoints Mew Datazetl, M) Primary
a | >
|Read\; |

7 Click Run Optimization in the toolbar.
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J Free ¥ariable Set Up : ;lglll
Lawser Bound: Upper Bound: Initial " alue:
A 10.91 1465 1278 Yector
spark R 50.8 21.35 Yector
ak | Cahicel

The Free Variable Set Up dialog box appears. These bounds and initial values
are taken from the Variable Dictionary (where you also could change them if
you wanted). Click OK to accept these values.

You will see the Optimization progress bar as the optimization runs.

8 When the progress bar disappears, click the new WorkedExample_Output
node in the tree. First you must expand the WorkedExample node as shown
below.

Optimization

whorkedE xampla_Output

The output display should look like the following. The optimization has found
the values of SPK and AFR that give the maximum model value of torque at each
operating point specified. Select different operating points by clicking in the
table: the model plots at the selected operating point are shown. There is only
one solution per operating point, so you cannot scroll through the solutions.
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.
! Solution: ﬂ_‘lﬂ
Optitnization Cutput Algarithim Statistics
Algorithim Erute force search
1 000
2 |ooo
3 |ooo 1278 13,953 31.581
4 |oon 1278 11533 a20zs; SRR
5 |ooo 1276 11.533 saorg) A 12.78
£ 000 1275 11 533 g5.3  [swark 23.8041B66E67
7 |ooo 1278 28712 9724
& |ooo 1275 1 35 20487
a (ninin} 17 Ta 42 208 27 -IQLI
A »
Objective Functions

10 ;

g

8 4

?’ 4

B ]
E 5

4 1

3 4

2 4

1 ]

D p

k.l .
11 12 13 14 ] M 20 30 40 50
A spark

For a discussion of the worked example code and how the external optimization
algorithm is implemented in the CAGE optimization, see “About the Worked
Example Optimization Algorithm” on page 11-44. For a detailed walk-through
of incorporating an example user-defined optimization algorithm into a CAGE
optimization function, see the next tutorial section, “Creating an Optimization
from Your Own Algorithm” on page 6-48.
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Creating an Optimization from Your Own Algorithm

The CAGE optimization feature allows you to use your own optimization
algorithms as alternatives to the library routines foptcon and NBI.

Using an example, this tutorial illustrates how to take an existing optimization
algorithm and implement it as an optimization function for use in CAGE
optimization.

The problem to be solved is the worked example problem:

Maximize torque (TQ) over the free variables (SPK, AFR) over a specified set of
(N, L) points. These points are defined in the data set New_Dataset, which can
be found in the CAGE session optimworkedexample.cag.

The torque model to be used is that in /mbctraining/Holliday.mat.
Process Overview

1 Start with your own algorithm. We provide an example.

2 Create a CAGE optimization function.

3 Define the attributes of your optimization in the CAGE optimization
function.

4 Add your algorithm to the CAGE optimization function.
5 Register your completed optimization function with CAGE.

6 Verify the optimization.

The steps of this tutorial lead you through a series of examples illustrating how
to construct the code to incorporate your own algorithm into an optimization in
CAGE.

Before you begin you must create a working directory.
1 Create a new folder (for example, C:\Optimization Work). We recommend

that you place this directory outside your MATLAB folders to avoid
interfering with toolbox files.



Creating an Optimization from Your Own Algorithm

2 Copy the following six files from the mbctraining directory into your new
working folder:

currtutoptim.m
mbcOStemplate.m
mbcOStutoptimfunc.m
mbcOStutoptimfunc_si1.m
optimtut.mat
optimtuteg.mat

3 Make sure your new working directory is on the MATLAB path.
a Select File —> Set Path.
b Click Add Folder and browse to your working directory.
Click OK.

o]

d Click Save.

Step 1: Examine the Algorithm

1 Open currtutoptim.m from the mbctraining directory. currtutoptim.mis
an optimization algorithm that solves the worked example problem in the
MATLAB workspace. You should see the following code in the MATLAB
editor.
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function [beatk, OUTPUT] = currtuctoptim(x0, fixedwvars)
SHBCOSTUTOPTIH CAGE Optimization tutorial - Original flgorithm

£

Copyright 2000-2003 The Mathlorks, Inc. and Ford Global Technmologies, Ine.
fRevision: & sDape: %
no_of_sgpeed_loed_points = size(fixedvera, 1):

% Optinize toroque

waitH = WAITBAR(O,'', 'nene', 'Tutoriel Optimizetion'):

for i = lino_of_speed_load points
[bestxi{i, :), notusedl, notused?, OUTPUT{i)] = fminuncifi_evalObj, x0, [],fixedwaraii, z1):
wharstr = ['Computing optimal settings for operating point ° nundstr(i)]:
waitharc((i-1)/no_oE_speed load points,waitH, wbarstr]:

end

% End Dprimizacion
walrthar (1,waitH, ‘Optimizacion compleced:®):
cloze [weitH) ;

fun

ction tg = i_ewvalObj(x0, fixedwvars)

+

% Evaluate the torgue cbjectiwve function

tg = trgfuncix0(1l), x0(2), fixedwars(l), Eixedvars(2)):

%

: Load the torgque model from MBC
load('optimtut.mat');

% Evaluate

¥ = evalModelcg, [3, W, L, A1):
¥ o= -¥:

2 Verify that this algorithm solves the worked example problem by typing the
following commands at the MATLAB prompt:

load optimtuteg.mat;
bestX = currtutoptim(x0, data)
The workspace output should resemble

BestX =
23.768 12.78
18.179 12.78
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14.

12
11

21

31

21

261

.014
.439
12.
27.
.887
17.
15.
15.
16.
.185
25,
.677

535
477

969
722
147
243

595

19.43

18.
19.
34.
29.
25,
23.
22.
23.
38.
33.
29.
26.
26.
27.
42.

855
951
893
303
385
138
563
659
601
012
093
847
271
368
309

36.72

32.
30.
29.
31.

802
555
979
075

12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.

78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78
78

The matrix bestX contains the optimal SPK and AFR values that maximize the
MBC model torque (exported from Holliday.mat) at the speed and load points

defined in the matrix data.

6-51



6 1uorial: Optimization and Automated Tradeoff

6-52

currtutoptim.m is the example optimization algorithm that you want to
transfer to the CAGE optimization feature.

This tutorial shows how to make currtutoptim.m available for use in the
CAGE optimization feature.

Step 2: Create a CAGE Optimization Function
Any optimization algorithm you want to use in CAGE must be contained in an
optimization function. A CAGE optimization function consists of two sections.
The first section defines the following attributes of the optimization:

* A name for the optimization
® A description of the optimization
* Number of objectives

e | abels for objective functions, so the user can match models in CAGE to the
required algorithm objectives

e Number of constraints

¢ | _abels for constraints, so the user can match models in CAGE to the required
models in your algorithm constraints

* Number of operating point sets

e | abels for operating point sets, so the user can match data sets in CAGE to
the required fixed variable data for your algorithm

® Any other parameters required by the optimization algorithm

The second section contains the optimization algorithm.
3 Open mbcOStemplate.m from the mbctraining directory.

You should see the following M-file in the MATLAB editor.
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function out = whcO%tenplate(action, in)

EMECOSTEMPLATE CAGE Optimization template function

00T = MECOSTEMPLATE (ACTION, IN) iz a template function for use with
CAGE Optimization. This function can be used to create user-defined
optimization functions that can subsequently be used in CAGE.

oMk

e

e

Copyright Z000-2003 The MathWorks, Inc. and Ford Global Technologies, Inc.

% SHewvision: % $Date: %

% Deal with the action inputs
if streowpfaction, 'options')

options = in;

s

___— Section 1
% Define optimization attributes here

s

out= options;

elseif strcupilaction, 'evaluate')

optinstore = in:

s

_Section 2
Put optimization algorithm here

.

s

out = optimstore;

else
error|'Incorrect action type specified'):
end

mbcOStemplate.mis an empty CAGE optimization function. The two (currently
empty) sections of the function are labeled above. Note that this M-file can be
used as a template for any optimization function that you write.

Step 3: Define the Optimization Options

The next step is to define the attributes of your optimization.

1 Open mbcOStutoptimfunc_s1.mfrom the mbctraining directory. In this
M-file, you can see the optimization attributes that have been defined.
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The following is a code fragment from this file:

% Deal with the action inputs
if streowp (action, 'options')

options = in;

% add a name
aptions = setNameoptions, 'Tutorial Optimization'):;

% bhdd a description

options = sethescription(options, 'A simple worked exanple to maximnize torcgque')?
% Het up the free wariables

options = getFreeVariahlesMode (options, 'fixed'):
options = addFreeVariahle(options, 'afr'):
options = addFreeVariable{options, 'spk'):

% et up the objectiwve functions

options = setlObjectivesMode (options, 'fixed']:
options = addibjectivefoptions, 'Torgque’', 'max'):
% Zet up the constraints

options = setConstraincsModeloptions, 'fixed'):
% There are no constraints for this example

% %et up the operating point sets

options = setlperatingPointsMode (options, 'fixed'):

options = addOperatingPointSet(options, 'SpeedloadPoints', {'speed', 'load'}):

% Het up the optimization parameters
options = addParaweter (options, 'Resclution', 'nuwber', 2Z5):

out= options;
elseif streomplaction, 'evaluate')

optimstore = in;

A

A

Put. optimization algorithm here

A

out = optimstore;
else

error|'Incorrect action type specified');
end
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The optimization attributes are passed to CAGE via the cgoptimoptions
object, referenced by options in the code in mbcOStutoptimfunc_s1.m. See after
the table for details of the cgoptimoptions object. The cgoptimoptions object
has a set of functions that set the optimization attributes in CAGE. This is
where you specify the name, description, free variables, objective functions,
constraints, operating point sets, and optimization parameters for the
optimization.

For detailed information on all the available functions, see “List of
Optimization Functions” on page 11-49. The above code has used the
cgoptimoptions object (options) to set the optimization attributes as
described in the following table.

Look through the code to locate the listed Code Section Where Set for each
attribute to see how each of the optimization options is set up.

Attribute

Value Code Section Where Set

Optimization Name

Description

Number of Free
Variables

Required Free
Variables

Number of
Objectives

Required Objective
functions

Tutorial Optimization Add a name

A simple worked example to maximize Add a description

torque

Cannot be changed by the user in the GUI Set up the free

(the mode has been set to 'fixed') variables
setFreeVariablesMode

This function requires two free variables, Set up the free

labeled 'afr' and 'spk'. The user matches
these free variable labels to CAGE
variables in the Optimization Wizard.

Cannot be changed by the user in the GUI
(the mode has been set to 'fixed')

This function requires one objective
function, which will be labeled 'Torque' in
the optimization feature. The user matches
this 'Torque' label to a CAGE model.

variables
addFreeVariables

Set up the objective
functions
setObjectivesMode

Set up the objective
functions addObjective
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Atiribute

Value Code Section Where Set

Number of
Constraints

Required
Constraints

Number of
Operating Point
Sets

Required Operating
Point Sets

Optimization
Parameters

Cannot be changed by the user in the GUI
(the mode has been set to 'fixed')

Set up the constraints
SetConstraintsMode

Set up the constraints
%There are no
constraints

As the mode is fixed and no constraint
labels have been defined, this is an
unconstrained optimization.

Set up the operating
point sets
setOperatingPointsMode

Cannot be changed by the user in the GUI
(the mode has been set to 'fixed')

Set up the operating
point sets
addOperatingPointSet

This function requires one operating point
set, which will be labeled
'SpeedLoadPoints' in the CAGE
optimization feature. This data set must
have two columns, which will correspond to
the fixed variables speed and load. The end
user must match the 'SpeedLoadPoints'
label to a CAGE data set.

Set up the optimization
parameters
addParameter

This function can use an optional
parameter, 'Resolution'. The default
value of this parameter is 25.

When one of your optimizations is created in the CAGE GUI, CAGE first calls
your optimization function to define the attributes of the optimization. The
function call from CAGE has the form

optionsobj = <your_optimization_function>('options', optionsobj)

This is how your optimization function receives the cgoptimoptions object.
Note that your optimization function must support this interface.

Step 4: Add the Algorithm to the Optimization
Function

In this step you complete the optimization function by adding your algorithm.
To do this, a few changes need to be made to the algorithm code, as data (for
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example, free variable values, constants, and so on) will now be passed to and
from CAGE rather than from the MATLAB workspace.

1 Open mbcOStutoptimfunc.m from the mbctraining directory.
This M-file contains the completed optimization algorithm. The following is a

code fragment from this file.

elseif strcmwp(action, 'evaluate')
optimstore = in;
optimstore = tutoptimizer(optinstore);
out = optimstore;

A single line has been added, namely
optimstore = tutoptimizer(optimstore)

This line calls the modified optimization algorithm. Note the syntax of the
algorithm: it must take the form

Optimstore = <your_optimization_algorithm>(optimstore)

2 The subfunction tutoptimizer can be found at the bottom of the
mbcOStutoptimfunc.m file. Scroll down to view the modified algorithm.

optimstoreisacgoptimstore object. Thisis an interface object that allows you
to get data from and set data in the CAGE optimization feature. You can now
see how the optimstore object is used by comparing the modified optimization
algorithm, tutoptimizer, with the original algorithm, currtutoptim, for each
of the main actions of the algorithm.

Action 1. Determine the number of points (no_of_speed_load_points) the
optimization is to be run at.

Original code:

no_of_speed_load_points size(fixedvars, 1);

Modified code:

no_of_speed_load_points = getnumrowsindataset(optimstore,
'SpeedLoadPoints');

In the original algorithm, a matrix of (N, L) points had to be passed in to the
function and no_of_speed_load_points is determined from that. In CAGE,
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the data is not passed in to the algorithm in this manner, so we invoke a
function on the optimstore object to return no_of_speed load points.

Action 2. Get the start conditions (x0) for the free variables.
Original code:

x0 passed in as an input to the algorithm.

Modified code:

x0 = getInitFreeVal(optimstore);

In the original algorithm, x0 is passed into the algorithm as an input. In CAGE,
we invoke the getInitFreeVal function on the optimstore object.

Action 3. Perform the optimization.
Original code:

[bestx(i, :), notusedl, notused2] = fminunc(@i_evalObj, xO,
[1,fixedvars(i, :));

which calls the following code to evaluate the cost function:
function tq = i_evalObj(x0, fixedvars)
% Evaluate the torque objective function
tq = trgqfunc(x0(1), x0(2), fixedvars(1), fixedvars(2));
function y = trqfunc(S, A, N, L)
%TRQFUNC Objective function (Torque) for Optimization example

% Load the torque model from MBC
load('optimtut.mat');

% Evaluate
y = evalModel(tq, [S, N, L, A]);
=Y

Modified code:

<

[bestx(i, :), notusedl, notused2] = fminunc(@trqfunc_new, xO(i,
1), [1,optimstore, i);
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which calls the following code to evaluate the cost function:
function y = trqfunc_new(x, optimstore, row_index)
%TRQFUNC_NEW Objective function (Torque) for Optimization example

y = evaluate(optimstore, x, {'Torque'}, 'SpeedLoadPoints’,
row_index);
y = -Y;

In performing the algorithm, the only difference between the original and
modified code is how the objective function is evaluated. The original algorithm
requires the objective function (a Model-Based Calibration Toolbox model for
torque) to be loaded in and evaluated as required. In the modified algorithm
the objective function (torque) is evaluated by invoking the evaluate function
on the optimstore object. Note that the inputs to the torque model are passed
in to the evaluate function as shown in the following table.

Original Input Input to Evaluate Function

S X(1)

A X(2)

N, L The (N, L) points are retrieved from the CAGE

data set, which is referenced by the label
'SpeedLoadPoints'. The (N, L) point used is
the row_index™ point of that data set.

Action 4. Retrieve output data.

Original code:

Optimal free variable settings are returned to the workspace.
Modified code:

% Write output info to optimstore
% Set the best values calculated for the free variable(s) into the

output data set
optimstore = setfreevariables(optimstore, bestx);

% return OK = 1 if everything went OK
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OK = 1;
% Update error message
errormessage = '';

% OK, output, errormessage

optimstore = setOutputInfo(optimstore, OK, errormessage,
struct([]));

In the modified algorithm, the results need to be sent back to the CAGE
optimization feature and not the MATLAB workspace. To do this, optimization
results are set in the optimstore object, which is then returned to CAGE.
There are two functions you should invoke on the optimstore object to return
optimization results to CAGE:

® setFreeVariables — Returns the optimal free variable values to CAGE

® setOutputInfo — Returns any diagnostic information on the algorithm to
CAGE

Step 5: Register Your Optimization Function with
CAGE

The worked example provided is preregistered so you can see it as an option in
the Optimization Wizard when setting up a new optimization. You must
register new functions before you can use them. When you have modified the
template to create your own optimization function, as in this example, you
must register it with the Model-Based Calibration Toolbox in order to use the
function in CAGE. Once you have checked in your optimization function it
appears in the Optimization Wizard.

1 In CAGE, select File —> Preferences.

The CAGE Preferences dialog appears.
2 Click the Optimization tab and click Add to browse to your M-file.

3 Navigate to the mbcOStutoptimfunc.m file (in the working directory you
created) and click Open.

Clicking Open registers the optimization function with CAGE.
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'} CAGE Preferences x|

File: Locatinnsl User Information Optimization I

U ger-defined optimization functions:

MHane | Location Add. .
mbcOStutoptinfunc— D:ADptimization

Remowe

Test

di

l | 2l

ak | Cahicel |

4 You can now test the function by clicking Test. This is a good check for any
syntax errors in your optimization function. This is a very useful function
when you use your own functions; if anything is incorrectly set up the test
results will tell you where to start correcting your function.

You could see an example of this by saving a copy of the worked example file
and changing one of the variable names (such as afr) to a number. Try to
check this altered function into CAGE, and the Test button will return an
informative error specifying the line you have altered.

5 Click OK to leave the CAGE Preferences dialog. If the optimization
function tested successfully, it is registered as an optimization function that
can be used in CAGE, and appears in the Optimization Wizard.

Step 6: Verify Your New Optimization

To verify the algorithm we set up a CAGE session to run the optimization that
was performed in step 0. For this example, the CAGE session has already been
set up. Follow the steps below to run the tutorial optimization in CAGE.

1 Select File —> Open Project and open the session optimworkedexample.cag.

2 Select File —> New —> Optimization.
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<} Optimization Wizard [

Algorithm 5 election
Select fiam the list the algodithm that you want the new optimization o uze,

Available opbirmization alaathms:

Mdame | FieeVariables | Objectives | Constamts | Operating Faint Sets |
Bl any numbsar 2 of mare any number Dol
frpteon ary number 1 any rumber Dol
WiorkedExample 2 1 o 1
Tutorial_0 ptimization 2 1 0 1
Cancel | < Back | Mext > | Firish |

3 The newly registered optimization appears in the list of algorithm names.
Select Tutorial Optimization from the list. Click Next.

<} Dptimization Wizard I [=] o3
Required Variables
Match each requred vaiiable in the oplirmization to a vaiable from the Variable Dictionany,.
O ptirnization mputs: CAGE variables:
Symbol | CAGE Vaiiable | aik D
afr A L
laad L &
speed N TeTEE—
spk spark :
[
i
1
| rreeppa—
=
Cancel | <Back Ne> | Fiish |

4 Match the variables as above. Click Next.
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<) Dptimization Wizard -0l x|
Dbjectives
Objectives ae quantities that the alganthm will attempt to oplirmize. Select CAGE maodel: 1o be uzed for aach objectve,
and whiether it shoudd be minimized, madimized o used as & helper maded for the slgodthr

Optirization obectives: CAGE models:
Dptimization Model | CAGE Model | Type -
Torgue futtg To be maximized

Dbjective yps:  © Hinim=e * Waximiza  © Helper

Cancel | <Back | New> | Fiish |

5 Match the Torque model to the tuttq CAGE model as above. Click Next.

+) Dptimization Wizard .;JQ_EI

D perating Point Sets
Selsct the data sets that the algarthm will uze. The "Prmary” operating point zet contains the values of fixed vaniables
that pou vant the aptimization to be jun st

Optirnization operating point sets CAGE data zets:

Dperaling Port Set | Type | CAGE Dala Set [ | New Datseet [

SpeedLoadFoints Prmary  Mew_Datazet

o

Cancel < Back Miest > | Finizh |

6 Match the operating point set SpeedLoadPoints to New_Dataset as above.
Click Finish.

6-63



6 1uorial Optimization and Automated Tradeoff

7 Run the optimization and view the results. The output data matrix should
resemble the following. Note that the optimal values for A and SPK are very
similar to those from the original algorithm.

O ptimization Output |
L I A spark tutty
1 0.2 1000 12,78 23.768 9.07
2 0.3 1000 1278 18.178 20319
3 0.4 1000 12,78 14.261 31.567
4 0.5 1000 1278 12.014 42 816
] 0.6 1000 12,78 11.438 54,064
B 0.7 1000 1278 12.535 £5.313
7 0.2 2000 12,78 27.477 89.742
8 0.3 2000 1278 21.887 20949
g 0.4 2000 12,78 17.968 32,238
10 0.5 2000 1278 15722 43 487
11 0.6 2000 12,78 15.147 54,735
12 0.7 2000 1278 16.243 B5.984
13 0.2 3000 12,779 31.202 §9.342
14 0.3 3000 1278 255496 204491
15 0.4 3000 12,78 21.676 31.839
16 0.5 3000 1278 158.43 43.087 |
17 0.6 3000 12,78 18.895 54,336 '
18 0.7 3000 1278 18.951 B5.4584
18 0.2 4000 12,78 34,8493 7.872 14
20 0.3 4000 1278 28.308 1912
21 0.4 4000 12,78 25.385 30,369
22 0.5 4000 1278 23138 41 617
23 0.6 4000 12,78 22.566 52,866
24 0.7 4000 12781 23.B47 B4.114
2 0.2 A000 12,78
26 0.3 5000 1278
27 0.4 A000 12,78
28 0.5 5000 1278
28 0.6 A000 12,78
30 0.7 5000 1278
£l 0.2 6000 12,78
32 0.3 G000 1278
33 0.4 6000 12,78
34 0.5 G000 1278
35 0.6 6000 12,78
36 0.7 BOOO 1278
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This section includes the following topics:

How to Use CAGE (p. 7-2)

Setting Up Your Variable Items (p. 7-7)
Setting Up Your Models (p. 7-14)

Exporting Calibrations (p. 7-27)
Specifying Locations of Files (p. 7-28)

This introduction is an overview of CAGE processes:
where to find the functionality for different processes and
how to set up variables and models before performing
calibrations.

Using the Variable Dictionary view.

Using models by importing, renaming, and editing
models, and creating new function models.

How to export your calibrations.

How to use file preferences in CAGE.



7 Using CAGE

7-2

How to Use CAGE

The following reference sections describe how to use CAGE to perform
calibrations:

This section is an overview of CAGE processes: where to find the
functionality for different processes and how to set up variables and models
before performing calibrations.

“Normalizers” on page 8-1 describes what normalizers are, and how to space
breakpoints in a normalizer.

“Feature Calibrations” on page 9-1 describes how to calibrate lookup tables
by reference to models built using the model browser.

“Tradeoff Calibrations” on page 10-1 describes how to calibrate lookup tables
by adjusting one value to fulfill different objectives.

“Optimization in CAGE” on page 11-1 describes how to set up and run
optimizations, including automated tradeoffs.

“Data Sets” on page 12-1 describes how to use CAGE to compare calibrations
to experimental data, and how to use experimental data to fill lookup tables.

“Calibration Manager” on page 13-1 describes how to use the Calibration
Manager.

“Surface Viewer” on page 14-1 describes how to use the Surface Viewer.
“Manual Calibration and the History Display” on page 15-1 describes how to
add and delete tables and manually calibrate tables, and how to use the
History viewer.

Overview of CAGE Processes

Before you can perform a calibration using CAGE, you need to set up the
variables, constants, and the models you want to use. If you import a model, it
has variables associated with it, in which case you might not have to import a
variable dictionary.

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

“Setting Up Your Variable Items” on page 7-7
“Setting Up Your Models” on page 7-14



How to Use CAGE

You can also use CAGE to calibrate tables directly from experimental data by
interpolation, without using models. See “Tutorial: Filling Tables from Data”
on page 5-1 for an example.

The view and functionality available in CAGE depend on two things:

* Which of the seven large buttons you select in the Processes and Data
Objects panes

® The item you highlight in the tree display

See the next section, “CAGE Views and Processes” on page 7-3, for a summary
of the functionality you can reach in each view and links to in-depth help for
each process.

CAGE Views and Processes

Processes

Feature

N
0
o

Tradeaff

o

Optimization

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 9-47.

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
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to a model. See “Feature Calibrations” on page 9-1. You can import existing
strategies or construct new ones using Simulink from the feature view.

From the feature node in the branch display, you can access the Surface
Viewer to examine the strategy or model or both. See “Surface Viewer” on
page 14-1.

® 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 “Tradeoff Calibrations”
on page 10-1. 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 “Optimization in
CAGE” on page 11-1.

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 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 13-1.
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Diata Objects

Madels

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 Your Variable Items” on page 7-7.

® 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
“Using the History Display” on page 15-6.

* 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 Your Models” on page 7-14 and “Surface Viewer” on page 14-1.

® 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
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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 loading the
experimental data as a new data set. See “Data Sets” on page 12-1.
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Setting Up Your Variable Items

The Variable Dictionary is a store for all the variables, constants, and
formulas 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
formulas in the current project.

This section describes the following:

* “Importing and Exporting a Variable Dictionary” on page 7-9
¢ “Adding Variable Items” on page 7-10

® “Using the Variable Menu” on page 7-12

e “Using Aliases” on page 7-13

Following is an example of the Variable Dictionary view.
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7-8

List of all the

constants, variables, and formulas in the project

‘} CAGE Browser - Untitled 101 =l
File Edit Variable Tools ‘Windol Help
Deax[#E2p R D
Processes Wariable Dic}ﬁ:unary |
~ | Mame /1 Tupe | Aliaz | Minimuml Mar:imuml Set F'Dintl Formula |
x N/ Vaiable engine_zpeed R00 E500 2500
xL Yariable  load, Load 01 1 0.4
XA Yariable  afr, AFR 11 17 14.35
. k stoich  Constant 1435
x SPK Yarable S, s, zpark 10 B0 2248
fixhlambda  Formula 075 1.25 1 Afstoich
A
Alias: | ar. &FF;
i Drescription; I Air-fuel ratio [ratio)
: L b inirnam: I 1 il I airmuim: I 17 i‘
Set Foint; [ 143 3
Farmula; I

Edit boxes to change the settings of the
selected constant, variable, or formula
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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.

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.

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.

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 .xm1l file,
1 Select File —> Export —> Variable Dictionary.

2 Select a suitable name for the dictionary.

See Also

® “Setting Up Your Variable Items” on page 7-7
* “Adding Variable Items” on page 7-10
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Adding 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.

Variable Dictionary Toolbar

Add a variable Add a 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.

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.



Setting Up Your Variable Items

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

afr
stoich

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, in this case afr/stoich,
and click OK.

A new formula is added to the variable dictionary.

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

Note Formulas can only have one variable.

See Also

® “Setting Up Your Variable Items” on page 7-7
* “Adding Variable Items” on page 7-10
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Using the Variable Menu

The Variable menu in the variable dictionary enables you to alter variable
items.

Change item to

e 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 7-13.

* Formula

Changes a variable or constant into a formula. You have to define the right
side of the formula, and use the edit boxes to change the ranges.

® Constant

Changes a variable or formula into a constant. The value of the constant is
by default the midpoint of the variable’s range.

® Variable

Changes a constant or formula into a variable. The minimum value of the
variable is, by default, the value of the constant, and its maximum is, by
default, twice the minimum value.

See Also

® “Setting Up Your Variable Items” on page 7-7
® “Using Aliases” on page 7-13
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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 the engine speed has been defined as N, and in
another it has been defined as rpm. The alias function enables you to refer to
the same quantity by a variety of different names.

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.

See Also

® “Setting Up Your Variable Items” on page 7-7

7-13



7 Using CAGE

7-14

Setting Up Your 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.

This section describes the following:

* “Importing Models” on page 7-15

® “Adding New Function Models” on page 7-18
* “Renaming and Editing Models” on page 7-20
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
linked to the selected model. You can use the View menu 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 whether to display constraints and
to edit input set points.

View —> Edit Input Set Points opens a dialog where you can edit the set
points of your model variables. This alters the model display and also any
calculations involving the set points throughout CAGE. This is the same as
altering the set points in the Variable Dictionary, see “Using Set Points in
the Variable Dictionary” on page 7-10.

Following is an example of the Models display.



Sefting Up Your Models

List of the current models

. CAGE Browser - tradeoffInit.cag B ] A |
File Edit Wwiew Model Tools &
D@E|X & |QFTrE
Processes Maodels |
M armne | |hpLits | Low
70 _Model MBLC modgel SPK.L.MN.AE
-‘NDXFLDW_MDCIBI MEC model SPE.L M. & E
1 3
iy BE ' u
| = Connections Tizr_hlodel |
VB -
Tradeoff
80
=10]
40
F 20
]
-20
»
i 1
0.3 4000
F L 2DRP
iI ’ll K@iz IN vI Y-gxis IN vI

Importing Models

Model connections display

Model display

CAGE enables you to calibrate lookup tables by referring to models

constructed in the Model Browser.
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To import a Model Browser model,

Select File —=> Import —> Model.

This opens the Model Import Wizard. The following steps take you through
the three screens of the wizard.

Select the correct file by clicking _| to browse for the correct file.

CAGE can only open Model Browser files.

a If the model is saved as an . exm file, select Automatic from the Open As
drop-down menu.

b If the model is not saved as an .exm file, select MBC Model from the
Open As drop-down menu. For example, the file extension might be
accidentally changed.

Click Next > to select the model file.

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

Click Next > to select the models, or select the check box Automatically
assign/create inputs, then you can click Finish.

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,



Sefting Up Your Models

<) Model Import Wizard x|
Model factars: Available inputs:
Sumbol | Assigred Input (il ;I
I I
L L
M M N
spark SPK =toich
E
[~ Copy range  |TQ_Model
MONFLOVY Mocel
1 [ <]
Factor range: |-8_1 ISD.B It rarige: - =0
Output clips: nt fint

Cancel = Back [est =

Finizh |

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 7a and 7b for all the model factors.

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

Note You can skip steps 7 and 8 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.

See Also

e “Setting Up Your Models” on page 7-14
* “Adding New Function Models” on page 7-18
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* “Renaming and Editing Models” on page 7-20

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.

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 > to select the models.
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6 Associate the model factors with the available inputs in your session.

For example, to associate the model factor peak_torque with the
peak_torque model in your session,

<} Function Model Wizard

Maodel factars:

1

Symbol | Azzighed [nput
L L

M M

zpk.

Factor range:

Output clips:

|

jo

froo

frint

fint

[T Copy range

Available inputs:

=toich
Wl

L

&
SPK
tot

Input range:

= Back

14.35

[ext =

||

14.35

Finizh |

a Highlight a model factor, 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 6a and b for all the model factors.

7 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 4.

You can now see a display of the model and its connections.
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See Also

® “Setting Up Your Models” on page 7-14
® “Importing Models” on page 7-15
* “Renaming and Editing Models” on page 7-20

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 Return.
You can also rename the model by selecting a model and clicking the name.

Editing Model Connections

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, you can have a model of the maximum brake
torque (MBT).

To edit the connections of a model,

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

This opens the Edit Inputs dialog box, shown.

<) Edit Inputs: NDXFLOW_Maodel E x|

flodel factars: Available inputs:

Symbal | Assigred Input & |

2 2 L

E E kN

L L 7 SPH

M N staich

SPE SPE. E

[~ Copy range

1] | H© =l
Factor range: |-14_95 ISS.?Q Input ranges:
Output clipe: nt fint

Canhcel | = Back | [ext = Finizh |
Highlight the model factor that you (lick Select Input. Highlight the new input. Click
want fo change. Finish.

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.

6 You can also edit the ranges. Highlight the model factor that you want to
alter, and enter the new range in the Factor range boxes.
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Note This does not change the range of the variable over the entire project;
rather, it changes the range of the variable in the selected model. If you want
to change the range of a variable in the entire session, change the range in the
variable dictionary. For more information, see “Using the Variable Menu” on
page 7-12.

7 To close the dialog box, click Finish.

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.
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Model Properties: General

Model Properties x|

General I Ipts: I Mode! I Information

ok NOXFLOW_Model

Type: MEC model
Mumber of inputs: a9
Constrairts: Mot available

Prediction errar variance:  Available

Ok I Cancel |

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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Model Properties: Inputs

Model Properties x|

General  Ihputs I todel | Information I

Imrmediate inputs:

Itemm | Type |
BT MBC madel

x LO&D Wariable

x EMGSPEED Wariable

X A Wariable

X E Wariable

Al variahble dependencies:

Item | Type |
x EMGSPEED Wariable
X LOAD Yariable
X INTCak Wariable
X ExHCaM Wariable
X A Wariable
x E 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

Generall Inputs Madel I Infarmation
Maodel project file:  Unknow
Model path: testgr3stg models/To

Model defintion:

x|

Laad kode! |

Maodel for T
Coding

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

L: [0.20811] = L: [-1,1]

M [750,6500] = M: [-1,1]

A 11176 = & [-11]

E [012] = E [11]
H[SPKL.Q([L.H,A,ET}

Local: 131512

DatumType: Maximum

Global Models

knet A2 07, A% ED: = B

krot™ 2]

Kl

-
i

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

Model Properties ! x|

General' Inputsl todel  Ihformation I

Field “alue
Lzer inoel
Date 13-Jun-2001
MEC % ersion 315

Ok I Cancel |

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.
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Exporting Calibrations

When you have filled some tables using any of the CAGE processes, you can
export the tables.

1 Select File —> Export —> Calibration.
2 Choose the type of file you want to save your calibrations as. You can choose
from
a Comma Separated Value (.csv)
b MATLAB-file (.mat)
¢ M-file script

3 Enter the filename and click Save.

What you export 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 and nodes).

Selecting a branch node outputs all the Features or Tradeoffs under the
branch.
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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:

e Simulink diagrams (.md1)

® Experimental data (.x1s, .csv, or .mat)
® Variable dictionaries (.xml)

® Models (.exm)

To specify preferred locations for project and data files,

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

-} CAGE Options 2 =10 x|

CAGE project files directan;

| =2

CAGE data files directany:

[ =

QK. | Cancel |

2 Enter the directory where your CAGE project files are stored. Alternatively,
click & to browse for the directory.

3 Enter or browse for the directory where your data files are stored.

4 Click OK.



Normalizers

This section includes the following topics:

About Normalizers (p. 8-2)

Calibrating the Normalizers (p. 8-3)

Normalizer View (p. 8-14)

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 how to calibrate the normalizers by
spacing the breakpoints. This covers initializing, filling,
and optimizing breakpoints.

This section describes what you can see when you
highlight a normalizer in the branch display: the
input/output display, normalizer display, breakpoint
spacing display, how to delete breakpoints, and how to
use the comparison pane.



8 Normalizers

About Normalizers

8-2

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.

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.

Thus, when you calibrate a normalizer you place the individual breakpoints
over the range of the table’s axis.
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Calibrating the Normalizers

Select a normalizer in the branch display. This enables you to calibrate the
normalizer, and it displays the Normalizer view.

For more information about the Normalizer view, see “Normalizer View” on
page 8-14.

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

Normalizer Toolbar

I e

1. Initialize 2. Fill 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 8-4.

* 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 8-5.

® 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 8-10.

The next sections describe each of these in detail.
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Initializing Breakpoints
Initializing the breakpoints places the breakpoints at even intervals along the
range of the variable defined for the normalizer.

For example, a torque table has two normalizers, engine speed and relative air
charge, or 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 space the breakpoints evenly,
1 Click [l on the toolbar or select Normalizer —> Initialize.
2 In the dialog box, enter the range of values for the normalizer.

In the preceding example, for the speed normalizer, N, enter 500 6500, and
for the load normalizer, L, enter 0.1 1.

3 Click OK.

Note If the selected table has two normalizers, both are evenly spaced
automatically.
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Filling Breakpoints

Filling breakpoints spaces the breakpoints in such a way as to place 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,
1 Click & or select Normalizer —> Fill.

The Breakpoint Fill Options dialog box opens.

<) Breakpoint Fill Options 10l x|
|GFIBP_Table NL
Fill methad: [ShareaweCury =]
Range L: IW
Fange M: IW
A

|:Fiange: I 1117
MHumber of points; I 2

ak | Cahicel |

2 Choose the appropriate method to space your breakpoints, from the
drop-down menu in the dialog box.

For the preceding example, select ShareAveCurv. For more information
about the methods for spacing the breakpoints, see “Filling Methods” on
page 8-6.
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3 Enter the ranges of the values for the normalizers.

In the preceding example, for Range N, enter 500 6500, and for Range L,
enter 0.1 1.

4 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. In the preceding example, enter
11 17 for the Range of A and enter 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 ay/(N, L).

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

e [For two-dimensional tables, the two fill methods are

= ShareAveCurv
= ShareCurvThenAve

ReduceError
Spacing breakpoints using ReduceError uses a greedy algorithm:
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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.

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 5y(N, 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 ay(N, L),

fine mesh
_ " 1/2
K= % (MBT,,"(N,L))
i=1
as an approximation for
6000
K=[ "|MBT, (N, L)[""%dN
750

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.
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Model Slices at Various Values of L

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

® ShareCurvThenAve places the ith breakpoint according to the rule, then finds
the average position of each breakpoint.

Rule for Placing Breakpoints. If j breakpoints need to be placed, the it breakpoint,
N;, is placed where the average curvature so far is

N,
[ [MBT,y (N, L))" %dN = J'_:_i x K
750

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(N‘Z). This compares with an order of O(N'1/2) 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.
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See Also
e “Calibrating the Normalizers” on page 8-3
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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.

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 areas show the error
between the interpolated table values
and the model using the initial
breakpoints.

Torque

Optimizing the position of the
breakpoints can greatly reduce the error
between the interpolated table values
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 9-18.

See “Filling Methods” on page 8-6 for details on how the optimal breakpoint
spacing is calculated.
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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,

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 " ;

OK

I;D ptBP_Table ML

BrL

—FRange: IW

L—Mumber of pointg: IS‘B—
=M

—Hange: Iw

L—Mumber of points: ISE—
E-A

—Hange: )

L—Mumber of points: I'I—

\Reorder Deleted Breakpoints [
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7

Enter the ranges for the normalizers.

For the preceding example, enter 0.2 0.811 for the Range of L, and enter
750 6500 for N.

Enter the appropriate number of grid points for the optimization.

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.

Enter ranges and numbers of points for the other model variables.

In the preceding example, the Range of A is 14.3 and the Number of points
is 1.

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 “Deleting Breakpoints” on
page 8-19.

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 (1sgnonlin).

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.
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See Also
¢ Reference page for 1sgnonlin

e “Calibrating the Normalizers” on page 8-3
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Normalizer View

The normalizer node shows the Normalizer view, which displays

® One normalizer if the table selected is one-dimensional
e Both normalizers if the table is two-dimensional

The table in the following example is two-dimensional.
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Normalizer View

Selected node 1. Input output display 2. Normalizer display 3. Breakpoint spacing display
Feature || PN |
4 Branch 1 Irnut Quteut Mormalizer Display Breakpojrt Spacing
E-¥ Torque Al e .
i _/ FN_N 1333
L PNLDAL 1667 2 75
I |/ FN_&FR 2333 4 o
B T3 2667 5 : ; :
iy} FN_SPE 3000 G © gs
3333 7 : : :
3667 g j‘ : L m
4000 g || ok : :
4333 10 L2 : .
4667 11 2000 4000 AOOD 2000 4000 AOOD
5000 12 | = 5 -
FN_LOAD
Input Output formalizer Display Breakpoint Spacing
0.200 0 . : 5 ST 4o
T AU S o
0.309 2 : J) N
0364 5 3 ........ ke E“.1|:||:|
0.418 4 : 5 : :
I o ™
0.562 7 . 6D
DESE 8 4 ..................
0,681 g i
0.745 10 2p a0
0.800 11
]
e WA e g
‘I I_'I Ioacl

4. To view the comparison pane

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.
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The parts of the display are

1 The Input Output display shows the breakpoints of the normalizer. For
information, see “Input/Output Display” on page 8-16.

2 The Normalizer Display is a graphical representation of the Input Output
display. For information, see “Normalizer Display” on page 8-17.

3 The Breakpoint Spacing display shows a slice of the model over the range
of the breakpoints. For information, see “Breakpoint Spacing Display and
Deleting Breakpoints” on page 8-18.

4 The comparison pane. For information, see “Viewing the Comparison Pane”
on page 8-21.

The following sections describe in detail each part of the Normalizer view.

Input/Output Display

Input Cutput
A00
1055
1609
2164
2718
3273
3828
4332
4836
5391
AB895
G500

—_ o || D e G R =3

N P

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 using the Input Output display,
double-click a cell in the Input column and change its value.
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Viewing the History of a Normalizer
To view the history of the normalizer function,

1 Right-click the table.

2 Select Show History from the menu.

This opens the History dialog box. For a more detailed description of the
History dialog box, see “Using the History Display” on page 15-6.

Locking and Unlocking Breakpoints in the Input/Output Display

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

To lock a breakpoint in the Input/Output display,
1 Right-click the selected breakpoint.
2 Select Lock/Unlock from the menu.

Locked breakpoint cells have padlock icons.

To unlock cells, follow the same procedure.

See Also

* “Normalizer View” on page 8-14

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
Values of the S
breakpoint labels.

A locked
breakpoint

Breakpoint

7

02 04 06 058 1

0
J )
Values of the breakpoints

Locking and Unlocking Breakpoints in the Normalizer Display

To lock a breakpoint in the Normalizer Display, right-click the selected
breakpoint and select Lock Breakpoint. You might want to lock a breakpoint
when you are satisfied that it has the correct value.

Locked breakpoints are colored black.

See Also

* “Normalizer View” on page 8-14

Breakpoint Spacing Display and Deleting
Breakpoints
The Breakpoint Spacing display shows

® A slice through the model in blue
® The breakpoints in red

To move breakpoints, click and drag.
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Example of the Breakpoint Spacing Display

Breakpoirt Spacing

52 Asslice through the model: blue
iy
s0

46
46
44

42 5
40

38 \ | Locked breakpoint: black

0 200§ 4000  BOOO
N
Deleted breakpoint: green

Breakpoints: red
—

Locking Breakpoints in the Breakpoint Spacing Display
You might want to lock a breakpoint when you are satisfied with its value.

To lock a breakpoint in the Breakpoint Spacing display, right-click a
breakpoint and select Lock Breakpoint from the menu.

Locked breakpoints are colored black.

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

Deleted breakpoints are green in the Breakpoint Spacing display.

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,

1 Right-click the model in the Breakpoint Spacing display.

2 Select Display —> Model Curvature.

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

Multiple Slice View

By default the Breakpoint Spacing display shows one slice through the model,
shown.

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.



Normalizer View

Many Slices Through a Model
Surface

To view multiple slices through the model,
1 Right-click the model slice in the Breakpoint Spacing display.

2 From the menu, select Number of Lines and choose the number of slices
that you want to view from the list.

See Also
* “Normalizer View” on page 8-14

Viewing the Comparison Pane

To view the comparison pane, select View —> Comparison. Alternatively,
click e «, the “snapper point” at the bottom of the normalizer display panes.
This is labeled in the diagram of the “Normalizer View” on page 8-14.
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variables common to not in the table comparison display and the model table and the model

the table and model

The comparison pane displays a comparison between the following:

o 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 “Calibrating
the Tables” on page 9-12.

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.

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 7-10.

3 Check the number of points at which the display is calculated.
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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 strategy.

Error Display in the
Comparison Pane

To display the error,
1 Right-click the axes of the comparison display.

2 Select Error from the 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. This is the difference between the feature and the model.
® 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
model.
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® Absolute Relative Error (%). This is the absolute value of the relative error.
To select one of these displays of the error data,
1 Right-click the display.

2 Select Error Display and select the appropriate display of the error from the
context menu.

See Also

* “Normalizer View” on page 8-14

® “Comparing the Strategy and the Model” on page 9-36
This describes the comparison made when a table node is selected in the
branch display.
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This section includes the following topics:

Performing Feature Calibrations
(p. 9-2)

Setting Up a Feature Calibration
(p. 9-5)

Calibrating the Tables (p. 9-12)

Table View (p. 9-31)
Calibrating the Feature Node (p. 9-39)

Feature View (p. 9-47)

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 initialize, fill, optimize, and extrapolate your table
values.

How to use the Table view.

How to calibrate a whole feature at once, rather than
table by table.

Functionality available in the Feature view.
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Performing Feature Calibrations

kS

Feature

A Feature calibration is the process of calibrating lookup tables and their
normalizers by comparing a Simulink strategy to a model.

The Simulink 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.

See “Tutorial: Feature Calibration” on page 2-1 for a tutorial showing how to
perform a simple feature calibration.

The basic procedure for performing feature calibrations is as follows:

1 Set up the variables and constants. (See “Setting Up Your Variable Items”
on page 7-7.)

2 Set up the model or models. (See “Setting Up Your Models” on page 7-14.)

3 Set up the feature calibration. (See “Setting Up a Feature Calibration” on
page 9-5.)

4 Calibrate the normalizers. (See “Calibrating the Normalizers” on page 8-3.)

5 Calibrate the tables. (See “Calibrating the Tables” on page 9-12.)
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6 Calibrate and view the entire feature. (See “Calibrating the Feature Node”
on page 9-39.)

7 Export the normalizers, tables, and features. (See “Exporting Calibrations”
on page 7-27.)
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3. Set up the feature calibration.
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1. Set up the variables.
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Details:

2. Set up the models.

The normalizers, tables, and features form a hierarchy of nodes, each with its
own view and toolbar.
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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
e 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 9-5.

2 Assign a model. This is described in “Assigning a Model” on page 9-6.

3 Set up your strategy. This is described in “Setting Up Your Strategy” on
page 9-6.

4 Set up the tables. This is described later, in “Setting Up Tables” on
page 13-2.

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.

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.
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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 ¥z in the branch
display. If a feature is complete, it is displayed as ¥. in the branch 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 Feature node in the branch 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 relative air charge

e 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 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 9-7

e “Constructing a Strategy” on page 9-8

® “Exporting Strategies” on page 9-11
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Importing a Strategy
To import a Simulink strategy,

1 Highlight the Feature in the branch 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:
a Select Automatic to parse the strategy without viewing it.
Or

b Select Manual to edit the strategy. Double-click the blue outport circle to
parse the strategy to your feature.

Note When you double-click the blue outport, the Simulink windows shut
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 9-8.

Example. In the matlab\toolbox\mbc\mbctraining directory, there is a
Simulink diagram called tutorial.mdl. If you import this and select 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.
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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
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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
e Evaluate the strategy using Real-Time Workshop® to produce C code
¢ Evaluate the strategy using Simulink

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 Tables

9-12

After you set up your session and your tables, you can calibrate your tables.

Highlight a table in the branch display to view the Table view. For more
information about the Table view, see “Table View” on page 9-31.

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 “Normalizers” on page 8-1 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 8-3.

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

Table Node Toolbar
1. Initialize —\ 5. Fill by

Ba F" Inversion
2.Fll — \—— 4. Extrapolate

3. Optimize

To fill the table values, either click the buttons in the toolbar or select from the
following options in the Table menu:
® |nitialize
Sets each cell in the lookup table to a specified value. For information, see
“Initializing Table Values” on page 9-13.
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° Fill
Fills the table values by reference to the model. For information, see “Filling
Table Values” on page 9-14.

® Optimize
Fills the table values by minimizing the total square error between the table
values and the model. For information, see “Optimizing Table Values” on
page 9-18.

* Extrapolate

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 9-21.

* Fill by Inversion

Fills the table by creating an inversion of another table. For information, see
“Inverting a Table” on page 9-23.

The next sections describe each of these toolbar options in detail. See the “Table
Menu Options” on page 9-34 for other options.

Initializing Table Values

Initializing table values sets the value of every cell in the selected table to a
constant.

To initialize the values of the table,
1 Click k& 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.
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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. If you do not, when CAGE tries to fill the table by rearranging the
strategy equation (model = table * modifier table), there is a problem, as you
cannot divide by zero. This operation will fail.

See “How CAGE Fills Tables” on page 9-15.

Filling Table Values

This tool fills the table with the values of the model at the operating points
specified in your normalizers.

To fill the table values by reference to the model,

® Click & or select Table —> Fill.

A dialog appears where you can choose the values of other input variables not
specified by the normalizers. You need to specify the values of other inputs so
CAGE can evaluate the model to fill the table. You can also just click OK to
accept the default values. These defaults are taken from the set points for each
variable, found in the Variable Dictionary.

For example, if your normalizers are in speed and load, and the model also
requires an AFR input, you need to specify AFR. You can choose one value of
AFR for the whole table (for example, 14.3), or you can choose a range of values
and fill using the average model value at each cell. For example, if you choose
AFR =11, 13, 15, the model is evaluated at all three values for each cell and
the average model value is used. The default AFR value is the set point (which
you can set in the variable dictionary). See the following section “How CAGE
Fills Tables” on page 9-15 for more detailed explanation.

To fill a table using model values averaged over a range of an input variable,
you type the minimum and maximum (separated by a space) in the Range edit
box, and the number of desired points in the Points edit box.
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How CAGE Fills Tables

CAGE fills tables in a feature calibration by rearranging the equation
model = strategy.

Example
A very simple example strategy for torque might consist of two tables:

* A speed-load (or relative air-charge) table filled with values of torque
* An air/fuel ratio (AFR) modifier table to account for the behavior of AFR

—~
Speed —pm| T
Load —p» f >
+ |— g Torque | Strategy
12
ARR —
N — Feature
~
Model (Speed, Load, AFR) — p-Torque } Model

This example is a strategy with a base speed-load (N, L) table for torque and a
modifier table to account for the behavior of AFR (A). Your strategy might use
several speed-load tables for different values of AFR, or as in this case 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.

T1(N,L) + T2(A) = Model(N, L, AFR) -
With the tables arranged in the following manner, this is the feature equation:

Model = T1 + T2

To fill the speed-load table, the equation is rearranged to
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T1 = Model -T2
If the AFR modifier table (T2) is initialized with zeros, this becomes
T1 = Model -0 or

T1 = Model

Each cell in the table is therefore filled with the corresponding values of the
model at the operating point specified by the breakpoints.

For example, to fill the T1 cell (Speed = 2500, Load = 0.5), CAGE evaluates the
model at Speed = 2500, Load = 0.5, and uses the value of AFR that you choose
in the dialog that appears.

You can choose one value of AFR for the whole table (for example, 14.3), or you
can choose a range of values and fill using the average model value at each cell.
For example, if you choose AFR =11, 13, 15, the model is evaluated at all three
values for each cell and the average model value is used. The default AFR value
is the set point (which you can set in the variable dictionary).

Note To fill using model values averaged over a range of an input variable,
you type the minimum and maximum (separated by a space) in the Range
edit box, and the number of desired points in the Points edit box.

When the base table (T1) is filled, CAGE rearranges the equation again to fill
the modifier table (T2):

T2(A) = Model(N,L,A) —T1(N,L)

For example, to fill the T2 cell at AFR = 12.5, you choose values of speed and
load (such as 3000,0.4) and CAGE evaluates the following:

T2(12.5) = Model(3000, 0.4, 12.5) — T1(3000, 0.4)

As before, you can choose a range of values for speed and load and use the
average to fill the table.
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Note Be careful not to initialize modifier tables with 0 if they are multipliers
in your strategy. In this case, solving Model = T1 x T2 for T1 gives
T1 = Model/T2, and you cannot divide by zero. This operation will fail.

Solving Model = Strategy algebraically for a table in the strategy is not always
possible. In these cases you must use optimization.
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Optimizing Table Values

Optimizing the table values minimizes the current total square error between
the table values and the model.

This routine improves the fit between your strategy and your model. Using Fill
places model values directly into your table, whereas the optimization process
can shift those values up and down to give the least overall error between the
interpolation between table values and the model surface. You should use Fill
first to place model values into your table — this gives the optimization routine
a good starting point.

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.

® This shows the error when filling the
= .
g table using model values.
=

This shows the reduced error after
g optimizing table values.
=

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 8-10.
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For an example of optimizing table values, say you have a model of the spark
angle that produces the maximum brake torque (MBT). The model has inputs
engine speed N, relative air charge L, and air/fuel ratio A. The strategy that
you are using to calibrate the MBT feature has an N-L table and a table to
account for the variation of MBT over the range of A.

To optimize the table values,

1 Ensure that the optimization routine works over a reasonable range of
values by selecting Table —> Fill.

Optimization works best if you start with a sensible range of values. Using
Fill places model values at the appropriate operating points into each cell of
the table. From this point, the optimization routine has the best chance of
finding a good solution quickly.

For example, a model for MBT might have a range of values from 20 degrees
to 35 degrees. Running the optimization routine when most of the cell values
are outside this range (say if your table is filled with zeros), is very time
consuming.

2 Click @ or select Table —> Optimize.

This opens the following dialog box.
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<) Table Dptimization Dptio =101 =]
EI:D pt_Table ML

B
R ange: IW
“—Murmnber of points: ISE—

=N
R ange: IW
“—Murmnber of points: ISE—

E-A
R ange: IT
“—Murnber of points: |1—

Ok | Cancel |

3 Enter the ranges for the normalizers.

For the preceding example, enter 0.2 0.811 for the range of L and enter
750 6500 for N.

4 Enter the number of grid points for the optimization.

This defines a grid over which the optimization works. Above, the number of
grid points is 36 for both L and N. This mesh is used to approximate the
model. The default number of grid points is three times the number of
breakpoints in the table.

5 Enter the ranges and numbers of points for the other model variables.

In the preceding example, the range of A is 14.3 and the Number of points
is 1. The mesh approximates the value of the model at only one value of A.
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6 Click OK.

CAGE evaluates the model over the number of grid points specified, then
calculates the total square error between this mesh model and the table
values.

CAGE adjusts the table values until this error is minimized, using
1sgnonlin.

When optimizing the table values, it is worth noting the following:

* The default range for a normalizer variable is the range of the variable.

* The default value for all other model variables is the set point of the
variable’s range.

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

® Increasing the number of grid points increases the quality of the
approximation, but also the computation time.

See Also

¢ Reference page for 1sgnonlin
e “Calibrating the Tables” on page 9-12

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.

Tofill atable by extrapolating over a preselected mask, click ™ or select Table
—> Extrapolate.

This extrapolation does one of the following:
¢ If the extrapolation mask has only one value, all the cell values change to the
value of the cell in the mask.

¢ If the 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.

¢ If the extrapolation mask has three or more coplanar values, the cell values
change to create that plane.
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¢ If the extrapolation mask has four or more ordered cells (in a grid), the
extrapolation routine fills the cells by a grid extrapolation.

¢ 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 0.4t00.6

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 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.

Generating the Extrapolation Mask from the Predicted Error

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

To generate a mask automatically,
1 Select Table —> Generate Mask From PE.

2 In the dialog box, set the PE threshold. Click OK.
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The cells in the table where the predicted error is within the threshold now
form the extrapolation mask, and thus are colored yellow.

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.

Torque Load

Load ' Torque

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, in order 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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Torque Spark

Load Load

\Spurk \ Torque

Model Table to 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.
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Load

~

L Torque

The preceding 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.

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 —> Inversion.

The lower pane now acts as a wizard.

4 In the lower pane, highlight the table that you want to invert.
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5 Click Next. The next page asks what CAGE should do if it encounters
multiple values. The options are

= Maximum selects the uppermost range if a given number has two possible
inverses (like selecting the positive square root of a number).

= Minimum selects the lower of the two if a given number has two possible
inverses (like selecting the negative 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 = F1(f(x)).

6 Highlight the part of the table to invert, 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 4 against tself (red), and a plot of A against f”(f(ﬂ)) (areen).

11 12 13 14 15 16 17

[ et Finizh Cancel

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.
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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

b The second table from your backward strategy, which you want to fill
2 Highlight the second table.
3 Click F' or select Table —> Inversion.
The lower pane now acts as a wizard.
4 In the lower pane, highlight the table that you want to invert.
5 Click Next.
6 ldentify 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

* RPM and engine speed

* RPM and load

® Tg and engine speed

® Tg and load

In this case, you would select the first option.
7 Highlight the part of the table to invert, then click Next.

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

= Maximum selects the uppermost range (like choosing a positive square
root of a number).
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= 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 error metric
similar to the error metric for 1-D tables (see “Inverting One-Dimensional
Tables” on page 9-25).

Choose one of these options and click Next.

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 andy, and a colored surface showing g(y,f(x,y)) plotted against xandy. 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.
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b
[ et | Finizh | Cancel |

9 Click Finish to accept the result or Cancel to ignore the result and return
to the original table.
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Table View

When you select a table in the branch tree (in feature or manual calibration),
you see the Table view. 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.

For example, a simple MBT feature has two tables:

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

e A one-dimensional table with AFR as its normalizer

For feature calibration (filling the tables by comparing a strategy and a model),
see “Calibrating the Tables” on page 9-12.

For an example of manual calibration (filling tables using experimental data),
see “Tutorial: Filling Tables from Data” on page 5-1.

The example following is a feature view. In the Tables view for manual
calibration, you do not see the comparison pane because you are not comparing
tables with a model.
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Table Display in Feature Calibration
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The parts of the display are numbered and labeled as follows:

1 The table pane displays the breakpoints of the normalizer and the values of
the table. (See “Viewing a Table” on page 9-33.)

2 The graph of the table pane displays the table values graphically. (See
“Using the Graph of the Table” on page 9-35.)
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3 The comparison-of-results pane displays a comparison between the current
output of the strategy and the feature model. (See “Comparing the Strategy
and the Model” on page 9-36.)

Note You can view the History display by selecting View —> History. For
information, see “Using the History Display” on page 15-6.

This section describes each of these parts in detail.

Viewing 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.

Cell in the LN 500 1054 522 1609.244 2163.866
extrapolation mask iR -3.866 -3.219 -2.894 -2.852
0155 2466 3065 3.351 3263
0.245 T2.a7 13,644 14018 13.985
03 s 26719 20724 3033 30,553
0562 45623 50.032 50.981 51.491
0.727 £4.513 BE.07 |8 £7.151 67 757
Locked cell in 0.827 76.324|8 | 77823 TEE24
extrapolation mask— e 64.164 \ 5 527 86,367 86757
0,945 90,945 \gzazz 92,794 g2as3 | Selected cell
1 57 557 lag 519 55,574 sg.s0s | (locked)
1 I— \ i
Locked cell

To edit a value in the table, double-click the cell. Selected cells are outlined (or
blue with a padlock icon if they are locked).

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.
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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.

Table Menu Options

All the toolbar button functions are also found in the table menu: Initialize,
Fill, Optimize, Extrapolate, Fill by Inversion. For information on these see
“Calibrating the Tables” on page 9-12

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. Also in the table context menu.

e 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
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.
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® 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 13-6

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.

80 -
g0

sod.h

i F

06 -
L 0z

G000

Dragging Enabled

Line indicates which value in the table you are editing.

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

e 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.
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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 following pane
illustrates a comparison.

The ranges of the common

variables Number of points in the comparison display
Pldt type: IFeature (blue) & Model |
Fegture and Madel [nputs
[Matme “alue
N\\r 500 to 6500, 20 points
L 01 to1, 20 points
2 1435
5Pk L 25
Error statistics
bdaitnuam errar 24 .45 =
hlean square errar 9.961 -
Total zoquare error 3854 LI
|

Variables in the model, not

in the table

Comparison of the strategy

Error between the
and the model

strategy and the model

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.

To make full use of the comparison-of-results pane,



Table View

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.

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.

dion | e SR
aoed.
oms LR ¥

0ot 4

onoos 4§

0g S000

02 1000

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.
® Squared Error. This is the error squared.

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

® Absolute Relative Error (%). This is the absolute value of the relative error.
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Calibrating the Feature Node

Selecting a Feature node displays the Feature view. For more information
about the Feature view, see “Feature View” on page 9-47.

The Feature view enables you to calibrate the entire feature. Calibrating the
feature means that you fill the breakpoints in the normalizer, and the table
values, by referring to a model.

Feature Node Toolbar

Kfji T
1. Initialize 3. Optimize

2. Fill

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 9-39
2 “Filling the Feature” on page 9-41

3 “Optimizing the Feature” on page 9-44

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.
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To initialize the feature,

1 Click & . This opens the Feature Initialization Options dialog box, as
shown.

<} Feature Initialization OpEi -" =101 =]
E]tlnitialize Mew Feature

LJ—]—B reakpoints of Table ML

LJ—]—B reakpoints of Marm_L

LBreakpninl 1ange: I nz 0aen

[=-Breakpaints of Marm_M

LBreakpninl 1ange: I R0 6500

‘—Enahle

= alues of Table ML

—Iritial walue:

TIE‘ <

—Enable

[=-Breakpaints of Fri_a&

Breakpaintz of Marm_a
LBreakpninl 1ange: 1Al 176

Enable v

=-Yalues of Fri_A

|:Initial walle: I a

Erable i

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

= L hasrange 0.2 0.811.
= N has range 750 6500.
= Ahasrange 11 17.6.
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3 Enter the initial table value for each cell in each table. Above, the cell values
are

= Table_NL has initial value 0.
= 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.

Filling the Feature
A very quick way to calibrate a feature is to fill it. This does two things:

® CAGE spaces the breakpoints of the normalizers by reference to the model.
For example, the breakpoints can be spaced to place most breakpoints where
the curvature of the model is greatest. This process is described in detail in
“Filling Breakpoints” on page 8-5.

® Then CAGE fills the tables by reference to the model. This process is
described in detail in “Filling Table Values” on page 9-14.

This section describes the procedure to fill a feature. For a detailed description
about the filling processes, see the sections listed above.

To fill a feature,

1 Click & . This opens the Feature Filling Options dialog box, shown.
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<} Feature Filling Options = 10| =]
EI:FiII MHew Featurs ;l
H-Breakpoints of Table NL Method for filling the

b Fill Braskpoints normalizers of Table_NL

—Fill rmethod: I SharefweCury
—Range L: [0z oarm Range of L
—Range M: I R0 6500

=4 Range of N

|:F|ange: 143 ]
Number of points: | 1 The value of A used to calculate the

model when filling the normalizers

L v
Enatle ¥ of Table_NL
[#-Optimize Breakpoints
= alues of Table ML
B-A
|:F|ange: 143 \
Mumnber of points: [1 The value of A used to evaluate the
L_Enable = model when filling the table
) Table_NL
[=-Breakpaints of Fri_a&
Fill Breakpaints Expand this node to view the
Optimizs Braskpoints seftings for filling the normalizer
of Fn_A
[=-Yalues of Fri_A
L Expand these nodes to view the
. settings for filling the table Fn_A
Erable i

LT able fill arder: I [121] =] Table fill order

ak. | Cancel |

2 Select the correct method for filling your normalizers. See “Filling Methods”
on page 8-6.

3 Enter the ranges for the normalizers of the tables. The default is the range
of the variable.
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7

Enter the ranges of the other variables when filling the normalizers.
Enter the ranges of the other variables when filling the tables.

As when filling individual tables, you can choose one value of each variable
for the normalizer or table (as shown for A in the example above), or you can
choose a range of values and fill using the average model value at each cell.
The default is the set point of each variable. See “Filling Table Values” on
page 9-14.

Enter the table fill order.

In the example shown thisis [1 2 1]. This fills the normalizers and then
fills the table values of Table_NL. Then CAGE fills the normalizers, and
then the table values of table Fn_A. After which CAGE then fills the
normalizers and then the table values for Table_NL again.

Click OK to fill the feature.

You can iterate this process using the table fill order edit box, as in the
example. This further improves the fit of the strategy and the model.

Note Feature fill gives you the choice of optimizing each normalizer before
filling the table values. To do this, expand the Optimize Breakpoints node

and select the Enable box. If you clear any Enable box, that table is not filled.

See also “Optimizing the Feature” on page 9-44 to further improve the fit of the
strategy to the model.

When you have completed a calibration, you can export your feature. For
information, see “Exporting Calibrations” on page 7-27.
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Optimizing the Feature

After filling the feature, you can improve the fit of the strategy to the model by
optimizing the feature. The optimization routine does the following:

® First CAGE optimizes the breakpoints for the normalizers. (See “Optimizing
Breakpoints” on page 8-10.)

* Next CAGE optimizes the values of the tables. (See “Optimizing Table
Values” on page 9-18.)

This section gives the procedure for optimizing a feature. For further details of
how optimization works, see the references given above. Note that to give the
optimization a useful starting point, you should fill the feature before
optimizing. Using Fill spaces the breakpoints of the normalizers by reference
to the model, and places model values at the appropriate operating points into
each cell of the tables. From this point, the optimization routine has the best
chance of finding a good solution quickly; otherwise it can be very time
consuming. See “Filling the Feature” on page 9-41.

To optimize a feature,

1 Click © . This opens the Feature Optimizing Options dialog box, as
shown.
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<} Feature Optimization Opktions

=0l x|

R ange:

“—Murmnber of points:

R ange:

“—Murmnber of points:

R ange:

“—Murmnber of points:

—Reorder Deleted Breakpoints

‘—Enahle

= alues of Table ML

R ange:

“—Murmnber of points:

R ange:

“—Murmnber of points:

R ange:

“—Murmnber of points:

‘—Enahle

I;D ptimize Mew_Featurs

LJ—]—B reakpoints in Table_ ML

ID.2 (=1 R
ISE Tl

I 750 500 i
I 36 m

ID.2 0811 —
ISE —

I 750 500 —
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Options for Optimizing Normalizers of Table_NL

/(unge of normalizer L

| Number of grid points for normalizer L

Range of normalizer N

7

L Number of grid points for normalizer N

\ The value of A used to evaluate the model when
optimizing the normalizers of Table_NL

Options for Optimizing Table Values of Table_NL

7 Range and number of grid points for normalizer L, used for
optimizing Table_NL

Range and number of grid points for normalizer N, used for
optimizing Table_NL

./

7 The value of A used to evaluate the model when optimizing Table_NL

Options for Optimizing the Normalizers and Table Fn_A

[#-Breakpaints in Fri_a
F-Yalues of Fr_A

Expand these nodes to view the settings for optimizing the

T able optimization arder:

Cahicel |

normalizers and table Fn_A.

Table fill order
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2 Enter the ranges of the normalizers for the normalizer optimization.
3 Enter the numbers of grid points for the normalizers.

4 Enter the values for the other variables.

5 Enter the ranges of the normalizers for the table optimization.

6 Enter the numbers of grid points for the normalizers.

7 Enter the values of the other variables.

8 Enter the table fill order.

In this example, enter [1 2 1]. This optimizes the normalizers and then the
table values of Table_NL. Next CAGE optimizes the normalizers, and then
the table values of table Fn_A. After which CAGE optimizes the normalizers
and then the table values for Table_NL again.

9 Click OK.

Note You can iterate this process using the table fill order edit box, as in the
example. This further improves the fit of the strategy and the model.

As when optimizing individual tables, this information applies to optimizing a
whole feature at once:
® The default range for a normalizer variable is the range of the variable.

® The default value for all other model variables is the set point of the
variable’s range.

® The default number of grid points is three times the number of breakpoints.
® Increasing the number of grid points increases the quality of the
approximation, but also the computation time.

See also “Optimizing Table Values” on page 9-18 and “Optimizing
Breakpoints” on page 8-10.

When you have completed a calibration, you can export your feature. For
information, see “Exporting Calibrations” on page 7-27.

9-46



Feature View

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.

Selected feature 1. The strategy for the selected feature 2. The model associated with the selected feature

=10lx]

J. CAGE Browser - feattut.cag

File Edit “iew Feature Tools§ Window Help
DR #F@”(ELEo
Processes F\E‘E(ure \[ Stratedy: Inputs: M, L, & SPK
]---I}_\New_Feature
B T New Feature = T(Morm (M) Hofm_1(L)) +
ik Nom M
o LL_Z Mo L || F_A(orm_aia)) + F_SPER(Morm |SPE(SPK)
B F_A
Fa‘ El i el Noma
i D :
¥ E-{/ F_5PK
'*‘lhl ©4 Mom SPK
Mocel: ty, hputs: ML A SPR

Select Model... | Deselect Mocel

— Fesature History

/ Comment / Action
Strategy equation diagram created and parsed

Add
Remayve |

a | |

Details:

Ohjects removed : Mone A
Ohjects added : N, L, &, SPK, Morm_M, Morm_L, T, Morm_&, F_&
Mortn_SPH, F_SPK

1 S

| Ready

3. Feature History pane
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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 9-6.

® 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 9-6.
Enables you to view the feature and the model using the surface viewer. For
information, see “Surface Viewer” on page 14-1.

® Clear Current Strategy
Clears the current strategy from your feature.

® |nitialize
Initializes the feature; also in the toolbar. See “Initializing the Feature” on
page 9-39 for details.
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e Fill
Fills the feature; also in the toolbar. See “Filling the Feature” on page 9-41
for details.

® Optimize
Optimizes the feature; also in the toolbar. See “Optimizing the Feature” on
page 9-44 for details.
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Tradeoff Calibrations

This section includes the following topics:

Performing a Tradeoff Calibration An overview of the steps required for tradeoff calibration.

(p. 10-2)

Setting Up a Tradeoff Calibration How to set up a new tradeoff, add tables, and display

(p. 10-5) models.

Calibrating Tables in a Tradeoff An overview of how to calibrate tables in a tradeoff

Calibration (p. 10-11) calibration; setting values for other variables and
determining suitable values at specific operating points.

Determining a Value at a Specific How to use the controls to trade off objectives, including

Operating Point (p. 10-16) menus, toolbar buttons, context menus, and graph
controls.

Using Regions (p. 10-22) How to use regions to fill specific parts of your table by

extrapolation.

Multimodel Tradeoffs (p. 10-24) How to set up and use multimodel tradeoffs.
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Performing a Tradeoff Calibration

[N
AL

10-2

Tradeoff
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 Your Variable Items”
on page 7-7.)

2 Set up the model or models. (See “Setting Up Your Models” on page 7-14.)

3 Set up the tradeoff calibration. (See “Setting Up a Tradeoff Calibration” on
page 10-5.)

4 Calibrate the tables. (See “Calibrating Tables in a Tradeoff Calibration” on
page 10-11.)

5 Export the normalizers, tables, and tradeoffs. (See “Exporting Calibrations”
on page 7-27.)

You can also use regions to enhance your calibration. (See “Using Regions” on
page 10-22.)



Performing a Tradeoff Calibration

See Also

* “Tutorial: Tradeoff Calibration” on page 3-1

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

* “Automated Tradeoff” on page 11-35 is a guide to using the optimization
functionality in CAGE for tradeoffs.
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3. Set up the tradeoff calibration.

-} CAGE Browser - tradeoffl.cag 100 =l
———File Edit Tradeoff Tools Window Help

DEE|X F@& ” |96

5. Export the
calibration.

fut
o

*% 4

'y
I

Processes Tradeaff | Tahles
g Hew_Tradec | Taple size: 10 rows, 13 columns
i Savedlr | Table inputs: M, L
4. Calibrate the T ables In Tradeoff | Filed By | Additional Inputs
tables. e Spark X SFK
S X A
e EGR xE
4| | i3
Additional Display Models
1. Set up the #yailable Models: | Tvpe | Display Madels | Type
variables. A TO_ModeliN, L, &, 5P... MBC m..
"NDXFLDW_MDdBI[N, .. MBC ..
2. Set up the _I
models.
[ =

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 10-5.

2 Add tables to the tradeoff. This is described in “Adding Tables to a Tradeoff”
on page 10-6.

3 Display the models. This is described in “Displaying Models in Tradeoff” on
page 10-9.
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.

An incomplete tradeoff is a tradeoff that does not contain any tables. If a
tradeoff is incomplete, it is displayed as 55 in the branch display. If a tradeoff
is complete, it is displayed as & in the branch display.
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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 ‘8] in the
toolbar. You can also add existing tables from your CAGE session; see
“Adding Existing Tables” on page 10-9.

Note that you must select the top tradeoff branch in the tree display to use
the Tradeoff menu. This is automatically selected if your tradeoff has no
tables yet (it is the only branch). 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.

Table Setup x|

Marme: INeW_ZD_TabIe

Ry 105 W gLt IY ﬂ
Colummmng: 103 W imput: I)( LI
Initial walue: 0=

Fill takale: with: | Select... |
Clear |

Ok I cancel |
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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.

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.
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10-8

<) Select Filling Item =l

Select the item you weant to fill table with:

Item | Type |
XN Y ariable
x L " ariable
XA Y ariable
x 5Pk " ariable
X E Y ariable
ok TO_Madel MEC madel
4\ HOFLOW_Model MEC model
— List optionzs
" Display models
" Display varishles
+ Display all tems
[¥ Only show items that are not filing another 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 checkbox.

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

5 Click OK to dismiss the Tabe 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
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.

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

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.
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Adding Existing Tables

1 Add atable 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 ** Display Model in the toolbar or j in the Display Models pane
to move the selected model into the Current Display pane. To quickly add
all available models to the display list, click the display button repeatedly
and each successive model will be added.

4 Repeat steps 2 and 3 to add all the models you want to the display list.

Additional Dizplay Models

Available Models | Tupe | Dizplay Modelz | Tupe
‘l TO_ModelM, L, A, SPK,E) FMBC madel
4\ MOHFLOW _ModellM. L, &, 5P... MEC model

- E
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Removing a Model

1 In the Display Models list, select the model that you want to remove.

2 Click “£ in the toolbar, or il 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 branch tree display enables you to view the models
that you have displayed and calibrate that table.

To calibrate the tables,

2

Select the table that you want to calibrate.

Highlight one operating point from the table.

Set the values for other input variables.

For information, see “Setting Values of Other Variables” on page 10-13.
Determine the value of the desired operating point.

For instructions, see “Determining a Value at a Specific Operating Point” on
page 10-16.

Click @ to apply this value to the lookup table.

This automatically adds the point to the extrapolation mask.
Repeat steps 2, 3, 4, and 5 at various operating points.
Extrapolate to fill the table by clicking & in the toolbar.

For information, see “Filling the Table by Extrapolation” on page 9-21.

After you complete all these steps you can export your calibration. For
information, see “Exporting Calibrations” on page 7-27.
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Table View in a Tradeoff Calibration

1. Select the table.

5. Repeat this process over a number of

2. Select the operating point in the table . operafing points in the table, then fill the

that you want to calibrate.

table by extrapolation.
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T |
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3. Set the values for other input variables. M

4. Determine a suitable value for the point.
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Notice that the graphs colored green indicate how the highlighted table will be
filled:

¢ 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).

¢ |f the 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 10-13
* “Determining a Value at a Specific Operating Point” on page 10-16

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.
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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.

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 from the branch menu.

2 Click in the edit box for A and set its value to 14.3.



Calibrating Tables in a Tradeoff Calibration

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 branch 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.

5 Click [ 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
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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.
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2 Onceyou 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:

= Press Ctrl+T.
= 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 15-6.

10-17



1 0 Tradeoff Calibrations

10-18

® 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 Fill To Table 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

* 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

® 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
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to define high-priority areas for use when filling tables by extrapolation. See
“Using Regions” on page 10-22.
= Add Selection
= Remove Selection
= Clear Regions

® 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

® 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 11-35 for information.
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Tools Menu

® Calibration Manager — opens the Calibration Manager. See “Calibration
Manager” on page 13-1.

® Surface Viewer — Opens the Surface Viewer. See “Surface Viewer” on
page 14-1.
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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 [ 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.
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Using Regions

¢ 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 B, 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.

10-23



1 0 Tradeoff Calibrations

Multimodel Tradeoffs
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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 10-2), 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 10-25.)

2 Calibrate the tables. (See “Calibrating Using a Multimodel Tradeoff” on
page 10-27.)

3 Export your calibration. (See “Exporting Calibrations” on page 7-27.)

When you calibrate the tables in a multimodel tradeoff, you can only adjust a
value in the tables if there is a model defined at this operating point.

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 10-16. When
you have determined table values at each of the model operating points, you
can fill the whole table by extrapolation by clicking [ . See “Filling the Table
by Extrapolation” on page 9-21.



Multimodel Tradeoffs

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 10-24.

3 Select the correct file to import and click Open. This opens a dialog box.

<} Import Multimodel Tradeoff File

— Model setup — Tahle setup

Relative tolerances (3% of range): ¥-ais input: ||_ - I
. Y
b I b i Y-gzis input: IN - I
L o1 |
EI Murnber of takles to create: 9 Select Tahles...

odel sites:
M L Breakpoint settings:  {* Automatic = hanual
~ 803.83 1298 i’ Tahle columns: I 13 i‘
o 806.383 2498 =
v 1002 20,02 Tablerows [T 52
7 1005 =0 LI il martnalizer: L marmmalizes:

QK I Cancel

10-25



1 0 Tradeoff Calibrations

10-26

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
all the tables; click Select Tables to choose from the list which tables you
want.

Choose the normalizers (axes) of the tables by using the X- and Y-axis
input drop-down menus.

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.
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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 10-27.

Calibrating Using a Multimodel Tradeoff

Each editable operating point in your tables has a model icon in the cell, like
this example cell.

& 4802722

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 10-16.

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. 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 value
of SPK is entered in the table when
you select Apply Fill to Table.

N

Value of spark

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
points, you can fill the whole table by extrapolation by clicking [& . See
“Filling the Table by Extrapolation” on page 9-21.

You can then export your calibration; see “Exporting Calibrations” on
page 7-27. An example multimodel tradeoff is shown following.



Multimodel Tradeoffs

J. CAGE Browser - multitradeoffegl.cag

Filz Edit Wiew Tables Inputs Tools Window Help

=101 ]

Do/ x#wle |[moagssomEeirse

Processes Tradeoff Table: HCEMISS Table ‘ Selected cell

S-gm MNew Tradeofl | Filed by HCEMIZS L =135, N = 305108

A% TO_Table
4 HEEMISS_T: 805.106 10035 1499 551 2016
% MOEMISS_T 13.5 TI40E7|% 1619977 437641
& 500T_Table 16.99 8450.768 6014 533 834.554 276445
1% EGR_Table 2 6758.084|4 4602722 1844534 72697
i INJ_TIM_Tat 2449 |4 SEETTS2 36015194 -461.247) 117850
A% MAP_Table 28.99 4310114|4 3084115 1051 739 321353
1% RAIL_PRESS 3202 4364 551 3129522] 1007 714|l4  -3880E9
EE'L? SPK_Table 37.01 5577429 4152742)4  287E28| 300281
#gm New Tradeoft | 3998 EET54T3a 5339434  1873315}a 116845
g New_Tradsoff 2 50.02 12094107|  11599755|% 10500831 s 951071
Al | -
¥ Inputs have bheen saved Extrapalation mask
& Locked table cell Region mask
4 Yalid model evaluation . Extrapolstion and region mask
Walle: 3 L]
5 Ba034
B4
a
=4
Data Ohjects 2
Walle: 3
995963
w 2
2]
T
Q
Ta
-
Walle: 1000
154 85
0
g Al
= 1000
o i
= 2000
-3000
. w w b
0 10 20 30 40 B0 B0 | GO0 &OD 68 D
EGR IMJ_TIt M RIL_PRESS
- - = =
196 3 | | s7a 2| | o7 4 | 5505 ) &
l | [ | »

10-29



1 0 Tradeoff Calibrations

10-30



Optimization in CAGE

This section includes the following topics:

Using the Optimization View (p. 11-2)

Setting Up Optimizations (p. 11-4)

Optimization Output View (p. 11-26)

Automated Tradeoff (p. 11-35)

User-Defined Optimization (p. 11-39)

Optimization Template (p. 11-47)

List of Optimization Functions
(p. 11-49)

An introduction to setting up your session for
optimizations.

Creating and running optimizations. You use the
Optimization Wizard to choose your algorithm,
algorithm options, and free variables. You can set up
objectives, constraints, and operating point sets either in
the wizard or from the main Optimization view, where
you can then run optimizations.

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.

The structure of the template for implementing your own
custom optimization functions.

Detailed information on all the methods available for
writing your own 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

Feature

N
AL

Tradeoff

s

Cptitmization

A
To reach the Optimization view, click the ‘ button.

Cptitmization

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.
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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. In
this case you also need to set up this set of points using the Data Sets view. The
steps required are

1 Import a model or models.
2 Define an operating point set if required.

3 Set up a new optimization.

Optimization functionality in CAGE is described in the following sections:

® “Setting Up Optimizations” on page 11-4

® “Optimization Output View” on page 11-26
Once you have set up an optimization you can apply it to a region in a
tradeoff table. See “Automated Tradeoff” on page 11-35

You can define your own optimization functions for use in CAGE. See
“User-Defined Optimization” on page 11-39

There is also a tutorial to guide you through the optimization functionality. See
“Tutorial: Optimization and Automated Tradeoff” on page 6-1.
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Setting Up Optimizations

11-4

Normally you run an optimization on a session you already have open. For an
example session you could open the tradeoffInit.cag file in the mbctraining
folder.

® To create a new optimization, select File —> New —> Optimization.

This takes you to the Optimization Wizard, 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.



Setting Up Optimizations

Optimization Wizard Step 1

First you must choose your algorithm. The first screen of the Optimization
Wizard is shown below.

-} Optimization Wizard _ 1Ol =l

Algorithm Selection
Select from the list the algarithmn that pou want the new optimization o use.

Available optimization algorithmes:

M arne | Free Yariables | Ohjectives | Constraints | Operating Faint Sets |
ME| any number 2 of more any number Oarl
foptzon any number 1 any number Oarl
wWorkedE Rample 2 1 0 1
Cancel < Biachk Mewt » Finizh

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. See “User-Defined Optimization” on

page 11-39 for information. The Worked Example option is designed to show
you how to use the modified template; see “Worked Example Optimization” on
page 6-40 in the optimization tutorial. Any optimization functions that you
have checked into CAGE appear in this list.
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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,
constraints, and operating point sets.

e If in step 1 you choose the first algorithm, NBI, and click Next, you see this:

-} Dptimization Wizard : _10l =l

Algorithm Options
Algorithms may be able to use a variable number of items, Select the number of each item that pou want to uze in thiz
optimization.

Murnber of free wariables: I—'I%I
MHumber of objectives: |—2%
Murnber of constraints: I—Dil
MHumber of operating point zets: I—D%

Cahicel < Back Mext » Eirizt

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.
The operating point set defines the fixed variables. You can choose none or 1,
and you can also add these later. An operating point set defines the points at
which you want to run the optimization. The optimization tries to find the best
values of the free variables.
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If you leave this set to 0 (no operating point set), the optimization will run at a
single point. This point is defined by the input values you set when you run the
optimization. The defaults for these values are the set points of each variable,
which you can set in the Variable Dictionary view.

* If in step 1 you select the foptcon algorithm and click Next, you get the
following choices:

) Optimization Wizard B =10l x|

Algorithm Options
Algorithme can uge a vanable number of items. Select the number of each item that pou want bo uze,

Murnber of free wariables: |—1§‘
Mumber of objectives: |—1%
Murnber of constraints: I—D%
Mumber of operating point zets: I—D%

Cancel < Back et = Fitiizhy

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 choose 0 or 1 sets of operating points.

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 101 =l
Required ¥ariables
td atch each required variable in the optimization ta a variable frarm the VW ariable Dictionary.
Optimization inputs; CAGE wariables:
Symbol [ CAGE Varisble | n il
Freetf aniablel L
A
SPK.
E
Tt
Seleck CAGE Variable
Cancel | < Back | (=13 | Eiriizh |

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.

¢ If you click Next you proceed to further screens of the Optimization Wizard
where you can set up objectives, constraints, and operating point sets.

¢ If you click Finish you return to the Optimization view in CAGE. You can
set up your objectives, constraints, and operating point sets from the
Optimization view instead of using the Optimization Wizard. You cannot
run your optimization until objectives (and constraints and operating point
sets 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 11-22.

) Dptimization Wizard =10l x|

Objectives
Objectives are quantities that the algorithm will atternpt 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:

T0O Model
WORFLOW_Model

Dptimization Model | CAGE Modsl | Type
Objectivel TO_Model b axirmize
Objective? MNO=FLOW _M...  Minimize

Select CAGE Model

-]

Objective type:  © Minimize Maximize & Helper

Caricel | ¢ Back | Mewt » | Finigh |

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 and operating point sets.

¢ 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
“Objective and Constraint Editors” on page 11-21.
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11-10

Optimization Wizard Step 5

You can use models to define constraint regions that confine 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 11-24.

J Dptimization Wizard i =10l x|

Constraints

Constraints defing regions that the free variables will vary within, Select CAGE models to be used far each constraint,
and the value that each iz congtrained to be greater than or less than,

Optimization constraints: CAGE models:

tMaodel Constraint | CAGE Model | Bound |
Constraint] HOFLOW Mao..  <=250

M O=FLOW Model

Seleck CAGE Model

[ -
Congtraint; MHOHFLOW_todel |<= 'I I 240 %

Cancel | < Back | Mext » | Finizh |

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 Next to proceed to setting up operating point sets.

® Click Finish to complete the Optimization Wizard and return to the
Optimization view. Note you can only set up point constraints in the wizard,
but you can also set up sum constraints in the main Optimization view. See
“Objective and Constraint Editors” on page 11-21.
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Optimization Wizard Step 6

If you want to use an operating point set you need to select a data set from your
session to be used in the optimization. If you do not use an operating point set
the optimization will run at a single point of your choosing. You can set up
operating point sets here or in the Optimization view in CAGE.

) Dptimization Wizard =lol x|

Operating Point Sets
Select the data sets that the algorithrm will uze. The "Primary” operating point et contains the values of fised variables
that pou want the optimization bo be run at,

Optimization operating point gets CAGE data sets:

Operating Faoint Set | Type | CAGE Data Set | M

OperatingFaintSet] Primary ~ Mew Dataset

-]

Caricel | ¢ Back = | Finigh |

Select a CAGE data set and click the button to match it up with
OperatingPointSet1. The Primary (first) operating point set contains the set
of points defined by the fixed variables where you want the optimization to run.

User-defined optimizations allow you to add subsequent operating point sets.
These can be used as “helper” data sets. You can use these 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, L4). You can monitor this through the use of helper data
sets to help you select optimization results. Helper data sets are not allowed for
foptcon and NBI optimizations.

Click Finish to return to the Optimization view in CAGE.
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Running Optimizations
When you click Finish to complete the Optimization Wizard, you 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. An example

follows:
J. CAGE Browser - optimtutorial.cag 2 |EI|5|
File Edit Optimization Tools Window  Help ~
os@E/x#ga? |[|[sanBaE
Processes Optirnization | Optirnization Information
------ foptcon Algorithn name foptcon
Dezcription =ingle objective optimization subject to constraints
Free variables SPH
OperatingPointSet] variables Mone reguired
Ohjectives |
[ ame | Dezcription | Type | |nformation |
A Dhjectivel TO_ModellSPE. L. M. &, E) b aimize:
Constraints |
[ anne | Dezcription | |nformation |
i Constraintt MORFLOW Model[SPE, L. M, A, E] <= 250

Operating Point Sets

Mame | Description | Type | |nformation
EH OperatingPaointSet]  New_DatasetL, M) Primamy
1] |

If your optimization is ready to run you can click Run Optimization in the
toolbar to proceed. If you need to set up any objectives or constraints Run will
not be enabled. If your optimization is ready to run you can also click Set Up
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and Run Optimization if you want to change settings such as number of
required solutions and tolerances for termination.

¢ |f you click Set Up and Run Optimization, you can change settings in the
“Optimization Parameters Dialog”, then when you click OK the optimization
process begins.

= If the models to be evaluated require fixed variable inputs that are not
specified by your operating point set, you see the Set Constant Values
dialog. Here you are requested to set values for these fixed variable model
inputs. These values will be used at every operating point. The defaults
are taken from the set points that you can define in the Variable
Dictionary view. Click OK when you are finished with these.

= The Free Variable Set Up dialog appears, where you can set bounds and
starting points for your free variables. These defaults are taken from the
ranges and set points in the Variable Dictionary. Click OK when you are
satisfied with these and the optimization runs.

¢ If you click Run Optimization instead, you do not see the optimization
settings, but go straight to the Set Constant Values dialog and then the
Free Variable Set Up dialog. Click OK in these dialogs and the optimization
runs.

You will see a progress bar as the optimization proceeds. When it is finished, a
new Output node appears under your Optimization node in the tree. Expand
the Optimization node and click the Output node to see the displays. An
example tree is shown. See “Optimization Output View” on page 11-26.

Cptimization |
- foptecon
B foptcon_Output

= NEI_Output
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Optimization View Toolbar

[hmm e
Add Objective | L Run Optimization
Add Constraint Set Up and Run
Optimization
Add Operating Set Up
Point Set Optimization

® 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 and select a model and
whether to maximize or minimize.

® 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.

Add Operating Point Set — Adds an operating point set to your
optimization (if enabled; NBI and foptcon can only have a single operating
point set). You must double-click the new operating point set to select a data
set to use.

® Set Up Optimization — Opens the Optimization Parameters dialog where
you can change optimization settings such as tolerances and number of
solutions. When you close the dialog the settings are saved but the
optimization does not run.

® Set Up and Run Optimization — Opens the Optimization Parameters
dialog where you can change optimization settings such as tolerances and
number of solutions. When you close the dialog the optimization requests
starting values and then runs.

®* Run Optimization — Starts the optimization. CAGE requests starting
values and then runs the optimization. See “Running Optimizations” above.
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Optimization Parameters Dialog
The settings in this dialog are algorithm specific.

Following is an example showing the foptcon options. For the NBI options, see
the next section, “NBI Optimization Parameters” on page 11-16.

foptcon Optimization Parameters

The foptcon optimization algorithm in CAGE uses the MATLAB fmincon
algorithm from the Optimization Toolbox. foptcon wraps up the fmincon
function so that you can use the function for maximizing as well as minimizing.
For more information, see the fmincon reference page in the Optimization
Toolbox documentation.

_J Dptimization Paramekters ;[glil
El:fnptcon
é—Dptinns: Ifmincon j
—Dhizplay: I nore j
—hd axirmunn function evaluations: I 1000
—hd axirmumn iterations: I 100
—Function talerance: I 1e-006
—Wariable tolerance: I 1e-006
—Constraint tolerance: I 1e-006
ok Cancel

® Display — choose none, iter, or final. This setting determines the level of
diagnostic information displayed in the MATLAB workspace.

= none — No information is displayed.

= iter — Displays statistical information every iteration.

= final — Displays statistical information at the end of the optimization.
* Maximum function evaluations — Choose a positive integer.

Maximum number of function evaluations allowed
* Maximum iterations — Choose a positive integer.

Maximum number of iterations allowed
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® Function tolerance — Choose a positive scalar.

Termination tolerance on the function value

® Variable tolerance — Choose a positive scalar.

Termination tolerance on the free variables

® Constraint tolerance — Choose a positive scalar.

Termination tolerance on the constraint violation

NBI Optimization Parameters
The example following shows the NBI options in the Optimization Parameters

dialog.

) Optimization Parameters

MBI

él—Dptions:

—Tradentf points per objective pair:

[=F5Shadow minima options:

—Dizplay:

+—bd aRirurn iterations:
—Function tolerance:
—Waniable tolerance:
——Canztraint bolerance:
Bl subproblem options:

—Dizplay:

+—bd aRirurn iterations:
—Function tolerance:

—Waniable tolerance:

——Canztraint bolerance:

INDrmaI Boundary Intersectij

—bd axirmurn function evaluations:

I Shadow j

Inone vI

| 100
|20

| .00
| .00
| .00

—bd axirmurn function evaluations:

| NBIS ubproblem |

Inone vI

| 100
|20

| .00
| .00
| .00

ak. Cancel

=10l x|
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Background on the NBI (Normal Boundary Intersection Algorithm)

To understand the options for the NBI algorithm, some limited understanding
of the algorithm is required. For more information on the NBI algorithm, see
the NBI home page at the following URL:

http://www.caam.rice.edu/~indra/NBIhomepage.html

The NBI algorithm is performed in two steps. The first step is to find the global
extrema of each objective individually. This is called the shadow minima
problem, and is a single-objective problem for each objective function. The
MATLAB routine fmincon is used to find these extrema. Once these extrema
are found, they can be plotted against each other. For example, consider an NBI
optimization that simultaneously maximizes TQ and minimizes NOX
emissions. A plot of the extrema against each other might resemble the
following.

TQ

Best possible
value of TQ)

Best possible
value of NOx

NOx

The second step is to find the "best" set of tradeoff solutions between your
objectives. To do this, the NBI algorithm spaces Npts start points in the (n-1)
hypersurface, S, that connects the shadow extrema. In the above example, S is
the straight line that connects the points N and T. For each of the Npts points
on S, the algorithm tries to maximize the distance along the normal away from
this surface (this distance is labeled L in the following figure). This is called the
NBI subproblem. For each of the points, the NBI subproblem is a single-objective
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problem and the algorithm uses the MATLAB fmincon routine to solve it. This
is illustrated below for the TQ-NOX example.

TQ

NOx

The figure above shows spacing of the points between the extrema along the
(n-1) surface. The algorithm tries to maximize the distance L along the normal
away from the surface. The following figure shows the final solution found by
the NBI algorithm.
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Cannot obtain solutions in this region.
TQ g

000.

o
o
o
o
O

e Solutions in this region are not optimal.
O
@

Pareto front

NOx

NBI Options

® Tradeoff points per objective pair (Np)

The number of tradeoff solutions between your objectives that you want to find,
Npts, is determined by the following formula

Npts = (%E'—il";z)

where

® Np is the number of points per objective pair.
® n is the number of objective functions.

Note the following:

® For problems with two objectives (n = 2),
Npts = Np
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® For problems with three objectives (n = 3),

Npts = N_E(ME_-F_]')
2

® Shadow Minima Options and NBI Subproblem Options

As the NBI algorithm uses the MATLAB fmincon algorithm to solve the
shadow minima problem and the NBI subproblems, the options here are
identical to those for the foptcon library function. For more information on
these options, see the previous section, “foptcon Optimization Parameters”
on page 11-15.
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Objective and Constraint Editors

You can set up objectives and constraints from the main CAGE Optimization
view, as well as within the Optimization Wizard. You can double-click
objectives and constraints in the Objectives or Constraints panes to open the
editors. You can also right-click and select Edit. You can also add and delete
objectives and constraints by using the right-click menu.

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 in the operating point set, and the weights can be
edited. For an example see the tutorial section “Sum Optimization” on

page 6-33.

Note If you have a weighted sum constraint, you must use sum objectives.

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.

You can have a mixture of point and sum constraints — but if you add a sum
constraint you must also make all your objectives sum objectives or CAGE will
not be able to solve the optimization problem. CAGE does not allow point
objectives with sum constraints as this could lead to a trade off between each
point objective to meet any one of the sum constraints.

You can also set up linear and ellipsoid constraints in the Constraint Editor,
as for designs in the Model Browser part of the Model-Based Calibration
Toolbox.
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11-22

Obijective Editor

) Objective Editor o g ] 24

— Awailable objectives

S - — A point objective function is a CAGE model that is -3
Objective type: IF'omt ohjective 'l optimized &t each point of the primary opersting point set N‘

— Objective options

Awailable models: Objective type:

O | Miniize

MOFLOW _Model i* Maximize
= Helper

Selected model: TO_Model

Ok, 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).

These are the same options you can choose in the Optimization Wizard. See
“Optimization Wizard Step 4” on page 11-9.

Sum Objectives. For weighted sum optimizations you must make all objectives
sum objectives. See the following example.
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-} Objective Editor O] =

— Awvailable objectives
SR ST A sum objective function iz & weighted =um of i
Objective type: | Sum ohiective j a CAGE model over the selected operating point et s
o
— Objective options
Auailable models: Ohbjective type: Operating point weights:
o] € Minimize &' Table entry:
MOXFLOW _Madel O Weights
= Helper 1 5 i’
] i i ; -
perating paint et 3 1 ;I
INEW—D atasel j " MATLAE vectar:
LI " Data colurmr;
Selected model: TE_Madel IL j
QK | Cancel | Help |

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 select an operating point set.

You can edit the weights to make certain operating points (for example, idle
engine speed) more important, giving more flexibility to solutions for other
points. The same weights are applied to each solution to calculate the weighted
sums. You can select from these radio button choices:

¢ Edit weights directly using the table entry radio button choice.

¢ Specify a MATLAB vector.

¢ Specify a data column to supply the weights.

This is the same process as selecting weights for the Weighted Pareto View.

See “Weighted Pareto View” on page 11-30. For a tutorial example of a sum
optimization, see “Sum Optimization” on page 6-33 for more information.
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Constraint Editor

Here you can set up Linear, E11lipsoid, Model, and Model Sum constraints.
Select from the Constraint type drop-down menu. You can have a mixture of
point and sum constraints — but if you add a sum constraint you must also
make all your objectives sum objectives or the optimization problem cannot be
evaluated.

The model constraint settings are shown below. These are the same settings as
seen in the Optimization Wizard. See “Optimization Wizard Step 5” on
page 11-10.

)} Constraint Editor i 0=

— Awailable constraints

: hodel constraints keep only paints where the output value .. L.
Constraint bype: IMUdEl j' of & model is shove or below the specified limit. m

— Constraint options
Awailable models: tadel feature to uze:
* Model valus

" Model prediction eror variance

MNOEFLOYW Madel

 Wodels boundan constraint

Congtraint type and bound;

| <

Selected model HOHFLOW _Model

ok Cancel Help

For linear and ellipsoid constraints, see the section on Constraint Types in the
Designs chapter of the Model Browser documentation. These are the same
constraints you can apply to designs in the Model Browser part of the
Model-Based Calibration Toolbox.

Model. Select a model. You can use the radio buttons to choose Model value or

Model prediction error variance (PEV) to define your constraint, then 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. If you
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imported an associated boundary constraint model from the Model Browser
part of the toolbox, then you can select Model’s boundary constraint. This
constrains your optimization within the defined boundary model.

Model Sum. Use these for weighted sum optimizations. Choose a model value
and operator as for a model constraint. You can also select an operating point
set and apply weights as for a sum objective. See “Objective Editor” on

page 11-22 and the tutorial “Sum Optimization” on page 6-33 for more
information.
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Optimization Output View

11-26

When you have run an optimization an Output node appears in the
optimization tree. When you select an Output node the Optimization Output
views appear. The toolbar buttons at the output view determine what is
displayed. The first view (shown by default) is the Solution view.

Optimization Output View Toolbar

Solution View - J@ af H@ | Su ‘ =
I Export to Data Set

Pareto View

Select Solution

Weighted Pareto View

Edit Pareto Weights

Selected Solution View

Export to Data Set — Exports the table visible in the current view only to a
new data set (the name of the data set is taken from the name of the
optimization node). Also in the Solution menu. Use this if you want to fill
tables with your selected solutions in multiobjective optimization. See “Using
Optimization Results to Fill Tables” on page 6-16.

See

® “Solution View” on page 11-26

® “Pareto View” on page 11-28

* “Weighted Pareto View” on page 11-30
e “Selected Solution View” on page 11-32

Solution View
The Solution view shows one solution at all operating points.

The following example shows a Solution view display. The yellow areas show
a boundary constraint model exported from the Model Browser part of the
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Model-Based Calibration Toolbox. All constraint regions in optimization
displays (as in the rest of the toolbox) are shown in yellow.

B | & | e

|

=

Solution: il 1 ﬂ

Optimization Output Algorithm Statigtics
L M 5 EXCAMPH | ICAMPH Torgue | Constraint] | ierations B
1 0.2 800 28771 21127 34679 26.7387 0157 |funcCourt 34
2 0.56 800 41.212 21.086 30756 . 0.078 stepsiza L
3 = ; 4l algorithn rediurm-si. .
4 0.58 2900 21.078 -0.667 35.048 96.952 | 5.983E- :’i‘g{:‘:’;ﬁp: 10025083
5 0.z 5000 30418 13.126 31136 26.322 0.385 40
B 0.58 5000 48.498 10.233 25.487 56.76 0.32 e R
7 0.3 1200 g.745 11.391 3.244 30.874 14378 ¢ >4 G7EE00T1 32
EXCAMPH 465067645869
4 | v || 1CaMPH 249370011268
Objective Functionz
30 M
25 4
204
[}
=
5 15 4
=
10 4
5 4
D B
fi. il A ! w
] 10 20 30 40 a0 ] 10 20 30 40 a0 ] 10 20 30 40 a0
S EXCAMPH ICAMPH

The Solution view shows one solution at all operating points in the set; you can
scroll through the solutions using the arrows or edit box at the top. Click in the

table to make the graphs display the objective functions at the selected
operating point.

The table shows the selected solution at all operating points. Note that if you
export the output to a data set (using the toolbar button) it is the current table
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11-28

that is exported. The graphs show the objective functions at the selected
operating point, with the solution value in red.

Note that before you run an NBI optimization you can specify how many
solutions you want the optimization to find, using the Set Up and Run
Optimization toolbar button. For single-objective optimizations there is only
one solution per operating point, so the Solution view is the only useful view.

For information on selecting best solutions at each operating point for
subsequent export to a data set, see “Selected Solution View” on page 11-32.

Pareto View

The Pareto view (click ) shows all solutions at one operating point in the
set; you can scroll through the operating points using the arrows or edit box at
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the top. Pareto plots show the available solutions with the current selection
highlighted in red. An example is shown.

Operating Point: 4| 1 ﬂ
Optimization Output | Algorithm Statistics
il ol shadowlterations 3
4 01 1000 :I shadowF uncCount 13
5 01 1000 ;numbelNBISubpmble.. 10
& o1 1000 MEBISubproblemlterati... 24
7 1000 ENEISubproblemFunc... 120
] a1 1000 | Free Variable Values
d 0.1 1000 3 23.3964973954
10 0.1 1000 hd
HE | 2
Pareto Graphz |
4 :
s
[} ]
= ]
§| 0
a i
=05
-1 .
T
(=]
=1
z
0.5
9 Al
L 08
2 o4
o il i il
-1 -0s a ns o4 06 08 1 12
Tia_Model MOHFLOWY hodel

Use the plots to select the best solution for the operating point. In the example
above there is a tradeoff to be made between torque and emissions. When you
have decided which solution you want to use for the currently selected
operating point you can select it as best by clicking Select Solution ( ﬂ )in the
toolbar. You cannot select solutions until you enable the Selected Solutions
view. See “Selected Solution View” on page 11-32. You can also select best
solutions in the Solution view.
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Weighted Pareto View

The Weighted Pareto view (click #& ) shows a weighted sum Pareto solution.
This is a weighted sum of the output values at all operating points for each
solution.

In the following example, the value in the NOXFLOW_Model column in the first
row shows the sum of the solution 1 values of NOX across all operating points.
The second row shows the sum of solution 2 NOX values across all operating
points, and so on. This can be useful, for example, for evaluating total
emissions across a drive cycle. The default weights are unity (1) for each
operating point.

[ perating Faint: ‘I 1 ﬂ
Optimization Cutput | Algorithnn Statistics
TO Model | NOXFLOW. . <Moo information awail...
1 120,208 124.087 | 4|
2 1441049 135814 M
3 166,896 160.041
4 188167 167 643
§ DT-EN 89-2 | Free Yariable Values
B 2 | 217953 SPK 191247456398
7 237196 253172
8 247 046 295996 j
Pareto Graphs |
il 1 1 e e W e T -
| * I '
- o |- : 1
E 200 N - boeeoes 4
= L : :
al * : :
= 15 PASSRE RN S
I : : :
400 . . .
5 | : :
£ : : !
I 300 S LS ;
Z : : .
S : : .
= oopdl| f--ocieeeeee T
(o] ' - '
= K : :
& *
e al .
150 200 250 200 300 400
Tia_Wodel MORFLOWY Model
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You can change the weights; for example, if you need a weighted sum of
emissions over a drive cycle, you might want to give a higher weight to the
value at idle speed. You can alter weights by clicking Edit Pareto

Weights ( M) in the toolbar. The Pareto Weights Editor appears.

} Pareto Weights Editor x|
Objectives: “Weightz for ;
] _Mod ' Table entry:
NO#FLOW Madel Veights

1 10
2
3 1
4 1
5 1
B 1

' MATLAR vector:

" Data column:
It E
LI Select data from solution; I_‘I%

Qg | Cancel |

Here you can select models to sum, and select weights for any operating point
by clicking and editing, as shown in the example above. The same weights are
applied to each solution to calculate the weighted sums. Click OK to apply new
weights, and the weighted sums are recalculated.

You can also specify weights with a MATLAB vector or any data column in your
data set by selecting the other radio buttons. If you select Data column you can
also specify which solution; for example, you could choose to use the values of
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11-32

spark from solution 5 at each operating point as weights. Click Table Entry
again, and you can then view and edit these new values.

Note Weights applied in the Weighted Pareto View do not alter the results
of your optimization as seen in other views. You can use the weighted sums to
investigate your results only. You need to perform a sum optimization if you
want to optimize using weighted operating points.

Selected Solution View

In a multiobjective optimization, there is more than one possible optimal
solution at each operating point. You can use the Selected Solutions view to
collect and export those solutions you have decided are optimal at each
operating point.

Once you have enabled the Selected Solution view, you can use the plots in
the Pareto view and Solution view to help you select best solutions for each
operating point. These solutions are saved in the Selected Solutions view. You
can then export your chosen optimization output for each point from the
Selected Solutions view, in order to use your optimization output to fill tables.

1 You cannot select best solutions until you have enabled the Selected
Solutions view. Do this by selecting Solution —> Selected Solution —>
Initialize.

2 A dialog called Create Selected Solution appears. The default 1 initializes
the first solution for each operating point as the selected solution. You can
edit the solution number here if you want. For example if you select 4,
solution number 4 is initialized as the best solution for every operating
point. When you click OK, the toolbar buttons for the Selected Solutions
view and Select Solution are enabled.

J Create Selected Solution x|
Solution number to initialize selected solution with: I 1 il

ak. | Cancel |
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Once you have enabled the Selected Solutions view, you can use the plots in
the Pareto view and Solution view to help you select best solutions for each
operating point. Click Select Solution ( ﬂ ) in the toolbar to select the current
solution as best. These solutions are saved in the Selected Solutions view.
This view collects all your selected solutions together in one place. For
example, you might want to select solution 7 for the first operating point, and
solution 6 for the second, and so on. You can then export your chosen
optimization output for each point from the Selected Solutions view.

An example of the Selected Solutions view is shown. It looks similar to the
Solution view, except the solution controls at the top are not enabled. You
cannot change solution number here. The solution chosen as best (in the
Pareto or Solution views) for the currently selected operating point is shown
in the grayed out edit box.
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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 can examine the optimization results in more detail in
the Optimization Output view in the usual way.

There is an example automated tradeoff in the tutorial chapter, “Tutorial:
Optimization and Automated Tradeoff” on page 6-1.

Using Automated Tradeoff

1 You need a CAGE session with some models and a tradeoff containing some
tables.

= See “Tradeoff Calibrations” on page 10-1 for instructions on setting up a
tradeoff. You could use the tradeoff tutorial to generate a suitable example
session.

You also need to set up an optimization before you can run an automated
tradeoff. Free and fixed variables, objectives, and constraints must be set up.

= For an example work through the step-by-step tutorial to set up some
optimizations and then apply them to a tradeoff table. See “Tutorial:
Optimization and Automated Tradeoff” on page 6-1.

2 Go to the tradeoff table you want to automate. You must select some table
cells to apply the optimization to. Select individual cells, or click and drag to
select a rectangle of cells. The selected cells do not have to be adjacent. Note
that if you define a large region with many cells it can take a long time to
calculate a multiobjective optimization for each cell. Try a small region (say
up to six cells) to begin with. Right-click selected cells and select
Extrapolation Regions —> Add Selection or use the toolbar button (to add
selection to extrapolation regions).

3 In the tradeoff view, click a cell in a region.

4 To apply optimization: select Inputs —> Automated Tradeoff.
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= The toolbox checks to see if the selected cell is part of a defined region. If
not, an error dialog informs you that you can only perform automated
tradeoff on cells in a defined region.

= If part of a region, then a dialog appears that allows an appropriate
(defined below) optimization to be selected from the current project.

Note You must set up an optimization to run before you can perform an
automated tradeoff. You do this in the Optimization view. See also “Setting
Up Optimizations” on page 11-4.

The cell/region is made into a data set of operating points that is linked to be
the primary operating point set in the optimization. If the optimization
object does not already have a primary operating set defined, then a new one
is created. Note that any existing operating point set is reset to the previous
state at the end of the automated tradeoff.

The optimization is run as if you were clicking Run from the Optimization
view. See “Running Optimizations” on page 11-12. The dialogs for the free
variable ranges/initial values and any other variable fixed values not
specified by the operating point set appear and take the values from the data
dictionary as usual. Click OK when you are satisfied with the values in
these, and the optimization runs.

Results are placed in the tradeoff object, that is, values for the tables
involving the free variables or values for the tables for constraint or objective
models. If the routine applied gives more than one solution, for example, an
NBI optimization, then only the values from the first solution are placed in
the tradeoff tables. Every cell in the defined region is filled.

The cells of the region become part of the extrapolation mask (as if apply
point has been applied); so if you want you can then click Extrapolate in the
toolbar to fill the rest of the table from your optimized automated tradeoff.

The output from the optimization appears in the usual way (as an Output
node under the optimization object in the tree). As for any other optimization
you can use the Optimization Output views to investigate the output. See
“Optimization Output View” on page 11-26.
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What Are Appropriate Optimizations?

The list of all optimizations in the project is filtered. To be eligible for selection,

® The optimization must be ready to run (toolbar button enabled). The
exception to this is when the primary operating point set has not been
selected yet; it is selected in step 4 (see “Using Automated Tradeoff” on
page 11-35) when you choose to apply an optimization to a region in a
tradeoff table. The set of cells in the region you have selected becomes the
operating point set for the optimization.

* The variables in the axes of the tradeoff tables must not be free variables in
the optimization. For example, if one of the axes is speed, then speed cannot

be a free variable.

¢ If the primary operating point set specifies the variables that must appear in
it, then these must be a subset of the variables in the axes of the tradeoff
tables. For example, if the primary operating point set requires variables
Speed and Load, then these must be the axes variables in the tradeoff table.
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Multimodel Tradeoff

For a multimodel tradeoff, things work slightly differently. 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. Such
cells are colored purple, and you should select these for running the automated
tradeoff. You can select any region, but the optimization can only find values
for the operating points defined by the multimodel.
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User-Defined Optimization

User-defined optimizations are described in the following sections:

¢ “Implementing Your Optimization Algorithm in CAGE” on page 11-40 is an
overview of how to customize the optimization template to use your
optimization routines in CAGE.

There is a step-by-step guide to using the worked example provided to help
you understand how to modify the template file to use your own optimization
functions. See “Worked Example Optimization” on page 6-40 in the
optimization tutorial.

® “Optimization Template” on page 11-47 describes the details of the available
subroutines for customizing each section of the template file.

Introduction to Writing User-Defined Optimizations

In many cases the standard routines supplied for constrained single and
multiobjective optimization (foptcon and NBI) are sufficient to allow you to
solve your optimization problem. Sometimes, however, you need to write a
customized optimization algorithm. This can be useful in many situations, for
example,

® For an expert to capture an optimization process to solve a particular
problem, for example, determination of optimal spark angle and exhaust gas
recirculation rate on a port-fuel injection engine

* To implement an alternative optimization algorithm to those supplied

* To implement a complex constraint or objective that is only possible through
writing M-code

® To produce custom output graphics

User-defined optimization functions in CAGE allow advanced users to write
their own optimization routines that can access current CAGE data. In order
to access the user function from CAGE, you must register the M-file with
CAGE and place it on the MATLAB path. It is crucial that this function
conform to the template specified. The following sections describe this process.
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Implementing Your Optimization Algorithm in CAGE

At some point a CAGE optimization function calls on an algorithm to optimize
the objective functions over the free variables. You can implement the
algorithm in the CAGE optimization function as an external M-file. You use
the template file as a basis for your optimization function. The best way to
understand how to alter the template file to implement your own optimization
algorithms is to compare it with the worked example, as described in the
optimization tutorial.

* “Worked Example Optimization” on page 6-40 describes the process of using
the worked example.

® “About the Worked Example Optimization Algorithm” on page 11-44
examines the coding involved in implementing an external optimizer in a
CAGE optimization M-file.

® The optimization tutorial section “Creating an Optimization from Your Own
Algorithm” on page 6-48 describes in detail the steps necessary to use an
example optimization algorithm in CAGE.

Overview of Optimization Function Structure

The optimization function M-files have two sections. To compare these sections
in the worked example with the template file on which it is based:

1 Locate and open the file mbcOStemplate in the mbctraining directory

2 Type the following at the command line to open the example:
edit mbcOSworkedexample

The two sections are the Options section and Evaluate section.
® The Options function section contains all the settings that define your
optimization.

Here you set up all the free and fixed variables, objectives, constraints,
operating point sets, and optimization parameters. CAGE interacts with the
cgoptimoptions object, where all these settings are stored.

® The Evaluate function section contains the optimization routine.

You place your optimization routine under this section, interacting with
CAGE (obtaining inputs and sending outputs) via the cgoptimstore object.
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Any subfunctions called by your optimization routine should also be placed
at the bottom of this section.

There is a detailed discussion of all the functions used to set up these sections
of your optimization function in “Optimization Template” on page 11-47.

Note Be careful not to overwrite the worked example and template files
when you are trying them out — save them under a new name when you make
changes.

There is a step-by-step guide to using the worked example optimization
function in the worked example section of the optimization tutorial.
See “Tutorial: Optimization and Automated Tradeoff” on page 6-1.
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Checking User-Defined Optimizations into CAGE

When you have modified the template to create your own optimization
function, you must check it into the Model-Based Calibration Toolbox in order
to use the function in CAGE. Once you have checked in your optimization
function it appears in the Optimization Wizard. See “Optimization Wizard
Step 1” on page 11-5.

To check a user-defined optimization into CAGE,
1 Select File —> Preferences.

2 Click the Optimization tab and click Add... to browse to your M-file. Select
the file and click Open. This registers the optimization function with CAGE.
You need to do this when you customize your own optimizations.

-} CAGE Preferences ' x|

File: Locationsl Lser Information  Dptimization I

Uzer-defined optimization functions:

Hame | Location Add...
mbcOStutoptimiune D \D plimization

Remove

di

Test

1| | 0

QK. | Cancel |

3 Youcan click Test to check that the optimization function is correctly set up.
This is a very useful function when you use your own functions; if anything
is incorrectly set up the test results tell you where to start correcting your
function.

You can see an example of this by saving a copy of the worked example file
and changing one of the variable names (such as afr) to a number. Try to
check this altered function into CAGE and the Test button will return an
informative error specifying the line you have altered.
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4 Click OK to dismiss the CAGE Preferences dialog and return to the CAGE
browser.

Registered optimizations appear in the Optimization Wizard when you set
up a new optimization.
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About the Worked Example Optimization Algorithm
mbcweoptimizer is an example of a user-specified optimization that solves the
following problem:

max TQ over (AFR, SPK) at a given (N, L) point.

[bestafr,bestspk]=mbcweoptimizer(TQ, speed, load)finds a maximum
(bestafr,bestspk) to the function TQ.

TQ must be a function (or a function handle) that depends on AFR, SPK,
SPEED, and LOAD only. The function must depend on the variables in that
order. This routine does no variable matching.

® [bestafr,bestspk]=mbcweoptimizer(TQ, speed, load, afrrng, spkrng)
finds a maximum (bestafr,bestspk) to the function TQ.

afrrng and spkrng are 1-by-2 row vectors containing search ranges for those
variables.

® [bestafr,bestspk]=mbcweoptimizer(TQ, speed, load, afrrng, spkrng,
res) finds a maximum (bestafr,bestspk) to the function TQ.

This optimization is performed over a res-by-res grid of (AFR, SPK) values.
If res is not specified, the default grid resolution is 100.

® [bestafr,bestspk]=mbcweoptimizer(TQ, speed, load, afrrng, spkrng,
res, optimstore) finds a maximum (bestafr,bestspk) to the function TQ
within a CAGE optimization function.

optimstore is passed to this function when it is called from the Evaluate

section subroutine of your optimization function. In this case, TQ must be a

function handle that takes the inputs AFR, SPK, SPEED, LOAD, and OPTIMSTORE,

in that order.

The Structure of the Worked Example

The best way to understand how to implement an external optimizer in a
CAGE optimization function is to study the details of the example.

® To view the whole worked example M-file, at the command line, type
edit mbcOSworkedexample

The following code section is taken from the Evaluate section of the worked
example file as an example.
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=]
g1
82
a3
84
85
8h
ar
84
29
80
81
g2
93
94
95
L
g7
98
59
100
101
102
103
104
105
106
107

% get the (N, L) points we want to perform the optimization at
speedloadpts = getdataset{optimstore, {'Engipeed', 'Load'}, 'SpeedLoadPoints'):

5

% For ewvery (speed, load) point, find the optimum (afr, spk) using

% the mhcoweoptimizer routine you hawve written

waitH = waitbar (0, 'Starting Optimizer', 'mame', 'CAGE Worked Example Optimization'):;
hestafr = zeros(size(speedloadpts,l), 11;

bestspk = zeros(size(speedloadpts,l), 1);

for i =l:sizeispeedloadpts, 1)

end

delete (waitH) ;

5

bestafr(i) = thisbestafr:;
bhestspkii) = thishestapk:

% set the best walues calculated for the fr

waithar(i/size(speedloadpts, 1) ,waitH,['Optinizing Point: Zpeed = ', mmstr(speedloa

[thishestafr, thishestspk] = mheoweoptinizer (fi_ewalTd, speedloadpts(i, 1), speedloadp

variable (s3] i1nto the output data set

optinstore = setfreevariables|optinstore, [hegtafr, bestspk]):

L return 0E = 1 if everything went 0E
0K = 1;

% returnh a measure of the goodness of optinmizatio
OUTPUT. Algorithm = 'BErute force search':

% Tpdate error message

errormezsage = '';

5

if reqmired

% Zet all information in the optimstore, and leave ....
% 0K, output, errormessage

optimstore = setlutputInfo(optimstore, 0K, errormessage, NUTPUT):

The line of code labeled A above calls the worked example optimization
algorithm external to the optimization function. As with functions in the
Optimization Toolbox, the first argument to the call to the optimizer is a
function handle that evaluates the objectives at a given input point. We
recommend you place the function pointed at by the function handle in the
optimization file. If you do not place them in the same file you must make sure
the evaluate function M-file is on the MATLAB path. As an example, the
optimization evaluation function in the worked example optimization is shown
in the code fragment following.
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113 G e e

114 function ¥ = i_ewalTQ({afr, spk, speed, load, optimstore)

115 G e e

116

17| = speedloadpts = getdataset(optimstore, {'Engipeed', 'Load'l, 'SpeedloadPoints'):
118 % Find where the current speed, load point is in the speedloadpoints dataset
119 = current_speedloadpt = [];

120| - for i = l:isizeispeedloadpts, 1)

121 = if iserual ([speed, load], speedloadpta(i, :])

122 - current speedloadpt = i;

123 - hreak: B

124| - end :

125|- end

126| - ¥ = gridewvaluate(optimstore, [afr, spk], {'Torgque'},'SpeedloadPoints', current speed.

The first four inputs to this function are the torque (in this case) model inputs.
The final input is the optimstore object, where information about the
optimization is stored. To evaluate objectives, there are two possible functions
from the optimstore object that can be used — evaluate or gridevaluate. In
the above example, the line of code referenced by B evaluates the torque model
in the worked example at the (afr, spk, speed, load) input points.

The two subfunctions presented above are an example of how to implement an
external optimizer in a CAGE optimization M-file.

See also the tutorial section “Creating an Optimization from Your Own
Algorithm” on page 6-48. This example describes in detail the steps involved in
incorporating an example algorithm into a CAGE optimization M-file.
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Optimization Template

To view the template M-file, at the command line, locate the mbctraining
directory and open the file

mbcOStemplate.m
There are two sections:

® The Options section. Here you can set up these seven attributes:
= Name
= Description
= Free variables
= Objective functions
= Constraints
= Operating point sets
= Optimization parameters

See “Methods of cgoptimoptions” on page 11-50 for information about setting
up the options section.

® The Evaluate section. Place your optimization routine in here. CAGE calls
this section when the Run button is clicked.

Your optimization interacts with CAGE through the cgoptimstore object
and must conform to the following syntax:
optimstore = <Your_Optimization> (optimstore)

where <Your_Optimization> is the name of your optimization function.

Any subfunctions called by your optimization routine should also be placed
at the bottom of the Evaluate section.

In order to access the information in the cgoptimstore, a number of functions
are offered. These are described in the next section, “List of Optimization
Functions” on page 11-49.
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If you leave the cgoptimoptions function unchanged, your optimization

function must be able to support the default options. That is, your optimization
will have:

® One objective
* Any number of constraints (selected by the user in CAGE )

® Either no operating point set or one operating point set (selected by the user
in CAGE)
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List of Optimization Functions

Methods of cgoptimstore

Type help cgoptimstore/method_name to see online help (where method_name
is the name of a function, such as ‘getDataset’).

These methods are available:

Methods of cgptimstore

Task Command

Evaluate optimization objectives and evaluate
constraints

Grid evaluation of optimization objectives gridEvaluate
and constraints

Evaluate prediction error variance (PEV) pevEvaluate

Grid evaluation of prediction error variance  gridPevEvaluate

(PEV)

Get optimization properties get

Get values from optimization operating getDataset
point sets

Get the initial free values for the getInitFreeval

optimization

Get the number of rows in an optimization getNumRowsInDataset
operating point set

Get output information for the optimization getOutputInfo
Get optimization parameter getParam
Set the optimal values of the free variables  setFreeVariables

Set output information for the optimization  setOutputInfo
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Methods of cgoptimoptions

You use these functions to set up all your optimization settings in the Options
section of the file. You can set up any or all of these seven attributes:

= Name
= Description
= Free variables
= Objective functions
= Constraints
= Operating point sets
= Optimization parameters
The following methods are available:

Methods of cgoptimoptions

11-50

Task Command

Add a model constraint to the optimization addModelConstraint
Add a linear constraint to the optimization addLinearConstraint
Add a free variable to the optimization addFreeVariable

Add an objective to the optimization addObjective

Add an operating point set to the addOperatingPointSet
optimization

Add a parameter to the optimization addParameter

Get model constraint placeholder getModelConstraints
information

Get linear constraint placeholder getLinearConstraints
information

Return the current usage of constraints getConstraintsMode
Get the current description for the getDescription

optimization function




List of Optimization Functions

Task Command

Get the current enabled status for the getEnabled
optimization

Return the optimization free variable labels getFreeVariables
Return the current usage of free variables getFreeVariablesMode
Get the current name label for the getName

optimization function

Return information about the optimization getObjectives
objectives

Return the current usage of objective getObjectivesMode

functions

Return information about the optimization
operating point sets

Return the current usage of operating point
sets

Return information about the optimization
parameters

Set how the optimization constraints are to
be used

Provide a description for the optimization
function

Set the enabled status for this optimization
function

Set how the optimization free variables are
used

Provide a name label for an optimization
function

getOperatingPointSets

getOperatingPointsMode

getParameters

setConstraintsMode

setDescription

setEnabled

setFreevVariablesMode

setName
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Task Command

Set how the optimization objective setObjectivesMode
functions are used

Set how the optimization operating point setOperatingPointsMode
sets are used

Optimization Function Reference

Following are the reference pages for all the functions you can use in
user-defined optimizations. They are divided into two sections. See the tables
above for an overview of all the available functions:

® “Methods of cgoptimstore” on page 11-49

* “Methods of cgoptimoptions” on page 11-50
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Alphabetical List of Functions

evaluate ... ... .. 11-55
gridEvaluate .......... ... . .. 11-56
pevEvaluate . ......... ... 11-59
gridPevEvaluate .. ...... .. . . . ... 11-60
O . 11-61
getDataset ... ... e 11-62
getlnitFreeVal ........ ... . . . . . . 11-63
getNumRowsInDataset . ........... i 11-64
getOutputinfo . ... ... . 11-65
getParam ... ... 11-66
setFreeVariables .. ..... ... ... . . . .. 11-67
setOutputinfo . . . ... 11-68
addModelConstraint . ......... . . ... 11-69
addLinearConstraint . .. ....... . .. .. 11-70
addFreeVariable .......... .. . . . . . 11-71
addObjective . ... .. 11-72
addOperatingPointSet . . ... ... . 11-73
addParameter .. ... ... 11-74
getModelConstraints ........ ... . 11-75
getLinearConstraints ............... ..t 11-76
getConstraintsMode . ........ ... . 11-77
getDesSCription . .. .. 11-78
getEnabled . . ... .. . 11-79
getFreeVariables ....... ... . ... 11-80
getFreeVariablesMode . . . ... ... . . . 11-81
getNaAME . .. 11-82
0etObJECLIVES . .. o 11-83
getObjectivesMode . .. ... ... 11-84
getOperatingPointSets . ...... ... .. 11-85
getOperatingPointsMode . . . . ... ... 11-86
getParameters . ... ... 11-87
setConstraintsMode . . ... 11-88
SEtDeSCription ... . 11-89
setEnabled . ... ... ... 11-90
setFreeVariablesMode . . ... . . . 11-91
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evaluate

Purpose
Syntax

Description

Examples

See Also

Evaluate optimization objectives and constraints
Y = evaluate(optimstore, X)

Evaluates all the optimization objectives and constraints at the free variable
values X. X must be a (NPoints-by-NFreeVar) matrix where NPoints is the
number of points in the Primary data set and NFreeVar is the number of free
variables in the optimization. The operating points used for evaluation are
those in the Primary data set.

The following command evaluates the objectives and constraints specified in
the cell array of strings itemnames, at the free variable values X. The values of
the objectives and constraints are returned in Y, which is of size
(NPoints-by-NItems) where NItems is the number of objectives and constraints
listed in itemnames.

Y = evaluate(optimstore, X, itemnames)

The following command evaluates the specified objectives and constraints at
the operating points in the data set specified by the string datasetname.

Y = evaluate(optimstore, X, itemnames, datasetname)

The following command evaluates the specified objectives and constraints at
the points of datasetname given by rowind. X must be a (NRows-by-NFreeVvar)
matrix where NRows is the length of rowind. rowind must be a list of integer
indices in the range [1 NumRowsInDataset]. Y is a (Nrows-by-NItems) matrix.

Y = evaluate(optimstore, X, itemnames, datasetname, rowind)

gridEvaluate on page 11-56, pevEvaluate on page 11-59
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Purpose Grid evaluation of optimization objectives and constraints
Syntax Y = gridEvaluate(optimstore, X)
Description Evaluates all the objectives and constraints at all combinations of the points in

the Primary (first) data set, P, with X. The return matrix, Y, is of size size (X, 1)
by (nobj+ncon) by npts, where nobj is the number of objectives, ncon is the
number of constraints, and npts is the number of rows in P. Further, Y (I, J,
K) is the value of the Jth objective/constraint at X(I, :) and P(K, :).

Examples Objectives : 01, 02
Constraints : C1, C2

Primary data set:

A B
4 5
1 3

Free variables:

X

X1 X2 X3

2 4 8
1 9 3
6 2 7
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In this case the following command
Y = gridEvaluate(optimstore, X)

evaluates objectives and constraints at the following points:

A B X1 X2 X3
4 5 2 4 8
4 5 1 9 3
4 5 6 2 7
1 3 2 4 8
1 3 1 9 3
1 3 6 2 7

Y is a 3-by-4-by-2 matrix where
Y(;,1,1)=Valuesof 0latA=4,B=5
Y(,2,1)=Valuesof 02atA=4,B=5
Y(;, 3,1)=Valuesof CLatA=4,B=5
Y(, 4,1)=Valuesof C2atA=4,B=5
Y(:,1,2)=Valuesof 0OlatA=1,B=3
Y(;, 2,2)=Valuesof 02atA=1,B=3
Y(;, 3,2)=Valuesof ClatA=1,B=3
Y(;,4,2)=Valuesof C2atA=1,B=3
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See Also

11-58

Y = gridEvaluate(optimstore, X, objconname)

evaluates the objectives/constraints specified in the cell array of strings,
objconname, as described above. Note that the return matrix is of size size (X,
1) by length(objconname) by npts.

Y = gridEvaluate(optimstore, X, objconname, datasetname)
evaluates the objectives/constraints as described above. The evaluation is
performed at the operating points in the data set specified by the string
datasetname. Note that the return matrix is of size size(X, 1) by

length(objconname) by npts, where npts is the number of points in the data
set specified by datasetname.

Y = gridEvaluate(optimstore, X, objconname, datasetname, rowind)

evaluates the specified objectives/constraints at the points of datasetname
given by rowind as described above. Y is a 1length(rowind) by
length(objconname) by npts matrix.

evaluate on page 11-55
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Purpose
Syntax

Description

Examples

See Also

Evaluate prediction error variance (PEV)
Y = pevEvaluate(optimstore, X)

Evaluates PEV for optimization objectives/constraints at the free variable
values X. X must be a npts by nfreevar matrix where npts is the number of
points in the Primary data set and nfreevar is the number of free variables.
Note that the operating points used for evaluation are those in the Primary
data set. For any objectives/constraints that do not support PEV, NaN is
returned.

Y = pevEvaluate(optimstore, X, objconname)

evaluates PEV for objectives/constraints specified in the cell array of strings,
objconname, at the free variable values X. The values of the
objectives/constraints are returned in Y, which is of size npts by
length(objconname).

Y = pevevaluate(optimstore, X, objconname, datasetname)

evaluates PEV for the objectives/constraints at the operating points in the data
set specified by the string datasetname.

Y = pevevaluate(optimstore, X, objconname, datasetname, rowind)

evaluates PEV for the specified objectives/constraints at the points of
datasetname given by rowind. X must be a length(rowind) by nfreevar matrix.
Y is a length(rowind) by length(objconname) matrix.

gridPevEvaluate on page 11-60
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gridPevEvaluate

Purpose Grid evaluation of prediction error variance (PEV)
Syntax Y = gridPevEvaluate(optimstore, X)
Description Evaluates PEV for the objectives and constraints at all combinations of the

points in the Primary data set, P, with X. The return matrix, VY, is of size

size(X, 1) by (nobj+ncon) by npts, where nobj is the number of objectives,
ncon is the number of constraints, and npts is the number of rows in P. Further,
Y(I, J, K) isthe value of the Jth objective/constraintat X(I, :) andP(K, :).

Examples Y = gridPevEvaluate(optimstore, X, objconname)

evaluates PEV for the objectives/constraints specified in the cell array of
strings, objconname, as described above. Note that the return matrix is of size
size(X, 1) by length(objconname) by npts.

Y = gridPevEvaluate(optimstore, X, objconname, datasetname)

evaluates PEV for the objectives/constraints as described above. The
evaluation is performed at the operating points in the data set specified by the
string datasetname. Note that the return matrix is of size size (X, 1) by
length(objconname) by npts, where npts is the number of points in the data
set specified by datasetname.

Y = gridPevEvaluate(optimstore, X, objconname, datasetname,
rowind)

evaluates PEV for the specified objectives/constraints at the points of
datasetname given by rowind as described above. Y is a length(rowind) by
length(objconname) by npts matrix.

See Also pevEvaluate on page 11-59
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get

Purpose
Syntax

Description

Examples

Get optimization properties

V = get(optimstore, 'PropertyName')

Returns the value of the specified property in the optimization. The properties
are as follows:

NumFreeVariables: 'Number of free variables in this optimization’
NumDataSets: 'Number of data sets in this optimization’
NumObjectiveFuncs:'Numberofobjectivefunctionsinthisoptimization’
NumConstraints: 'Number of constraints in this optimization'

A: 'Matrix for linear constraints A*x <=b'

b: 'Vector for linear constraints A*x <= b’

NonLinearConstraints: '‘Labels for the non-linear constraints’
ObjectiveSums: 'Labels for the objective sums'

ConstraintSums: 'Labels for the constraint sums'

LB: 'Lower bounds for free variables'

UB: 'Upper bounds for free variables’

ObjectiveFuncTypes: '‘Character array of objective function types'

get(optimstore)

displays all property names and a description of each property for the
optimstore object.

S = get(optimstore)

returns a structure where each field name is the name of a property of
optimstore and each field contains the description of that property.
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getDataset

Purpose
Syntax

Description

Examples

See Also

11-62

Get values from optimization operating point sets
V = getDataset(optimstore, factornames)

Returns data from the Primary operating point set. This function can only be
used to return data columns that are required to be in the Primary operating
point set. factornames is a cell array of labels specifying which columns of data
are to be returned from the Primary data set. factornames must only include
those strings used to label the required columns in the Primary data set. These
labels must be created in the Options section of the user-defined script (these
labels will have been set via the addoperatingpointset command; see
“addOperatingPointSet” on page 11-73).

V = getDataset(optimstore, factornames, datasetname)

returns data from the operating point set labeled datasetname in the
optimization. V is a npts by length(factornames) matrix, where npts is the
number of rows in the operating point set labeled datasetname.

V = getDataset(optimstore, {'speed', 'afr'}, 'myDS')

returns a npts by 2 matrix, V. npts is the number of rows in the operating point
set labeled myDS, V(:, 1) is the data for the variable labeled speed, and V(:,
2) is the data for the variable labeled afr.

addOperatingPointSet on page 11-73



getinitFreeVal

Purpose
Syntax

Description

See Also

Get the initial free values for the optimization

X0 = getInitFreeVal(optimstore)

Returns the initial values of the free variables used in the optimization. These
values are set by the user in the Free Variable Set Up dialog when the
optimization is run. X0 is a (NPoints-by-NFreeVar) matrix where NPoints is the
number of rows in the Primary data set and NFreeVar is the number of free
variables in the optimization.

get on page 11-61, setFreeVariablesMode on page 11-91
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getNumRowsinDataset

Purpose
Syntax
Description

Examples

11-64

Get the number of rows in an optimization operating point set
npts = getNumrowsInDataset (optimstore)
Returns the number of rows in the Primary operating point set.

npts = getNumrowsInDataset(optimstore, datasetname)

returns the number of rows in the operating point set labeled datasetname.



getOutputinfo

Purpose
Syntax

Description

Examples

See Also

Get output information for the optimization
[ok, errmsg] = getOutputInfo (optimstore)

Returns diagnostic output information from optimstore. OK denotes the
success (OK = 1) or failure (OK = 0) of the current optimization run. If the
optimization is unsuccessful, an error message is returned in errmsg.

[ok, errmsg, output] = getoutputinfo (optimstore)

returns in addition a structure of algorithm-specific information in output. For
output to be nonempty, the user must create it in his algorithm. See the
worked example and tutorial for more information on how to create output
structures.

setOutputInfo on page 11-68, “Worked Example Optimization” on page 6-40
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getParam

Purpose Get optimization parameter
Synl‘ax V = getParam(optimstore, 'Parameter_name')
Descripi‘ion Returns the value of the specified parameter in the optimization. These

optimization parameters must be set up in the Options section of the
user-defined script.

See Also addParameter on page 11-74, “Worked Example Optimization” on page 6-40
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setFreeVariables

Purpose
Syntax

Description

Set the optimal values of the free variables
OUT = setFreeVariables(optimstore, results)

Sets the optimal values of the free variables, as returned by the optimization,
into the optimstore. results is a npts by nfreevar matrix containing the
optimal values of the free variables. npts is the number of rows in the Primary
operating point set and nfreevar is the number of free variables.

Note This function must be called at the end of the optimization for the
optimal values to be stored.
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setOutputinfo

Purpose
Syntax

Description

See Also

11-68

Set output information for the optimization
optimstore = setOutputInfo (optimstore, ok, errmsg, output)

Sets output information for the optimization in optimstore. The following
information is set:

® ok: (0/1), indicating whether the optimization has completed without error
® errmsg: Error message string if ok = 0, or an empty string if ok = 1
® output: Structure of algorithm statistics for the optimization

See the worked example “Worked Example Optimization” on page 6-40 for an
example of creating an output structure.

getOutputInfo on page 11-65



addModelConstraint

Purpose
Syntax

Description

Examples

See Also

Add a model constraint to the optimization

options=addModelConstraint (options, label, boundtype, bound)

Adds a placeholder for a model constraint to the optimization. The string label
is used to refer to the constraint in CAGE.

boundtype can be set either to the string 'greaterthan’' or 'lessthan'.
bound must be a scalar real.

If boundtype = 'greaterthan’, the model constraint takes the following form:
CAGE model >= bound

Similarly, if boundtype = 'lessthan’, the model constraint takes the form
CAGE model <= bound

An optimization requires a constraint where a user-defined function must be

less than 500. The following code line adds a placeholder for this constraint
that is labeled 'mycon':

opt = addModelConstraint(opt, 'mycon', 'lessthan', 500);

getModelConstraints on page 11-75, addLinearConstraint on page 11-70,
setConstraintsMode on page 11-88
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addLinearConstraint

Purpose
Syntax

Description

Examples

See Also

11-70

Add a linear constraint to the optimization
options = addLinearConstraint(options, label, A, B)

Adds a placeholder for a linear constraint to the optimization. The string label
is used to refer to the constraint in the CAGE GUI. Linear constraints can be
written in the form

A(1)X(1) + A(2)X(2) + ... + A(nN)X(n) <= b

where X (i) isthe i free variable, A is a vector of coefficients, and b is a scalar
bound.

% Add SPK and EGR variables to an optimization

opt = addFreeVariable(opt, 'SPK');

opt = addFreeVariable(opt, 'EGR');

% Add a linear constraint such that 3*SPK - 2*EGR <= 30
opt = addLinearConstraint(opt, 'newCon', [3 -2], 30);

getLinearConstraints on page 11-76, addModelConstraint on page 11-69,
setConstraintsMode on page 11-88



addFreeVariable
|

Purpose Add a free variable to the optimization
Syni‘clx options = addfreeVariable (options, label)
Description Adds a placeholder for a free variable to the optimization. The string label is

used to refer to the variable in CAGE.

See Also setFreeVariablesMode on page 11-91, getFreeVariablesMode on page 11-81,
getFreeVariables on page 11-80
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addObjective

Purpose
Syntax

Description

Examples

See Also

11-72

Add an objective to the optimization
options = addObjective(options, label, typestr)
Adds a placeholder for an objective function to the optimization. The string

label is used to refer to the constraint in CAGE.

typestr can take one of four values, 'max’, 'min’, 'min/max’, or ‘helper'.

opt = addObjective(opt, 'newObj', 'max')

Adds an objective function labeled newObj to the optimization and indicates
that it is to be maximized.

opt = addObjective(opt, 'newObj', 'min/max')

Adds an objective function labeled newObj to the optimization and indicates
that the user should be allowed to choose whether it is minimized or maximized
from CAGE.

opt = addObjective(opt, 'newObj2', 'helper')

Adds an objective function labeled newObj2 to the optimization. The string
'helper' indicates that the function is used as part of the determination of the
cost function but is not directly minimized or maximized.

getObjectives on page 11-83, setObjectivesMode on page 11-93,
getObjectivesMode on page 11-84



addOperatingPointSet

Purpose
Syntax

Description

See Also

Add an operating point set to the optimization
options = addOperatingPointSet(options, label, vars)

Adds a placeholder for an additional operating point set to the optimization.

The string label is used to refer to the constraint in CAGE. vars isa (1-by-N)
cell array of strings where N >= 1. Each element of vars is a label for a CAGE
variable that must appear in the operating point set that the user chooses.

getOperatingPointSets on page 11-85, setOperatingPointsMode on page
11-94, getOperatingPointsMode on page 11-86
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addParameter

Purpose Add a parameter to the optimization
Synl‘ax options = addParameter(options, label, typestr, value)
Descripi‘ion Adds a parameter to the optimization. The string label is used to refer to the

parameter. The string typestr takes one of 'number’, '1ist’, or 'boolean'. A
default value for the parameter must be supplied in value. The form of value
must be one of the following:

typesir Value
"number' Scalar, real number
'list' Cell array of strings, one for
each list member
'boolean' True or false
See Also getParameters on page 11-87, getParam on page 11-66
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getModelConstraints

Purpose Get model constraint placeholder information
Syni‘clx out = getmodelconstraints (options)
Description Returns a structure array of information regarding the model constraints in

the optimization. The structure has three fields: 1abel, boundtype, and bound.
See the help for addModelConstraint for more information on these fields.

See Also addModelConstraint on page 11-69, setConstraintsMode on page 11-88
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getlLinearConstraints

Purpose
Syntax

Description

See Also

11-76

Get linear constraint placeholder information

out = getLinearConstraints(options)

Returns a structure array of information regarding the linear constraints in
the optimization. The structure has three fields: 1abel, A, and b. See the help

for addLinearConstraint for more information on these fields.

addLinearConstraint on page 11-70, setConstraintsMode on page 11-88



getConstraintsMode

Purpose Return the current usage of constraints
Syni‘clx mode = getConstraintsMode (options)
Description Returns a string describing how the optimization makes constraints available

to the user. mode will be one of ‘any or ‘fixed .

See Also setConstraintsMode on page 11-88
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getDescription

Purpose Get the current description for the optimization function

Synl‘ax desc = getDescription(options)

Description Returns the description, desc, of the user-defined optimization function.
See Also setDescription on page 11-89
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getEnabled

Purpose Get the current enabled status for the optimization
Syntax en=getEnabled(options)
Description Returns whether this user-defined optimization is available to be run. en is set

to true or false. When an optimization is disabled, the user can still register it
with CAGE but is not allowed to create new optimizations using it.

See Also getEnabled on page 11-79
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getFreeVariables

Purpose
Syntax

Description

See Also

11-80

Return the optimization free variable labels
labels=getFreeVariables(options)

Returns the current placeholder labels for the free variables in the
optimization. The labels are returned in a (1-by-NFreeVvar) cell array, labels,
where NFreeVar is the number of free variables that have been added to the
optimization.

addFreeVariable on page 11-71, setFreeVariablesMode on page 11-91,
getFreeVariablesMode on page 11-81



getFreeVariablesMode

Purpose
Syntax

Description

See Also

Return the current usage of free variables
mode= getFreeVariablesMode(options)

Returns a string describing how the optimization makes free variables
available to the user. mode is set to any or fixed.

setFreeVariablesMode on page 11-91

11-81



getName

Purpose Get the current name label for the optimization function

Syntax name=getName (options)

Description Returns the current name label, name, for the user-defined optimization
function.

See Also setName on page 11-92
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getObjectives

Purpose
Syntax

Description

See Also

Return information about the optimization objectives
objinfo=getObjectives(options)

Returns a structure array of information regarding the optimization objective
functions. objinfo(i).label contains the label for the ith objective. A string
defining the type of the ith objective (max, min, min/max, or helper) is stored in

objinfo(i).type.

addObjective on page 11-72, setObjectivesMode on page 11-93,
getObjectivesMode on page 11-84
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getObjectivesMode

Purpose Return the current usage of objective functions
Synl‘ax mode = getObjectivesMode(options)
Description Returns a string describing how the optimization makes objectives available to

the user. mode will be one of ‘multiple , ‘any’, or ‘fixed .

See Also setObjectivesMode on page 11-93
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getOperatingPointSets

Purpose Return information about the optimization operating point sets
Syni‘ax getOperatingPointSets(options)
Description Returns a structure array of information regarding the optimization operating

point sets. The structure has two fields, 1abel and vars. See the help for
addOperatingPointSet for more information on these fields.

See Also addOperatingPointSet on page 11-73, setOperatingPointsMode on page
11-94, getOperatingPointsMode on page 11-86
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getOperatingPointsMode

Purpose
Syntax

Description

See Also

11-86

Return the current usage of operating point sets
mode=getOperatingPointsMode (options)

Returns a string describing how the optimization makes operating point sets
available to the user. mode wil be one of ‘default , ‘fixed , or ‘any .

setOperatingPointsMode on page 11-94



getParameters

Purpose Return information about the optimization parameters
Syni‘ax getParameters(options)
Description Returns a structure array containing information about the parameters that

are defined for the optimization. Parameter information is returned in a
structure with fields label, typestr, and value. See the help for addParameter
for more information on these fields.

See Also addParameter on page 11-74
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setConstraintsMode

Purpose
Syntax

Description

See Also

11-88

Set how the optimization constraints are to be used
options=setConstraintsMode (options, modestr)

Sets the mode that governs how the user can set up constraints for the
optimization in CAGE.

When modestr = any, the user can add any number of constraints.

When modestr = fixed, the user can only edit the constraints that are added

by the user-defined optimization function.

getConstraintsMode on page 11-77, addModelConstraint on page 11-69,
addLinearConstraint on page 11-70



setDescription

Purpose Provide a description for the optimization function

Syni‘ax options=setDescription(options, desc)

Description Sets the description for the optimization object to be the string desc.
See Also getDescription on page 11-78

11-89



setEnabled

Purpose
Syntax

Description

See Also

11-90

Set the enabled status for this optimization function

options = setEnabled(options, status)

Sets the optimization function enabled status. status must be true or false.
When an optimization is disabled, you can still register it with CAGE but are

not allowed to create new optimizations using it.

getEnabled on page 11-79



setFreeVariablesMode

Purpose
Syntax

Description

See Also

Set how the optimization free variables are used
options = setFreeVariablesMode(options, modestr)

Sets the mode that governs how the user is allowed to set up free variables for
the optimization in the CAGE GUI.

When modestr = 'any', the user is allowed to add any number of free
variables.

When modestr = 'fixed', the user is only allowed to use the number of free
variables that are added by the user-defined optimization function.

getFreeVariablesMode on page 11-81, addFreeVariable on page 11-71
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setName

Purpose Provide a name label for an optimization function

Synl‘ax options = setName(options, name)

Descripi‘ion Sets the name label for the optimization object to be the string name.
See Also getName on page 11-82
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setObjectivesMode

Purpose
Syntax

Description

See Also

Set how the optimization objective functions are used
options = setObjectivesMode(options, modestr)

Sets the mode that governs whether the user is allowed to set up objectives for
the optimization in the CAGE GUI. When modestr = 'any"', the user is allowed
to add any number of objectives. When modestr = 'fixed', the user is only
allowed to edit the objectives that are added by the user-defined optimization
function. When modestr = 'multiple’, the user is only allowed to run the
optimization if he or she has defined two or more objectives.

getObjectivesMode on page 11-84, addObjective on page 11-72
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setOperatingPointsMode

Purpose
Syntax

Description

See Also

11-94

Set how the optimization operating point sets are used
options = setObjectivesMode(options, modestr)
Sets the mode that governs how the user is allowed to set up operating point

sets for the optimization in CAGE.

When modestr = 'any', the user is allowed to add any number of operating
point sets.

When modestr = 'default', the user is allowed to optionally define a single
operating point set to run the optimization over.

When modestr = 'fixed', the number of operating point sets required can be
fixed by the optimization function and the user is not allowed to add or remove
any using the CAGE GUI.

getOperatingPointsMode on page 11-86, addOperatingPointSet on page
11-73



Data Sets

This section includes the following topics:

Data Sets Views (p. 12-2)
Setting Up Data Sets (p. 12-5)

Viewing Data in a Table (p. 12-12)
Plotting Outputs (p. 12-14)

Using Color to Display Information
(p. 12-17)

Linking Factors in a Data Set
(p. 12-21)

Assigning Columns of Data (p. 12-23)

Manipulating Models in Data Set View
(p. 12-24)

Filling Tables from Experimental Data
(p. 12-25)

How to use the Data Sets views.

How to set up data sets by importing experimental data,
importing data from tables, specifying factors manually,
and creating a factor from the error between factors.

How to use the table view.
How to use the plot view.

How to use color plots and restrict the color to display
factor information.

How to link factors.

How to assign columns of data to input factors, for
example, in order to compare experimental data with
tables or models.

How to change models from input to output factors.

How to fill tables from data, including creating rules.
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Data Sets Views

12-2

The Data Set view has these main functions:

® Validating calibrations with experimental data

* Filling tables by reference to a set of experimental data

® Constructing operating point sets for running optimizations

® Investigating optimization results and using them to fill tables

For worked examples about data sets, see

e “Tutorial: Data Sets” on page 4-1
This shows the process of validating a calibration.
e “Tutorial: Filling Tables from Data” on page 5-1
This tutorial shows the process of filling a table from experimental data.
® “Tutorial: Optimization and Automated Tradeoff” on page 6-1
This tutorial includes using the output from an optimization to fill a table.
Data Sets consists of four views. These views display different aspects of the

data set. Each view is accessible from the View menu or by clicking the
appropriate button on the toolbar.

Factor Information

- Fill Table from Data Set

View Data Plot Outputs
® Factor Information

List of all available project expressions, which can be added to the data set
for display and evaluation.



Data Sets Views

® VView Data

Displays the data in a table. Individual entries can be altered. Columns of
data can be assigned to CAGE expressions.

* Plot Outputs

Displays models and features evaluated at the data points (of the data set).
* Fill Table from Data Set

This mode allows you to fill tables by reference to experimental data.

12-3
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Setting Up Data Sets

The Data Sets view displays the strategies, tables, and models, etc., as a list of
factors in the default Factor Information view. You can also display the same
factors as columns in a grid, with all factors displayed as columns in the list,
by selecting the View Data toolbar button ( Il ). The data set works over a grid
of values, which is not necessarily the same as the normalizers of any included
tables in the data set.

You have to set the input factors and their values to define the grid in the data
set. You can do this in one of three ways:

¢ Import experimental data. (See “Importing Experimental Data” on
page 12-5.)

¢ Import the values from a table in your CAGE session. (See “Importing Data
from a Table in Your Session” on page 12-7.)

¢ Specify the factors and their values manually. (See “Specifying the Factors
Manually” on page 12-8.)

The next sections describe each of these in detail.

Importing Experimental Data

You can import experimental data to a data set, either to validate a calibration
or to use it as the basis for a calibration.

You can import data that is stored in the following formats:

* Microsoft Excel spreadsheets
¢ Comma-separated value files
°* MAT-files

Importing from Excel or Comma-Separated Valve. When you import data from either
a Microsoft Excel spreadsheet or from a comma-separated value file, you must
ensure that the data is organized in the following manner:

® The first column can either be row markers (text) or entries (numbers).

® The first row can either be column headers (text) or entries (numbers).

¢ All the other row and column entries must be numbers.
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Importing from MAT-files. \When you import from a MAT-file, you must ensure that
the file contains numbers only, that is, a double array.

To import experimental data,

1 Select File —=> Import —> Data.

2 In the file browser, select the correct file to import.
This opens the Data Set Import Wizard.

3 Discard any columns of data you do not want to import by selecting the
column and clicking the button shown.

i
4 Click Next.

The following screen asks you to associate variables in your project with
data columns in the data.

5 Highlight the variable in the Project Assignments column and the
corresponding data column in the Data Column, then click the assign
button, shown.

<

6 Repeat step 5 until you are satisfied that you have associated all the
variables and data columns. Any unassigned data columns are treated as
output factors.
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-} Data Set Import Wizard : _ 1Ol =l
— Match data columns inright ligt to project expressions in left izt
Mate: Unazzigned columns will be treated as output data
Project Azzignments D ata Columns
Froject | Data Column Hame | Colurmn
¥ oA X afrmeas 4
xL loadmeas X loadmeas 3
x N nimeas 7 X hmess 2
&« RPM 1
X spkmeas 5
x tqmeaz g
1| |l 4] | ]
™ Show all expressions
ak. Cancel

Assign button

7 Click Finish to close the dialog box.

This imports your data into the data set. When you have imported your data,
you can view your data set.

Importing Data from a Table in Your Session
To import data from a table,
1 Select Data —> Import —> Import from Table.

If your data set is not empty, a dialog box asks whether you want to Fill the
data set from the table or Overwrite the data set from the table. Select Fill
to use the table values to fill the factors in your data set. Select Overwrite
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12-8

to disregard all factors in your data set and fill the data set with the input
and output factors from the table. A dialog box opens.

2 Select the correct table from your session to import and click OK.

When you have imported your data, you are ready to view the data set.

Specifying the Factors Manually

1 Select the Data Set view by clicking the large Data Sets button in the Data
Objects pane.

2 Add a data set to the project by selecting File —> New —> Data Set.
3 Select the factors. (See “Selecting the Factors” on page 12-8.)

4 Build the grid. (See “Manually Setting Values of the Input Variables” on
page 12-10.)

Once you have completed these steps you can view the data set.

This section describes

® “Selecting the Factors” on page 12-8
* “Manually Setting Values of the Input Variables” on page 12-10

Selecting the Factors

Clicking the Factors View button in the toolbar (&
boxes.

). This displays two list

* The upper list shows all factors within the data set. You can sort factors by
clicking the column headings.

® The lower list shows CAGE project expressions.
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Factors in the current data set
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Factors in the current project

You can use this view to add factors to or remove factors from the data set.
To add a factor to a data set,

® Right-click a factor and select Add to Data Set from the context menu.

¢ Alternatively, select the factor or factors that you want to add to the data set

from the list in the lower Project Expressions pane, then select Data —>
Factors —> Add to Data Set.

To make multiple selections, use the standard Shift+click or Ctrl+click.
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To remove a factor from a data set,
1 Select the factor or factors that you want to remove from the data set.

2 Right-click and select Remove from Data Set, or select the menu item Data
—> Factors —> Remove From Data Set.

Note Links between the two lists are always preserved, so clicking load in
the upper list also selects load in the lower list. In other words, you can copy or
remove from either list and the relevant results appear in both.

Manually Setting Values of the Input Variables

Clicking the Build Grid toolbar button ( s ) or selecting Data —> Build Grid
enables you to set the values of the input variables for the data set.

To build a full factorial grid,

1 Select Data —> Build Grid.

2 Select the factor that you want to define a grid for.
3 Set the grid for the factor.

To set a grid of 5, 10, 15, 20, 25, 30, input the following: 5:5:30, where the
first number is the minimum, the second is the step size, and the last
number is the maximum value.

4 Check the size of the data set in the pane. The current size reported at the
bottom of the dialog is the size if you click Cancel to leave the data set
unchanged. The projected size is created if you click OK. In the following
example, the projected size of 45 you can see is obtained by multiplying the
number of points for each factor with a grid (in this case, 3 * 5 * 3).

5 Select the next factor that you want to define a grid for.

6 When you have set the grids for all the factors, click OK.
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Setting Up Data Sets

) Grid Data Set ol =l
Grid over data set input factors
Factar | Type | Range -
o . i“n Grid 936:1002:5004 (5 paints)

1. Highlight the input factor. {/ load Grid 01:0.220.54 (3 pairts)

= afr Congtant 14.3 e

i'_"{ zpk. Grid -8.1:23:499  [3 points] —

< I »

Enter range or constant for this wariable. Clear

Colon natation may be used to specify range [eg 0:5:20 = —I

05101520 ke Aclivel
2. Set the range for the factor. o __—|o1022084

Current size: 44 point(s). Projected size: 1980 oK | Cancel |

mminH =] |

3. (thk the size of the data set.

Creating a Factor from the Error Between Factors
To create a factor that is the difference between two other factors,

1 Highlight the two factors, using Ctrl+click or Shift+click.

2 Select Create Error from the right-click menu on either column head.

This creates a new factor that is the difference between the two other factors.

12-11



1 2 Data Sets

Viewing Data in a Table

Click the View Data button ( I ) in the toolbar or select View —> Data to
display the data in tabular form and a list of the current items in the project.

Note that this view is only enabled if you have a grid of points at which to
evaluate and display the models and variables. This grid is not necessarily
derived from the normalizers of any tables included in the data set. You can set
the grid by importing experimental or table data, or by using the Build Grid
toolbar button ( s ). See “Setting Up Data Sets” on page 12-5.

Inputs to the selected
column, colored cream

|

—

Input that is not an input fo

the selected column

Selected column

@n- n @n- load @n- afr @n- =pk nmeas tomeas Ik Torgue: Model| I Torque: Strategy

1 2235 0.549 95 0.1 2247 BG.7 71 BEE
2 ey | 0.454 13.2 0.1 3615 4.1 47 163
3 4346 0.651 12 0.1 4974 737 47 573
4 G551 0.645 1149 a7 G551 5.8 .

5 2234 0.441 133 0.1 2247 559 51 .256
13 ey | 0.747 1049 0.1 3612 30 92837
7 4947 0.541 97 0.1 4973 628 .

8 51 0.622 949 0.1 G54 721 7E.195
9 1219 0.333 14 0.1 1224 418 33.226
10 1555 0.352 12 0.1 1567 49.4 40457
11 1896 0.209 107 3.3 1906 285 4

12 2234 0.254 9.5 3.2 2245 36 23.063
13 2574 0.407 134 3 2555 499 49629
14 2914 0.595 115 31 2929 0.5 d
15 3251 0.781 123 31 3268 0.5 117 .424
16 3559 0.665 135 3 FEO0G 77 g7 .9587
17 3930 0.452 114 31 3952 527 46.511
18 4265 0.235 1049 3 4293 2T .

19 4606 0.134 12 32 4633 2.3 -2.088
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Viewing Data in a Table

Columns are color coded by factor type:

® Input factors are white.
® Qutput factors are gray.

Selecting an output column highlights the input columns associated with it by
turning the header cells cream.

Standard editing facilities are available. Double-click an input cell to edit the
value.

Cut and paste using the desktop clipboard. Cells, columns, and rows can be
copied directly to and from other applications (for example, Excel).

Note You can only edit input values, not output values.
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Plotting Outputs

Use this to plot the outputs of your data sets.

To view a plot,
1 Select View —> Plot or click the ¥ toolbar button.
2 Select an expression from the list to view.

A plot of the selected output factor appears in the top pane.

tymesas v Data set point

100 - -- B e SR B e e . ..‘.-...‘. 1
. : [ : : : *’ : &
a0l P ‘... ....... . . ...................
a®: :
N S . 1 »
E I{a ] .' .......................... 8. L AT L2
2o s o @ . g ®
A0 P
L ]
L L
I I 1 - I T I I
a2 10 13 20 23 30 33 40
Data set point

K-axis factor: IData set poirt - I y-axiz factor: IData =&t poirt - I

Output Expressions (Project and Data Set) |

Expreszion | Type | Infarmation
[ Copy_of_Torque: Model Data Set
Frmeas Data Set
S S 2D Tatle
412 1D Tahle
/12 1D Table In data set
ﬂTDHQUE MBLC model I data set
¥y Torque: Maodel Feature In data zet
i& Torque: Strateqy Feature In data zet
Etgmeas Data Set

| | ol

3 Use the pop-up menus below the plot to change the factors displayed.
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Plotting Outputs

To zoom in on an area of interest,

® Press both mouse buttons simultaneously and drag a rectangle; double-click
the graph to return to full size.

Plotting Multiple Selections
You can plot a multiple selection by using standard Ctrl+click and Shift+click
operations.

A legend at the top of the screen displays the key to the graph.

Multiple Plot Outputs

® Tomgue: Model @ Torgue: Strategy

Targue : Model, Targque : Strategy v Data set point

<Selection>

Data set point
X-axiz factor: I{}(.\( Selection= - I y-axiz factor: I:Selection: - I

Cutput Expressions (Project and Data Set) |

Expreszion | Tupe | Information
R Copy_of_Torque: Model Data Set
El nmeas Data Set
5 S 20 Tatle
412 1D Table
/13 1D Tahle In data zet
-k TORGUE MBL model In data set
13. Torque: Maodel Feature In data zet
¥ Tarque: Stiateqy Feature In data zet
Ftomeas Data Set

1] | |
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When exactly two items are displayed, further plot options are available:

® Plot the first item against the second item (X-Y Selection).
* Display the error using one of the following options:

Error

Absolute error

Relative error (%)

Absolute relative error (%)
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Using Color to Display Information

You can use the plot view to display more information by coloring the plots.

Coloring a Plot
1 Select View —> Plot or click g

2 Highlight the correct expression in the Output Expressions (Project and
Data Set) pane.

3 Select Color by Value from the right-click menu of the plot.

4 Select from the pop-up menu the variable you want to use to color the plot.
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1. Click Plot Qutputs.

CAGE Browser - datatsettutl.cag
File Edit Wiew Data Tools ‘Window Help

DX &% " [EDi9 m=%

3. Select

Processes Data Sets ® Torgue : Model
""" B data w Torque: Strategy

f:

120
1000 -
a0 |-
B0

~Selection>

41
20

Targue : Model, Torque : Strategy w Data set point /

Data set point

w-axis fador:l:)(_\( R vI y-axis factnr:|<53|ed___ d

59151
o064
42276
3376.4
25301
1653.9

[ Lirait ran...

Calar by:

IData set .. —=]

Output Expressions (Project and Data Set)

E xpression | Type

| Information

[ Copy_of_Torque: Model [rata Set

Ermeas Diata Set

S | 2D Table

A1z 10 Table

/132 1D Table Ir data set |
* TORGUE MBC model I data set

¥yl Tarque: Madel Feature In data zet _ILI
4 »

2. Select the expression.
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Using Color to Display Information

In the following figure, you can see

* A plot of the Sum vs Data Set Point (this is the strategy from a torque
feature calibration).

® The points are colored by load.

® For this example it can be seen that, in general, the higher the load, the
higher the value of torque.

Errar itgmeas - Tarque) v Data set point
.- IO SN NS RN AN SRR
: : ™ : : : : :
5 : : : . : Dy -
T Z0f-- ERRERES e e Do M B ...
g . : : : : .’ :~I
l—I T A T &
¥ :
- ST SR WO S SO
= :
= : :
=3 . .
E L 1 A P P P T
e : : - : : : : :
: L ] : : : : : :
20k R & [EEREEE [ R R LR SLEERD
: R Y : : : :
: - L— : : : : [ Limit range
5 10 15 20 25 30 35 40
Data set point Colar by
#-awis factor: IDala set i vI -axis Factor: IE”.;,; [tqmej Iload =

Restricting the Color

You might be interested in only part of the display; for example, you might only
be interested in points with a low engine speed. The various display options
enable you to color only the points that you are interested in.

To restrict the color,

1 Select the Limit range box, or right-click the plot and select Limit Color
Range.

Three limit markers appear in the color bar. The colors in the color bar are
compressed within the limit markers. This increases the range of colors over
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the range you are interested in (between the limits), making it easier to see
the distribution of points.

2 Adjust the maximum, midpoint, and minimum of the range by dragging the
limit markers on the color bar.

3 Examine the data points and those that are outside the range.

Use the right-click menu to alter the view of the points outside the range:

® Select Exclude to remove all points outside the limits from the display.

® Select Color Outside Limits to display all points in color, including those
outside the limits. Points outside the limits are still colored, but only dark
red or dark blue, depending on which end of the range they are.

® Select No Color Outside Limits to display the points as in the example
shown. Points outside the limits are plotted as empty circles.

Sum v load n
120 F e T EEEEREE PO SRR ._..{)@.
. : . . : . ¥ ] .
1o S A PR R %ch
: : : : : : L :
: : : : . o : :
ok P e S T - S e e :
5 5 : e e : :
E BU—-E ........ ........ IS (E}E)O ........ ........
& : : . % o : : : :
F Tu ]| ST L R ....... ........ P L .
: : ' 2. Adjust the range.
i) S RERPRREY T T
: : : : n=932. 741
oLo ] :
o L L L i L L L v Limit range
0E Wy 0 us | us um o omE b < 1. Select the
fond Colar by: Limit range box.
w-awiz Factor: ||Qad vl y-awiz factor; Isum j In j

A point outside the range

12-20



Linking Factors in a Data Set

Linking Factors in a Data Set

A factor can be linked to another. The factor then takes on the values of that
other factor, overwriting the original values.

For example, you might want to link a variable spark with a model for
maximum brake torque (MBT) to evaluate a torque model.

To link two factors,
1 Select Data —> Links. This opens a dialog box.
2 Select the data set factor that you want to overwrite.

CAGE generates a list of factors that you could possibly link to the selected
factor. (For example, you cannot link to a factor that depends on the selected
factor.)

3 Select the factor that you want to link the selected factor with.

4 Click = |to link the two factors.
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<} Link Data Set =0l
— Select factor in left ligt and link, in right list,
Data Set Factors | Fossible Links
M arne | Linked | M ane | Type |A
XA XA ‘ariable
i'_"{ afr_spark_rod i—fw afr_spark_nod Tahle
xL A Fa Tahle
x N AF T able
X SPK &= gpark_F... ¥y Fr_Featurs Feature
X % == P Model Madel
Xy xL Wariable
Xz A MBT_Modsl todel
F2 XM Yariable
T |®%spak_Featurs: Equation  Feature
¥y bpark_Feature; Madel Feature |
i& park_tahle Tahle
%7 able_HL T able
i& T able_yz Table
¥ Taorque_Feature: Equation Feature
P21 [Termiie Fashiws hdmdal  Fazhis LI
QK. | Cancel |
2. Select the factor that 4. (lick here to link 3. Select the factor that you want
you want to overwrite. the factors. to link it with.

CAGE then overwrites the data set factor with the link.

To break a link and return to normal evaluation, click &= |

Once all the links have been created or broken as you want, click OK to exit the
dialog.

See Also
® “Setting Up Data Sets” on page 12-5
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Assigning Columns of Data

To analyze imported data, you need to assign columns of data to input factors
in the CAGE data set.

Data can be imported into a data set from outside CAGE, for example, from an
engine test cell. In many cases, this data contains a set of input points (or
operating points) and the values of important measurable variables at those
points. To compare data like this with models (and/or tables) in a CAGE data
set, you have to assign columns of the data to the corresponding input factors
in the data set.

To assign data,
1 Select Data —> Assign.

2 In the dialog box, highlight the column that you want to assign and the
variable that you want to assign it to.

3 Click 4—-4 to assign.

To unassign data,
1 Select Data —> Assign.
2 In the dialog box, highlight the variable that you want to unassign.

3 Click "-§ to unassign.

Note Assigning data to a CAGE expression overwrites that expression in the
data set. This does not affect the expression in the other parts of the CAGE
project.
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Manipulating Models in Data Set View

A model in a data set can be treated as either an input or an output. This is

particularly useful when a model is used as an input to another model and you
want to view specific values of the input model. For example, linking a model
of MBT Spark to a Spark model allows the evaluation of a TQ model at MBT.

To change a model to an input,
1 Highlight the desired model in either the factor view or the table view.

2 Select Treat as Input from the right-click menu.

To revert a model to an output,
1 Highlight the desired model in either the factor view or the table view.

2 Select Treat as Output from the right-click menu.
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Filling Tables from Experimental Data

Any table in the project whose axes (normalizers) exist as factors in the data
set can be filled from imported experimental data (or any data set, such as
optimization output).

CAGE extrapolates the values of the experimental data over the range of your
table. Then it fills the table by selecting the values of the extrapolation at your
breakpoints.

To fill the table with values based on the experimental data,

1 Toview the Table Filler display, click ﬂ (Fill Table From Data Set) in the
toolbar; or select View —> Table Filler.

You can use this display to specify the table you want to fill and the factor
you want to use to fill it.

2 Inthe lower pane, select the table from the Table to fill list. This is the table
that you want to fill.

3 Select the experimental data from the Factor to fill table list. This is the
data that you want to use to fill the table.

For example, see the following display.
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A breakpoint in

Filling takle Mew _20_Table, from factar tgmeas

your lookup table
(a cross)

An operating point

00 R N P O CORRNY T I NS eaee e
0.0 : ' ; ' :

0.0
070
0.60
0.50
0.40
0.30

L {table axis)

from the
experimental data
(a blue dot)
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010
50000 100000 150000 200000 250000 300000 350000
H (table axis)

®-axis factor: IN d y-axis factor: ||_ d

Filling table News 2D Table with output factor tgmeas from meas_tqg_data

Tahle to fill | Factor to fill table
T ahle | |hpLits Factar | Information -~
g Mew_2D_Table M. L. EEIRPH
[ spkmeas
E Iqmeas r
-
4] | J3 Kl | [
Tahle filing rules (optianal) |
Click and drag over Data Set plat to create rules

[+ Shive table history atter fil Fill Table |

The upper pane displays the breakpoints of your table as crosses and the
operating points where there is data as blue dots. Data sets display the
points in the experimental data, not the values at the breakpoints. You can
inspect the spread of the data compared to the breakpoints of your table
before you fill the table.

4 To view the table after it is filled, make sure the Show table history after
fill box at the bottom left is selected. This is selected by default.



Filling Tables from Experimental Data

5 To fill the table, click Fill Table.

If the Show table history after fill box is selected, the History dialog box
opens, similar to the one shown.

History for New 2D _Table x|
Werzion | Comment / Action | Date and Time |
2 Walues filed from data zet meas_tq data, factor tqmeas 16 ar-2004 13:32:06
1 Initial configuration 16-Mar-2004 12:15:34 Reset |
Add...
Remove |
Ediit...
Lk 500 1000 1500 2000 23500 3000 3500
0.1 12.245 13.471 14 B37 15.054 14 522 13.805 13.044
0z 23802 25.336 2684 27322 254 24 344 23697
0.3 3514 36987 35912 35.876 36.595 33.439 3151
0.4 45.028 48217 511148 51517 4949 43317 40164
05 26839 25411 60.752 E2.257 52139 E1.779 52486
(I} 558694 63387 68545 63367 G68.75858 71.364 68274
oy 79.019 79.285 7565 76015 75705 52.919 85571
08 88452 55408 92831 93575 92016 a1.03 93014
os 104147 106 255 110.504 114.302 1121583 107 475 107431
1 121 B4 123 967 126 965 129.007 128 826 127 BAs 127 643
Cloze Help

6 Click Close to close the History dialog box and return you to the Table
Filler display.

7 To view the graph of your table, select Data —> Plot —> Surface.
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Tahle
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g0
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Filling table Mew2DTahkle, from factor tomeas

L n

This display shows the table filled with the experimental points overlaid as
purple dots.

Creating Rules
You can ignore points in the data set when you fill your lookup table.

By defining a region to include or exclude such points, you create a rule for the
table filling.

For example, you might want to fill a lookup table that has a range of operating
points that is smaller than the range of the experimental data.

To ignore points in the data set,

1 Select Data —> Plot —> Data Set. This displays the view of where the
breakpoints lie in relation to the experimental data.

2 To define the region that you want to include, left-click and drag the plot.
For example, see the following display.

This region defines a rule in the Table filling rules pane.



Filling Tables from Experimental Data

Filling takle Mew _20_Table, from factar tgmeas
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3 Tofill the table based on an extrapolation over these data points only, click
Fill Table.

The display of the surface now shows the table filled only by reference to the
data points that are included in the range of the table.

You can now review your data set using the options in the View and Plot panes
of Data Sets.

You can add any number of rules to follow when filling tables. For example, you
might be aware that a particular test run included in the chosen area is not
good data. You can click and drag to enclose any chosen point, then right-click
that rule (in the Table filling rules pane) and select Exclude Points. You can
set any number of rules to make sure you fill the table by using just the points
you are interested in.

Right-Click Options

Select Data —> Table Fill to reach the following options:

® Enable Rule: Apply the rule to the data.

* Disable Rule: Do not apply the rule, but also do not delete it.
¢ Exclude Points: Do not include these points in table filling.
® Include Points: Include points in table filling.

* Promote Rule: Change order of rules.

* Demote Rule: Change order of rules.
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e Clear Rule: Delete this rule.

You can use these options to enable an iterative process. You can fine-tune the
selection of data points: try different selections of data to fill your tables, check
the results, then reuse the same rules for the same or different tables.
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Calibration Manager

This section includes the following topics:

Setting Up Tables (p. 13-2)

Table Properties (p. 13-6)

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.



1 3 Calibration Manager

Setting Up Tables

13-2

To set up tables in CAGE, you first open the Calibration Manager dialog box.

Do this by selecting Tools —> Calibration Manager or by clicking @ in 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 and Deleting Tables” on page 15-3. 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 55%
Calum.. [ 7 & 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 “How CAGE Fills Tables” on page 9-15 and
“Initializing Table Values” on page 9-13.

4 Check the display of your table, then click Close.



Sefting Up Tables

Setting Up Tables Using an Existing Calibration File

Open the file by clicking &
This opens the Import Calibration dialog box.

Select the type of file you want to open (M- or MAT-file) or select Automatic.
Click OK to open the file browser.

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.

Highlight both the table in the Contents of Calibration File pane and the
table in the Calibratable Blocks pane that you want to associate with it.

To associate all the items listed in the Calibratable Blocks pane with items
having the same names listed in the Contents of Calibration File pane,
click < Auta— |

Check the display of your table, then click Close.
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Association buttons Contents of calibration file

Select the axis

or table to be —
calibrated. <} Calibration Manager |
B WE‘ walue: I—BS% Calibration File Information
B Calibration file
Ol I_?i‘ ARRly | Total number of tems
Precision: IEEE Daouble hurnber of 2D tables
Manually set R S Murnber of 10 tables
up the table or S ml Mumber of scalar items
normalizer. Froject tetn: MNeww 20 Table
Lk 500 1000 1500 2000 2500 3000
0.1 11877 13675 15.092 15067 14 13.445 =
0.2 x3277 25356 27 264 2712 25463 24971
0.3 34519 36827 3TV 39158 378 JE.E7S
0.4 45578 47 954 51103 51 637 49.45 45 611
0.5 56592 28.551 E1.514 g2 667 E1.05 0425 |
0.6 57948 69.6749 71413 70922 69.04 71472
0.7 75313 79.754 &1.558 2016 75789 80.902 i
4 T |
(10 = 7 2D table Cloze |

Check the display of your table.

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
www.mathworks.com/products/mbc/.
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Sefting Up Tables

Finding ltems in the Calibration File

In a large calibration file, you might want to search for an item by name. To
search the Calibration File Contents pane,

1 Click the Calibration File Contents list.
2 Type the first few letters of the item that you are searching for.
The cursor moves to the letters specified as you type.

Copying Table Data from Other Sources

You can paste table values from Excel, for example, by copying the array in
Excel and clicking Paste g :

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

2 In the Calibration Manager dialog box, click Paste g .

You can also set up a table from a text file:
1 Click B 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

13-6

Table properties allow you to edit the precision of 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 Select Edit Precision 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 Decide the type of precision you require for the table:
= Floating Point (See “Floating-Point Precision” on page 13-6.)
= Polynomial Ratio, Fixed Point (See “Polynomial Ratio, Fixed Point” on
page 13-8.)
= Lookup Table, Fixed Point (See “Lookup Table, Fixed Point” on
page 13-10.)

The following sections describe these types of precision in detail.

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 harder.



Table Properties

+) Table Properties x|

Precizion type | Floating Point j

[~ Properties Fead-only

{+ |EEE Double precision
£~ |EEE Single precision

™ Custom precision

Mantisza Bits: I [
Expanent Bits: I 1

Range

-Inf b I Inf

QK | Cancel | Help

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

® |EEE double precision (64 bit)
® |EEE single precision (32 bit)
® Custom precision

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

* Number of mantissa bits
* Number of exponent bits
® Range of values restricting the values in the table

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.
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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)
_ 90x+0
0+ 255

<} Table Properties x|

Precizion type Palyromial A atio, Fixed Pointﬂ

[~ Properties Read-anly

a0
40
30
20
10
f* BYTE
0 = WwWORD
0 . 50  LONG
Mumerator Coefficients ; ™ CUSTOM
{50 0

Mumber of Bits:
Denominator Coefficiants :

Fixed Point Position;

11

|0 255
Rlenge: {* Signed
" Unsigned
I 1] to I 50
Ok | Cancel | Help |

To edit the polynomial ratio,

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.
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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

* Byte (8 bits)

* Word (16 bits)
® Long (32 bits)
® Custom

Next, determine whether you want the numbers to be signed (negative and
positive) or unsigned (nonnegative).
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Lookup Table, Fixed Point

<} Table Properties ' x|
Frecision type IL-:u:ukup Table, Fixed Paint ﬂ
[~ Properties Read-anly
&0
40
20
f* BYTE
ll—m = WwWORD
o 50  LONG
Phwszical Data ¢ CUSTOM
050 ,
Mumber of Bits: I a
Hardware Data :
I 0 Fixed Paint Position: I 1
. {* Signed
Fange :
: " Unsigned
I 0 to I 50
Ok | 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 O 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 preceding example, enter 0 50.

2 Select the Hardware Data and enter the range to store. In the preceding
example, enter 0 8.
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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
* Byte (8 bits)
* Word (16 bits)

® Long (32 bits)
® Custom

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

4 Choose whether you want the numbers to be signed (negative and positive)
or unsigned (nonnegative) by clicking the radio buttons.
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Surface Viewer

This section includes the following topics:

The Surface Viewer in CAGE (p. 14-2) Introduction to the Surface Viewer.

Viewing a Model or Strategy (p. 14-3)  How to view models or strategies.

Setting Variable Ranges (p. 14-5) How to set ranges for display.
Displaying the Model or Feature This section describes the display options available:
(p. 14-7) surface, contour, single line, single value, multiline,

movie, or table.

Displaying Errors (p. 14-12) How to display errors: predicted error of the model and
the error between a model and a strategy (feature error).

Making Movies (p. 14-14) How to make a movie that allows you to see an evaluation
over two variables at successive values of a third variable.

Printing and Exporting the Display How to print and export displays.
(p. 14-16)
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The Surface Viewer in CAGE

The Surface Viewer enables you to view the model or the feature as it varies
over the ranges of its variables. You can automatically step through values of
a variable, to make a movie of the behavior of the feature or model. You can
view the model or feature using a variety of plot types.

Note The Surface Viewer is only available when you are viewing models,
tradeoffs or the feature node of a feature calibration.

Following is an example of the Surface Viewer displays.

«) Surface Viewer 10l =l
File  Wiew Tools  Window Help
@ lv =% |F ¢
[tem | :I Project/TO_MB04_L13 Project/MOEMISS_MB04 L13 |
=l i
x10

ﬂlq i TIESTETEEY ERXERREE
L TO_NED4_L13 ' - :
A HOEMISS_NBO4_L13
HWNOEMISS_NSD4_L13

h500T_Nand 113 _|LI
4 I I 3

D ata ta plat

Flat type: ISurface ﬂ

Surface 1 He.. IStrategv 'I ‘

Project/HCEMISS_NE04_L13 |
=]

Surface 1 Sh... | Mane

10

Jd

Surface 2 He... | Mane

[ Mark points outsice ot

Inputs
H-anis m
Nogxis x -
Mame Walle
X =freeform vector= ill
Ready |
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Viewing a Model or Strategy

Viewing a Model or Strategy

To access the surface viewer, select Tools —> Surface Viewer or click @ on the
toolbar.

These are the main steps to view the model or feature using the Surface
Viewer dialog box:

1 The model or feature selected when you open the Surface Viewer is
displayed in the plot. If you have more than one model or feature, select
what to display from the top Items list.

You can multiply select up to 4 items at once using Ctrl+click (the plot view
on the right divides into a maximum of 4 plots). All the settings below the
Items list apply to all plots. If one of the features selected in the Items list
does not contain the appropriate input variables you select to plot, there will
be no plot for that item.

2 Select the ranges for the variables. (See “Setting Variable Ranges” on
page 14-5.)

3 Display the model or feature in the correct format. (See “Displaying the
Model or Feature” on page 14-7.). You can view surfaces, contour plots,
single and multilines, movies, tables, and single values.

For example, as you view a feature, you can view either the strategy, the
model associated with that feature, the error between the model and the
strategy, or the prediction error if the model was imported from the Model
Browser. You can also use one of these factors to shade the surface formed
by one of the other factors, and you can select any two factors to display
simultaneously as two surfaces.

® You can make a movie. (See “Making Movies” on page 14-14). This enables
you to view the model or feature as it steps through several values of a
variable. For example, if you want to view a feature calibrated for maximum
brake torque (MBT) as it varies over exhaust gas recycling (EGR), you can
make a movie of the feature.

® You can also print or export the display. (See “Printing and Exporting the
Display” on page 14-16.)

The following sections describe these steps in more detail.
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3. Plot controls

_

Variable
ranges

14-4

Models or features in the

project and their inputs

J surface Yiewer

File Wiew Tools Window Help

The model in the feature, shaded by the error

(in this case)

CL:

|?+='|193|ﬁ‘?

ltem Inputz

Fr_Feature

13. Torgue_Feature ML, A

Wik, H

Data ta Plot

Plat type: ISurface I

Surface 1 Heig... IS‘trateg\,f "I
Surface 1 Sha... IErru:ur (atr... vl
Surface 2 Heig... INDne i I

[ Mark poirts autside boundaty

Inputs
H-axis Ix - I
Y-gxis: Ix - I
Mame Yalue
ks =freefarm vectar=
Y =freefarm vectors
z 16.5

Axes controls
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Setting Variable Ranges

The Surface Viewer does not work over continuous ranges, only at discrete
points. You must specify, for the model or feature, the discrete points you want
to include in the display. You can display models or features over a range of
points. To edit the displayed values of a variable, double-click in the value box
for the appropriate variable.

® Variables not being used for the axes plotted have a single value for that plot;
to edit the displayed value for these variables you can type directly into the
edit box after double-clicking.

¢ For variables specified by the axes drop-down menus, the value box displays
the range over which that variable is plotted and the number of points
plotted across that range. To edit both the range and the number of points,
double-click the value box. The Value Editor opens.

Eﬂjh‘alue Editor x|
Min LETS number of points
@ Uniformvector [500.0  [500.0  [31
f=e soae artabs o senarat

" Freseform wector IEI S700.0 5900.0 6100.0 6300.0 6500.0

[o]24 | Cancel |

Here you can indicate the points to include in the display. You can specify

® The minimum and maximum values and the number of points across that
range by choosing Uniform Vector and typing in the edit boxes Min, Max,
and Number of points.

® Each discrete point at which you want to evaluate the model (or feature), by
choosing Freeform vector, and then typing the required values.

For example, if you want to display the variable x at 0, 1, 7, 30, and 50, enter
the following in the Freeform vector edit box, separated by tabs or spaces:

017 30 50

Click OK to apply your changes to the plot.

When you alter the variables, you can select whether you want the display to
update automatically or not. You can toggle the automatic update on and off by
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selecting Tools —> Auto-Evaluate. When you want to update the display, select
Tools —> Evaluate Now. Both of these options have equivalent toolbar buttons:

7

+
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Displaying the Model or Feature

There are several aspects of the display to consider before making the movie.

® You can rotate the surface plots by left-clicking and dragging.

® The Plot Type drop-down menu gives the options on how to display the
model or feature, as shown below.

Plaot type: Surface H

Contour
Line
Single Yalue
tduttiline
flavie

2-D Tahle

Ii 1-D Tahle

® Use the options in this menu to display the model or feature in the following
ways:

= Surface
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14-8

If you are using the surface viewer to view a feature, you can choose the
following options to display:

* Model

® Strategy

® Prediction Error

® Error (between the model and the strategy)

When viewing models and tradeoff models there are no strategy options. You

can choose these options from the drop-down menus for Surface 1 Height,
Surface 1 Shading, and Surface 2 Height, as illustrated below.

Data to Plot

Plot type: I Surface i I

Surface 1 Height IModeI 'I
Surface 1 Shading INnne - I
Surface 2 Height : INnne - I

[ Mark poirts outzide boundary

You can view any of these options alone as a primary surface (by leaving the
last two options set to None). You can add a second option to shade the primary
surface, for example to color your model surface with the error between the
model and the strategy, to highlight problem areas.

When you choose to shade a primary surface, a color bar appears to the right
of the plot to show you the scale. You can change the maximum and minimum
values of the shading factor by typing in the edit boxes above and below the
color bar. You can see an example like this in “Viewing a Model or Strategy” on
page 14-3.

You can add a second surface to display any two of the options simultaneously,
for example, your model and your strategy.

If you have a boundary model, you can view your models with the boundary
marked by selecting the check box.



Displaying the Model or Feature

Note For information on the two different error displays available using the
surface view, see the next section, “Displaying Errors” on page 14-12.

The following plot options are also available:

= Contour lines

IlaxTCestimatar

11— : ! ! . . , !

04

0a

07

06 :
4 TDB 9555 : : :

(1= P e U e P L
8525404 ; : : :

04 k- 63 551‘5.3. .......... .......... .......... .......... .......... .........

T e - 41.84n1z -

02tk
- .1.555302

I | i i i I I i
1000 13500 2000 2300 3000 3500 4000 43500 2000
M

M=2077.221, L =046582, ; |
Strateqy = 34 8707 ¥ &utomatically choose cortour values  Set Cortour Yalues

You can click on the plot to display the values at a point (plotted with an X),
and you can specify where you want contours by clicking Set Contour
Values. Use the check box to return to automatic contour value selection.
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= A line plot - you can display up to three different lines (strategy, model,
prediction error and error between the model and strategy). You can clip
to a boundary if available.

2 i i i i i i
1000 2000 3000 4000 5000 6000
M
= A single value

This displays the value of the model, strategy, prediction error or error at
the point you have specified in the variable value boxes.

= Multiline plot. You can clip to a boundary if available.

= Movie

The movie option allows you to see an evaluation over two variables at
successive values of a third variable. For example, a model of torque might
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have speed (N), load (L), and air/fuel ratio (A) as inputs. The movie option
allows you to view how the torque model behaves over the ranges of speed
and load for successive values of air/fuel ratio. See “Making Movies” on
page 14-14. You can use the check box to mark boundaries if available.

= A table

Choose two variables to be the axes of your table and set the range and

number of points in the same way as for all the plots. Set single values for
any other variables. For more information, see “Setting Variable Ranges”
on page 14-5.

In the table view you can select View —> Statistics, or click the equivalent
toolbar button. This opens a dialog box with a list of the summary
statistics (mean, standard deviation, maximum, or minimum) for the
current table output. You can also view the statistics of your currently
selected model, strategy, or error from the other plots.

Project/Branch 1/Fn_Feature

iy 0.o00 0.500 1.000
-5.000 35.000 33776 30.403
-4.a00 30.250 28.026 25,643
-4.000 26.000 24776 21.403
-3.500 22250 21.026 17.653
-3.000 18.000 17776 14.403
-2.400 16.250 15.026 11.653
-2.000 14.000 12776 5.403
-1.400 12250 11.026 7.EA3
-1.000 11.000 9776 5.403
-0.500 10.250 4.026 5.653
0.o00 10.000 8.776 5.403
0.500 10.250 59.026 5.643
1.000 11.000 9776 5.403
W o ; MF.|-n e e
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Displaying Errors

14-12

There are two different error displays available in the surface display options
for primary and secondary surfaces and surface shading:

® Error between the model and the strategy (See “Feature Error Data”
following.)

® Predicted error of the model (See “Prediction Error Data” on page 14-12.)

Feature Error Data

When you are viewing a feature, this displays the error between the strategy
and the model.

To display the error, select Error (strategy-model) from the drop-down menu
for primary or secondary surface. You can also choose to shade your primary
surface with the error by using the Surface 1 Shading menu.

To view the error statistics, select View —> Statistics. This opens a dialog box
with a list of the summary statistics for the error between model or feature.

Prediction Error Data

If the model is imported from the Model Browser, it is possible to display the
prediction error (PE) data.

Prediction Error Variance (PEV) is a very useful way to investigate the
predictive capability of your model. It gives a measure of the precision of a
model’s predictions. PEV can also be examined in the Model Browser, both in
the Prediction Error Variance Viewer and to shade surfaces in the Model
Selection and Model Evaluation views. Here you can examine the PEV of
designs and models. When you export the model to CAGE you can see this data
in the Surface Viewer inthe Prediction Error option. See the Model Browser
GUI Reference and Technical Documents for details about the calculation of
Prediction Error.

Viewing the Predicted Error

Select Prediction Error from the drop-down display menus for primary or
secondary surfaces. You can also choose Prediction Error to shade your
primary surface. As with all other plots, you can view the statistics for the
Prediction Error displayed by selecting View —> Statistics. The mean,



Displaying Errors

standard deviation, and so on are calculated over the range specified in the
variable value boxes.
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Making Movies

Choose Movie from the Plot Type drop-down menu in the Data to Plot pane.

Torgue_Feature |

Click "Make'Moyig" to begin

Plary | Stop | Make Movie

The movie option allows you to see an evaluation over two variables at
successive values of a third variable. For example, a model of torque might
have speed (N), load (L), and air/fuel ratio (A) as inputs.

The movie option allows you to view how the torque model behaves over the
ranges of speed and load for successive values of air/fuel ratio.

1 You must choose three variables from the X, Y, and Time drop-down menus,
to indicate which variable you want to display on which axis.

You can view the model surface plotted across the range of two variables,

and define the third variable as “time” to see the model surface change
across the third variable’s range.

2 Define the variable ranges as usual using the Value boxes for the inputs. See
“Setting Variable Ranges” on page 14-5.
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3 Click Make Movie. You can click Stop if you change your mind, for example,
if you have set a very large number of points in the Time variable and the
movie making is taking too long.

4 Once the movie is made, you can replay the movie by clicking Replay. Note
that the Stop button does not function during the playback mode.
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Printing and Exporting the Display

14-16

To print the display, select File —> Print. Selecting File —> Copy to Clipboard
(or using the equivalent toolbar button) copies the plot image to the clipboard.
This is useful if you want to place plot images into other applications.

You can also export the display data to a comma-separated variable file.

To export the display, select File —> Export to CSV. The currently selected
option is exported. The primary input to the first plot is exported (this is the
top left if you have multiple plots). The output is the values at the grid of points
specified by the current ranges and input values. The inputs for shading and
secondary surfaces are not exported.

Note that you cannot print table plots or copy them to the clipboard: if you want
to transfer them it is more useful to export them to CSV files and then load
them into Excel.



Manual Calibration and
the History Display

This section includes the following topics:

Using the Tables View (p. 15-2) An overview of the functionality in the Tables view.
Adding and Deleting Tables (p. 15-3) How to add and remove tables.

Using the History Display (p. 15-6) Comparing and reverting to previous versions.



15 Manual Calibration and the History Display

15-2

Using the Tables View

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

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.

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

The next sections cover:

® “Adding and Deleting Tables” on page 15-3
® “Using the History Display” on page 15-6

See also

® “Table View” on page 9-31 for information on using the table view
functionality once you have added tables to your project

e “Tutorial: Filling Tables from Data” on page 5-1
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Adding and Deleting Tables

When you are calibrating a collection of tables using either Feature or
Tradeoff calibrations, you cannot easily add or delete tables without affecting
the entire calibration.

You might want to add a table (for example, to fill by reference to experimental
data). Or you might want to delete a table (for example, after adjusting a
strategy for a feature calibration).

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,
1 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.

2 Select File —> New —> 1D Table or File -=> New —> 2D Table as appropriate.
Adding new tables automatically switches you to the Tables view.
3 Inthe 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.
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4 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.

5 You can also select Tools —> Calibration Manager to change the size of a
table. For information, see “Setting Up Tables” on page 13-2.
You can rename tables by first selecting the table, then

® Press F2, or
e 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” on page 5-1.
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Deleting Tables

To delete a table or a normalizer from a session,
1 Select Tables view.
2 Highlight the required table or normalizer.

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

Note 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.

Duplicating Tables

To copy a table or a normalizer from a session,
1 Select Tables view.
2 Highlight the required table or normalizer.

3 Select Edit —> Duplicate table_name (‘table_name’ is the currently selected
table).
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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 15-8.)

® Compare different versions of tables and normalizers (See “Comparing
Versions” on page 15-9.)

You can view the History display of a table or normalizer by selecting View -
> History.
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<} History for Norm_N x|
Werzion | Comment / Action | Date and Time |
& Reset to values at 12-Mow-2001 15:01:34 12-Mow-2001 15:04:26
5 Optirized 12-Move-2007 15:02:42 Eesat |
4 Set using share ave curvature algorithm 12-Mov-2001 15:01:50
3 Breakpoints linearly autozpaced 12-Mo-2001 15:01:34 Add
2 Initizlized 12-Mow-2001 15:00:52
1 Created 12-Mov-2007 15:00:07 . |
Edit comment |
Input Output
4995.000 0.00o
1360.545 1.000
17250491 2.000

2089.636 3.000
2454182 4.000
28727 5.000
3183.273 6.000
3547.818 7.000
3912.364 8.000
4276.909 9.000
4641.455 10.000
5006.000 11.000

Cloze

‘

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.
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Resetting to Previous Versions

To reset the normalizer or table to a previous version, select View —> History
to open the History Display.

1 Highlight the previous version that you want to revert to.

2 Click Reset.

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.

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.



Using the History Display

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.

¢ Cells that have no entries have no difference.

¢ Cells that have red entries have a higher value in the later version.

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

Input

-1.621
-3.266
1.694E-3
-9.094
-18.105
-258
-30.091
-15.32
-2.626
-29.554
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CAGE Case Studies

This section includes the following topics:

Gasoline Example Study (p. 16-2)
Diesel Example Study (p. 16-14)
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Gasoline Example Study

16-2

This section describes the creation and optimization of calibration tables for
the gasoline case study. The Model Browser section of this case study covers
creating the design for the experiment and creating and evaluating models
from the resulting data. You can export your models to Simulink or to a file,
ready to be imported into CAGE for model-based calibration generation. An
example file is provided.

Problem Definition
The aim of this case study is to produce optimized tables for

® Intake Cam Phase
® Exhaust Cam Phase

as a function of Load and RPM, subject to the following constraint
® Constrain Exhaust Temperature <=1200C (to protect the catalyst)

Benefits of Automated Calibration

® You can move the table-filling process away from the test bed.

® You can regenerate calibrations when objectives, constraints, or calibration
table layouts change, without additional testing.

® You can explore tradeoff possibilities interactively.

® You can produce initial calibrations using engine simulation software, before
hardware is available.

CAGE can provide both automatic and interactive calibration optimization.
You can trade off multiple objectives, deal with multiple constraints, and you
can examine optimizations point-by-point or drive-cycle-based. You can use
built-in optimization routines or write your own. You can fill groups of tables
simultaneously, and optimize table values and breakpoint settings. CAGE can
provide solutions for these example applications:

® Control problems
= Injection timing and duration
= EGR valve



Gasoline Example Study

= Spark timing
= Dual-independent variable valve timing
= Emissions-constrained BSFC optimization over drive cycles

® Estimation problems

= Torque
Emissions

Air flow and manifold pressure

Intake valve temperature

Borderline spark

Producing Optimized Calibrations

CAGE is most useful for model-based calibration, although you can still create
tables without reference to models if you want. For this case study you use
models produced in the MBC Model Browser to generate calibrations in CAGE.
You cover the following steps:

Load models of engine responses, decide on optimization strategy and define
additional models — “Importing Models into CAGE” on page 16-4.

Set up tables — “Setting Up Calibration Tables to Fill” on page 16-5.

Set up an operating point set for the optimization — “Defining an Operating
Point Set” on page 16-6.

Define optimization objective and constraints, and run the optimization —
“Set Up and Run the Optimization” on page 16-7.

Fill tables from optimization results — “Filling Tables with Optimization
Results” on page 16-9.

Use models and optimized tables to fill a torque estimator table — “Torque
Estimator Problem” on page 16-10.

For guidance, you can look at the example finished project,
Gasoline_optimization.cag.
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Importing Models into CAGE
1 Start CAGE by typing cage at the MATLAB command line.
2 Select File —> Import —> Model.

3 Locate the model file you exported from the Model Browser. We provide an
example, Gasoline_models.exm. Locate the file in the mbctraining
directory and click Open.

4 The Model Import Wizard appears, where you can select from a list of
models in the file. Select the BTQ, EXTEMP, and knot models by Shift+clicking
in the list.

In this case the knot model is duplicated because the datum model was used
twice during modeling. The datum model tracked the maximum of the
torque model, that is, MBT (the spark angle at maximum brake torque).
This datum model was also used when modeling exhaust temperature,
because it can be useful to see MBT on model plots for other factors. This is
called a datum link model. You only need one copy of the knot model.

5 Select the check box to Automatically assign/create inputs and click
Finish to import the models.

CAGE switches to the Models view, where you should see the BTQ, EXTEMP,
and knot models in the list. The selected model is displayed in the other
panes.

6 Select knot and press F2 to rename the model (or right-click, or use the Edit
menu). Change the name to MBT.

The objective is to produce optimized tables for spark and cam timings,
subject to an exhaust temperature constraint (to limit the temperature to a
safe region for the catalyst). You want the optimization to search for the
timings that give the best torque and minimum fuel consumption, subject to
the constraint. You could fix the spark timing to be MBT spark (the spark
angle that produces maximum brake torque) by using the MBT spark model
as the spark input to the other models in the optimization. With spark fixed
at MBT, you can set up an optimization that allows the two valve timings to
vary, exploring the space via a gradient descent algorithm to locate the
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optimal timings. Remember this is a simplified problem and running an
engine at MBT is knock-limited and so is not possible at all operating points.
For this example you will not use the MBT model as you will use spark as a
free variable in the optimization. You will return to the MBT model later.

Setting Up Calibration Tables to Fill

2

8

9

Set up a new 2-D table. Select File => New —> 2D Table.
Name the table SPK.

Select L and N from the Y and X Input drop-down menus.
Leave the number of rows and columns at 10.

Leave O for the initial value.

Click OK to create the table.

CAGE switches to the Tables view, where you can see the new table and its
normalizers in the Tables tree on the left. CAGE has automatically
initialized the normalizers by spacing the breakpoints evenly across the
range of the input variables N (speed) and L (load). Note that the
normalizers appear as calibratable items in their own right, and as
descendants (child nodes) of their tables.

Once you have created a table you can duplicate it to create more tables that
share the same breakpoints.

Right-click SPK in the tree and select Duplicate SPK.
Click to select the new table, press F2, and rename the table INTCAM.

Right-click SPK in the tree and select Duplicate SPK.

10 Click to select the new table, press F2, and rename the table EXHCAM.

Now you have tables for optimized spark and cam timings, ready to fill with
optimization results.

16-5
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Defining an Operating Point Set

You need to define the set of points where you want the optimization to run.
You use a data set to define these operating points.

Select File —> New —> Data Set.

2 Right-click on the following variables in the Project Expressions list and
select Add to Data Set for each variable:
a N
b L

3 Click Build Grid in the toolbar. The Grid Data dialog appears.

4 Select N. To achieve 15 points, enter zeros(1,15) in the edit box and press
Enter.

5 Click OK to accept this grid of 15 points. Click View Data in the toolbar to
see the list of operating points in the data set. Edit the points as in the
following table.

N L

1000 0.3

2000 0.3

3000 0.3

4000 0.3

5000 0.3

4000 0.5

1000 0.5

1500 0.5

2000 0.5

3000 0.5

4000 0.5
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5000 0.5
2500 0.6
3500 0.6
4500 0.7

Set Up and Run the Optimization

CAGE provides a flexible optimization environment. You can define the
objectives, the constraints, and the points where the optimization is carried
out.

The objective is to maximize torque; therefore, this is a single objective
optimization problem with a constraint.

CAGE has several built-in optimization routines and the capacity for you to
write your own; in this case study you use foptcon. This is a modified version
of fmincon from the Optimization Toolbox. In CAGE you can use the algorithm
to minimize or maximize.

1 Select File —> New —> Optimization. The Optimization Wizard appears.
2 Select foptcon and click Next.

3 Increase
a The number of free variables to 3
b The number of constraints to 1

¢ The number of operating point sets to 1

Click Next.

4 Select S, EXH and INT in turn for the free variables, click the button to select
them, and click Next.

5 Select BTQ from the list of models on the right and click to select it for the
objective. Select the Maximize radio button, and click Next.

6 Select EXTEMP from the list of models on the right and click to select it for the
constraint. Enter 1290 in the edit box and press Enter. Ensure that the
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expression reads EXTEMP <= 1290 (to constrain the optimization to a safe
operating temperature for the catalyst). Click Next.

Select the data set (the only one in the session) and click the button to select
it for the optimization operating point set. Click Finish.

CAGE switches to the Optimization view. Look at the information displayed
— here you can examine and edit the objective, constraint, and operating
point set. Your optimization is ready to run.

Click Run Optimization in the toolbar.

The Free Variable Set Up dialog appears, where you can select starting
values and ranges for the free variables (in this case, the spark and cam
timings). This allows you to pick sensible starting conditions for the free
variables. Sensible starting conditions can help avoid the solution from an
optimization being trapped in a local minimum. The defaults are taken from
the ranges and set points in the variable dictionary.

Edit the Upper Bound of the spark variable to 40, to limit the range of this
free variable, and click OK.

The optimization runs. You will see progress messages as each operating
point is optimized.

10 When the optimization is complete, a new child node appears in the

Optimization tree under the foptcon node. Click the plus sign next to
foptcon to expand the tree, then select foptcon_Output to view the results.

11 Look through the solutions at different operating points by clicking cells in

the output table. Regions that do not meet the constraint are yellow in the
graphs. Notice that for higher speed points the optimization has much more
limited space in which to find a solution within the constraint. This is
expected at high speed and load; this data was all taken at stoich (where the
air/fuel ratio is at 14.3, the stoichiometric constant) and this region requires
increased richness of the air/fuel mixture to bring the exhaust temperature
down to safer levels.

Because this is a single-objective optimization, there is only one solution at
each point. With multiobjective optimization, you would have pareto plots
available to help you select the best solution for each operating point.
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Filling Tables with Optimization Results

1 Select Solution —> Fill Tables.

The Table Filling Wizard appears.

Click Add three times to add the SPK, INTCAM and EXHCAM_MBT tables to the
filling list. Click Next.

Select S from the right list of optimization results, select the SPK table on the
left, and click the button to associate the two. Repeat for INT and INTCAWM;
and EXH and EXHCAM. There is only one solution to fill the tables with, so you
can click Finish.

A dialog appears with the message that the tables have been filled
successfully. Click OK.

Before you switch to the Tables view to view the filled tables, from the
optimization output node click Export to Data Set in the toolbar. The table
of optimization results is exported to a data set which you willl use later.

Switch to the Tables view to view the filled tables. Click Tables in the Data
Objects pane, and select the filled tables in turn.

For this control problem, you might want a table of spark timings as
specified by the MBT model to compare with your optimization results. First
create a spark table:

a Switch to the Tables view.
b Right-click INTCAM and duplicate the table.

¢ Rename the new table SPK_MBT.

Switch to the Data Sets view. You want to use the MBT model to fill the new
table, and you can do this by adding this model to a data set. You can use
your data set containing the optimization results — this evaluates the model
at the operating points specified, and when you fill the table the values are
automatically extrapolated to fill the whole table.

Select the data set (named foptcon_sol1 after the optimization) and follow
these steps.
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9 Right-click MBT in the project expressions list and select Add to Data Set.

10 Click Fill Table From Data Set in the toolbar to switch to the table filling
view.

11 Select the SPK_MBT table in the left list, and MBT in the right list. Look at the
plots to see where the model evaluation will fill the table. Click Fill Table.
The values are extrapolated across the whole spark table.

12 Switch to the Tables view to examine the newly filled spark table. Compare
with the previous spark table. You will fill and optimize tables from models
in more detail in the next section.

Torque Estimator Problem

The cam timings optimization results solved a control problem. You can also
use CAGE to calibrate estimator problems. Here you will use a BTG_MBT model
to produce a torque estimator table.

1 You can convert tables directly to models in CAGE. In the Tables view,
select the EXHCAM and select Table —> Convert to Model.

2 Repeat for the INTCAM table.

3 Click Models to go to the models view. You can set up function models to fill
the torque estimator table at optimum cam settings.

4 To avoid confusion rename the new feature models (converted from tables)
to EXHCAM_Model, INTCAM_Model.

5 Now you will create a torque model with the MBT model as the spark input.
To do this.

a Right-click BTQ and select Duplicate BTQ to make a copy of this model.
b Select the copy, BTQ_1, and select Model —> Edit Inputs.

¢ Inthe dialog that appears, select MBT in the right list of available inputs,
and S in the left model factors list, and click the button to associate them.
Click Finish to close the dialog.

d Now look at BTQ_1 in the Connections diagram. Select View —>
Connections Graph —>Zoom To Fit if you cannot see all of the diagram.
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The MBT model replaces the spark input, so this model output is now
torque at MBT.

e Select BTQ_1 and press F2 to rename the model to BTQ_MBT.
6 Duplicate the MBT and BTQ_MBT models (right-click each to do this).
7 Rename the new models MBT_optcam and BTQ_optcam.
8 Now click MBT_optcam, and select Model —> Edit Inputs.

9 Select EXH in the model factors, and the EXHCAM_Model in the available
inputs list, and click the button to associate them.

10 Repeat for INT in the model factors and INTCAM_Model.
11 Click Finish to close the dialog.

12 Now click BTQ_optcams, and select Model —> Edit Inputs.

a Select S in the model factors, and the MBT_optcam model in the available
inputs list, and click the button to associate them.

b Repeat for EXH and EXHCAM_Model.
¢ Repeat for INT and INTCAM_Model.

d Click Finish to close the dialog.

Observe the changes in the Connections diagram. Select View —>
Connections Graph —> Zoom To Fit if you cannot see all of the diagram.

Now you have a torque model with optimal cam timing inputs. You will use
this to fill a torque estimator.

13 Select File —> New —> Feature. CAGE switches to the Feature view.
Rename the feature MaxTQestimator.

14 First you need to select the model to fill the table.
a Click Select Model.

b Select BTQ_optcam and click OK. The model appears in the Model pane
with its inputs N and L.
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15 You need to create or import a strategy. To start with, you create the
simplest strategy, a single maximum torque table you will fill from the
BTQ_MBT model. Select Feature —> Graphical Strategy Editor or press
Ctrl+E.

Three Simulink windows open: two libraries (with all the blocks available
for building a strategy, and all the blocks in your CAGE session) and a new
strategy window.

16 Select a Table block from the block library and drag it into your strategy
window.

a Rename the table TQ.

b Click to select the TQ table, then hold Ctrl and click the blue
MaxTQestimator outport to connect them.

17 You need to provide inputs for the table. To make the table inputs speed and
load, you must add speed and load normalizers to your strategy and connect
them to the table.

a Double-click the Normalizers library block in the CAGE project library.
b Drag the NNormalizer and LNormalizer blocks into your strategy.

¢ Click to select NNormalizer, then hold Ctrl and click the TQ table to
connect them. Repeat for LNormalizer.

Your strategy should look like this example.

[Z1ManTQestimator * o [ |
File Edit Wiew Simulation Format Tools Help
Referepce sighals Mode! build area
(e n ]
M
® @
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18 Double-click the blue MaxTQestimator outport to parse the strategy into
CAGE. You should see the following in the Strategy pane in CAGE:

MaxTQestimator = TQ(NNormalizer(N),LNormalizer(L))

19 Click to expand the MaxTQestimator feature. You can see that the TQ table
with its speed and load normalizers has been added to the feature.

20 Select the TQ table in the feature tree.

You must specify the size of this table before you can go any further. You use
the Calibration Manager to do this.

21 Click Calibration Manager in the toolbar (or use the Tools menu).

22 Make sure the TQ table is selected, then enter 10 in the rows and columns
edit boxes and click Apply. The table is set up with the default O initial value
in each cell. You have also specified the size of the N and L normalizers by
setting up the table size. Click Close to dismiss the Calibration Manager.

You return to the table view in CAGE. Now you can see plotted in the
comparison pane both the flat blue table (initialized with zeros) and the
sloping model. The breakpoints of the normalizers are already spaced across
the ranges of speed and load, because these normalizers were already in the
project.

23 To fill the table from the model,
a Make sure the TQ table is selected.

b Click Fill Table in the toolbar, and the table is filled.

2 Observe the change in the comparison pane plot: the filled table is now very
close to the model at this point.

In this case, because this is a simple strategy containing only one table, you can
also fill a torque estimator table directly from the BTQ results in your
optimization output data set. However the feature-filling technique results in
a model for torque at optimal cam timings across the whole operating space,
instead of only at the optimization output data set operating points.

For guidance, look at the example finished project,
Gasoline_optimization.cag.
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Diesel Example Study

16-14

This section describes the creation and optimization of calibration tables for
the diesel case study. The Model Browser section of this case study covers
creating the design for the experiment and creating and evaluating models
from the resulting data. You can export your models to Simulink or to a file,
ready to be imported into CAGE for model-based calibration generation. An
example file is provided.

Problem Definition
Produce tables in speed and torque for

Best injection timing soi

Best fuel quantity basefuelmass
Best fuel pressure fuelpress
Best VTG grackmea
Best EGR egrlft

Minimize brake specific fuel consumption, subject to constraints on

® Turbo speed (vtgrpm)
® Cylinder pressure (pkpress)
® Exhaust equivalence ratio (exhegr)

Benefits of Automated Calibration

® You can move the table-filling process away from the test bed.

® You can regenerate calibrations when objectives, constraints, or calibration
table layouts change, without additional testing.

® You can explore tradeoff possibilities interactively.
® You can produce initial calibrations using engine simulation software, before
hardware is available.

CAGE can provide both automatic and interactive calibration optimization.
You can trade off multiple objectives, deal with multiple constraints, and you
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can examine optimizations point-by-point or over a drive-cycle. CAGE can
provide solutions for these example applications:
e Example Control Applications

Emissions-constrained BSFC optimization over drice cycles producing
calibrations such as:

= Optimal fuel injection timing schedule
Optimal fuel injection quantity schedule
Optimal EGR valve position and EGR Mass Fraction schedule
Optimal spark timing schedule
Optimal dual-independent variable valve timing schedules
® Estimation problems
= Torque
Emissions

Air flow and manifold pressure

Intake valve temperature
Borderline spark

Producing Optimized Calibrations

CAGE is most useful for model-based calibration, although you can still create
tables without reference to models if you want. For this case study you use
models produced in the MBC Model Browser to generate calibrations in CAGE.
You cover the following steps:

1 Load models of engine responses — “Importing Models of Engine Responses
into CAGE” on page 16-16.

2 Define additional models and variables required by optimization strategy —
“Defining Additional Variables and Models for the Optimization Strategy”
on page 16-16.

3 Set up tables — “Setting Up Calibration Tables to Fill” on page 16-19.

4 Set up data set — “Define an Operating Point Set” on page 16-19.
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5 Define optimization objective and constraints, and then run the
optimization — “Set Up and Run the Optimization” on page 16-21.

6 Fill tables from optimization results — “Filling Tables with Optimization
Results” on page 16-23.

For guidance, you can look at the example finished project,
Diesel optimization.cag.

Importing Models of Engine Responses into CAGE

Models are exported from the Model Browser as .exm files
1 Start CAGE by typing cage at the MATLAB command line.
2 Select File —> Import —> Model.

3 Locate the model file you exported from the Model Browser. We provide an
example, Diesel models.exm. Locate the file in the mbctraining directory
and click Open.

The Model Import Wizard appears, where you can select from a list of
models in the file.

4 Click Select All.

5 Select the check box to Automatically assign/create inputs and click
Finish to import the models.

CAGE switches to the Models view, where you should see the models in the list.
The selected model is displayed in the other panes. Look at the models to verify
the model inputs.

Defining Additional Variables and Models
for the Optimization Strategy

Looking at the problem definition, you need to define some additional variables
and models for this optimization. You want to minimize BSFC, but this is not
a model output. You need to fill tables against speed and torque, but torque is
not an input for the models. The solution to this is to create function models.
You can then use a torque constraint and the BSFC function model in the
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optimization. To implement the torque constraint, you need to define a new
variable for desired torque, tq_desired, and a new function model for torque
error, tg_err, that is constrained to be 0.

Follow these steps:

1 Select File —=> New —> Variable Item —> Variable. The Variable Dictionary
view appears.

a Rename the new variable tq_desired.
b Set the range of this variable to be minimum 0 and maximum 1500
¢ Edit the set point to 600 Nm.
2 Select File => New —> Function Model.
a Enter tg_err = tq - tq_desired and click Next.

b Select Automatically assign/create inputs and click Finish.
The Models view appears.

3 Select File => New —> Function Model.
a Enter bsfc = 5400 / pi * basefuelmass / tq and click Next.
Assuming: base fuel mass [mg/inj], Tq [Nm], 6 cylinders, 4 stroke

b Select Automatically assign/create inputs and click Finish.

Constraints are also required on the input space. Such constraints can be
captured in the form of boundary models from the Model Browser, or can be
implemented directly in CAGE. In this example, you implement the
constraints directly by constructing additional function models as follows:

1 For each new function model, select File —> New —> Function Model.
Construct the following models:

a fuelpress_min as a function of rpm:
fuelpress_min = 90+ (measrpm-1600)/600*30

b fuelpress_max as a function of rpm
fuelpress_max = 110+(measrpm-1600)/600*50

¢ basefuelmass_max as a function of rpm
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basefuelmass_max = 200+ (measrpm-1600)/600*-25

d soi_min and soi_max as a function of rpm

soi_min = -3+(measrpm-1600)/600*-6

soi_max = 3+(measrpm-1600)/600*-6

e grackmea_min and grackmea_max as a function of rpm

grackmea_min = 0.2+(measrpm-1600)/600*0.2
grackmea_max = 0.6+ (measrpm-1600)/600*0.3

2 Now create some more function models that use these minimum and
maximum models. You use these to constrain the optimization.

a basefuelmass_over = basefuelmass - basefuelmass_max
b soi_over = soi - soi_max

¢ soi_under = soi_min - soi

d grackmea over = grackmea - grackmea_max

e grackmea_under = grackmea_min - grackmea

f fuelpress_over = fuelpress - fuelpress_max

g fuelpress_under = fuelpress_min - fuelpress

Constraints are also required on the output models. In optimization routines,
it is good to avoid having any constraints whose order of magnitude is
significantly larger than the other constraints. You can avoid this problem by
rescaling such constraints.

For each new function model, select File -=> New —> Function Model.
Construct the following models:

3 pkpress_over = (pkpress - 18e6)/18e6
4 vtgrpm_over = (vtgrpm - 128000)/128000

This optimization also requires a constraint on the air/fuel ratio (AFR).
However, as you could not model AFR directly you need to create a function
model that relates equivalence ratio to air/fuel ratio. Then you can constrain
AFR. To do this, construct the following function models:

5 afr = 14.46/eqrexh
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6 afr_under = afr_max - afr
This function model creates a variable afr_max, which you can use to specify
a different AFR maximum at each speed/torque point.

Setting Up Calibration Tables to Fill

1 Set up a new 2-D table. Select File —> New —> 2D Table.

2 Name the table soi_best.

3 Select measrpm and tq_desired from the Y Input and X Input drop-down
menus.

4 Enter 11 rows and 11 columns.
5 Enter O for the initial value.
6 Click OK to create the table.

Look at the Tables tree on the left. Note that the normalizers appear as
calibratable items in their own right, and as descendants (child nodes) of
their tables.

7 Once you create a table you can duplicate it to create more tables that share
the same breakpoints. Click soi_best in the tree, then select Edit —>
Duplicate soi_best. Repeat until you have four new tables, and rename
them as follows:

a basefuelmass_best
b fuelpress_best
¢ grackmea_best

d egrlft_best

Define an Operating Point Set

You need to define the set of points where you want the optimization to run.
You use a data set to define these operating points.

1 Select File —> New —> Data Set. CAGE switches to the Data Sets view.
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2 Right-click and select Add to Data Set for these three variables in the
Project Expressions list:

a measrpm
b tq _desired

¢ afr_max

This allows you to specify the speed and torque values you want in the data
set, and also you can specify the maximum AFR at each N, TQ point.

3 Click Build Grid in the toolbar. The Grid Data dialog appears.
4 Select measrpm. To achieve 7 points, enter zeros (1,7) in the edit box.
5 Click OK to create a 7 point data set.

6 Click View Data in the toolbar to see the list of operating points in the data
set.

7 Now you can edit the points in the table, to the values shown below. Double
click on a cell to edit the value.

measrpm tg_desired afr_max
2200 1263 25.5
2200 947 27.75
2200 632 30.0
2200 126 0

1600 1550 22

1600 1163 22.5
1600 775 23

You are now ready to set up and run the optimization. You have set up tables
to fill with the optimization results and defined a set of operating points and
additional variables and function models. Click the Optimization button in the
Processes pane to return to the Optimization view.
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Set Up and Run the Optimization

CAGE provides a flexible optimization environment. You can define the
objectives, the constraints, and the points where the optimization is carried
out.

The objective is to minimize BSFC; therefore, this is a single-objective
optimization problem. All other considerations are constraints.

CAGE has several built-in optimization routines and the capacity for you to
write your own; in this case study you use foptcon. This is a modified version
of fmincon from the Optimization Toolbox. In CAGE you can use the algorithm
to minimize or maximize an objective function.

Select File => New —> Optimization. The Optimization Wizard appears.
2 Select foptcon and click Next.

3 Here you set up your options as follows:

a Increase the number of constraints to 12

b Increase the number of free variables to 5

¢ Increase the number of data sets to 1, and click Next.

4 Select soi, basefuelmass, fuelpress, grackmea and egrlft for the free
variables and click the button to select them. Click Next.

5 Select bsfc from the list of models on the right and click the button to select
this model for the objective.Click Next.

6 You will set up the constraints in the main optimization view, so just click
Next on this screen.

7 Select the data set (the only one in the session) and click the button to select
it for the optimization operating point set. Click Finish.

The Optimization view appears. You have not yet set up your constraints, so
you can add them here.

You need to set up two types of constraint: equality and inequality. Inequality
constraints are defined in the form “model, inequality, constant.”

For example, NO < 200

16-21



16 cAGE Case Sudies

16-22

Equality constraints are defined in the form “model = constant.”
For example, tq_err =0

Equality constraints can be achieved using two inequality constraints, one <=,
the other >=. This case study problem has CAGE model constraints on the
following quantities (which you will set up below):

® tg_err

® vtgrpm

® pkpress

® afr

® soi

® grackmea

® fuelpress

® pasefuelmass

Set up these constraints as follows:
1 Double-click to edit the first constraint. The Constraint Editor appears.

2 These are all Model constraint types (select Model from the drop-down
menu).

3 Select the model tq_err, select the inequality <=, and enter 0 in the edit box
for constraint bound. Click OK to return to the Optimization view.

4 Similarly set up tq_err >= 0.

5 Repeat these steps to create

soi_over <=0

T Q

soi_under <=0
grackmea_over <=0
grackmea_under <=0
fuelpress_over <=0
fuelpress_under <=0

Q@ = o o »

basefuelmass_over <=0
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h pkpress_over <=0
i afr_under <=0
i vtgrpm_over <=0

6 Now you can run the optimization. You have set up objectives, constraints
and an operating point set. Click Run Optimization in the toolbar.

The Free Variable Set Up dialog appears, where you can select starting
values and ranges for the free variables. This allows you to pick sensible
starting conditions for the free variables. Sensible starting conditions can
help avoid the solution from an optimization being trapped in a local
minimum. The defaults are taken from the ranges and set points in the
variable dictionary.

Click OK to accept the default starting values for the free variables, and the
optimization runs. You will see progress messages as each operating point
is optimized.

7 When the optimization is complete, a new child node appears in the
Optimization tree under the foptcon node. Click the plus sign next to
foptcon to expand the tree, then select foptcon_Output to view the results.

8 Look through the solutions at different operating points by clicking cells in
the output table. Compare with the gasoline example, where regions that do
not meet the constraint are yellow in the graphs — in this case the equality
constraints cause all the graphs to be yellow, because there is only a solution
at a single point.

Filling Tables with Optimization Results
You can use the optimization results to fill the tables you created.

1 From the optimization output node, select Solution —> Fill Tables.
The Table Filling Wizard appears.

2 Click Add repeatedly to add all your tables to the filling list:

= S0i_best
= basefuelmass_best

= fuelpress_best
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= grackmea_best
= egrlft_best

3 Click Next.

4 Match up the following pairs of an output from the right list of optimization
results with a table on the left, and in each case click the button to associate
the two:

= 501 with soi_best

= basefuelmass with basefuelmass_best
= fuelpress with fuelpress_best

= grackmea with grackmea_best

= egrlft with egrlft_best

5 There is only one solution to fill the tables with, so you can click Finish.

A dialog appears with the message that the tables have been filled
successfully. Click OK.

6 Switch to the Tables view to view the filled tables. Click Tables in the Data
Objects pane, and select the tables in turn to view the results.

Compare with the gasoline example; see “Filling Tables with Optimization
Results” on page 16-9.

Look at the example finished project, Diesel_optimization.cag.
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