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Abstract

SAS software provides a comprehensive set of tools for the design and analysis of experiments. Procedures such as FACTEX,
OPTEX, GLM, RSREG, and NLP provide statisticians with powerful algorithms for construction, analysis, and optimization of
experimental designs. The new ADX Interface provides a solution for engineers and researchers who prefer a point-and-click
interface for harnessing the power of SAS Software for standard experimental designs. This paper presents the highlights of a two-
hour SUGI workshop on the features of the experimental design solution provided by the new ADX Interface. It highlights the
interactive graphical and modeling capabilities of the Interface as well as recently developed features for process optimization.

Experimental Design

An increasing number of engineers, researchers, and scientists are using designed experimentation to discover and exploit cause-and-
effect relationships between important factors. Experimental design is a systematic approach for applying statistical methods to the
experimental process. Based on the questions to be answered, atesting plan or design can be constructed with a certain number of
factors at an appropriate number of levels. The factor levels are changed systematically and simultaneously according to the design in
order to evaluate their effects on the process. These effects are studied using statistical models, and the models are then used for
determining:

¢ thefactorsthat are most important out of many initial factors (screening)
¢ thefactor settings for optimal operating conditions
« thefactor settings that reduce variability due to environmental conditions or noise (an approach known as quality engineering)

The end result is a maximum amount of information in aminimal amount of time at a known cost.

Experimental Design Tools

Experimental design involves five steps for which software support is essential:

*  construction of the design

« analysisof the response data

e optimization of the responsesin the design space

» organization and saving of information about the experiment asiit evolves
e reporting of results.

Within the budget constraints of an experiment, various designs are typically available, but not al of them are equally efficient. With

no loss of information, the number of runs required by a statistically optimal design can reduce the number of runs radoined by
factor-at-a-time” design while dramatically increasing the amount and quality of model information. However, the construction
optimal designs requires powerful algorithms.

SAS software provides various tools for the design and analysis of experimental design data. The FACTEX and OPTEX procedures
in SAS/QC software provide powerful algorithms for the construction of designs such as factorial and optimal designs. The GLM,
MIXED, and RSREG procedures in SAS/STASoftware provide model fitting. The RSREG procedure specifically provides
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specialized methods for fitting quadratic response surface models including techniques for response optimization. The NLP
Procedure in SAS/OR” software provides the nonlinear optimization capabilities for complex response surfaces. Together these
procedures comprise arich set of experimental design tools for the statistical programmer easily integrated with al facets of the SAS
System.

Experimental Design Solution

Beginning with Release 6.03 of the SAS System, SAS Institute recognized that customers wanted the power of experimental design
toolsin an easy to use menu-driven system. The ADX Menu System for Design of Experiments was created to provide prompt-driven
access to SAS software tools for nonprogrammers and statisticians interested in these experimental design methods. During the past
few years, the ADX development team has been at work on a completely new interface for the design and analysis of experiments.
Prabhu, Rodriguez, and Tobias (1996) provided the first glimpse of the ADX Interface at SUGI 22. Extensive usability studies and
feedback from customer demonstrations have provided valuable information, and the result of that effort is the experimental version of
the new ADX Interface.

The New ADX Interface

Recently released as experimental software on desktop platforms for Release 6.12 and scheduled for production in Version 7, the
ADX Interfaceis an exciting addition to SAS/QC Software. The Interface is being developed in response to requests from customers
for features such as

e amoreintuitive interface

e easer dataentry

o greater flexibility for model fitting
* interactive graphics

e HTML output for intranet reporting

The Interfaceis not intended for use as ageneral statistical tool. The ADX Interface is a self-contained environment designed to bring
powerful SAS toolsto you as needed throughout the experimental design process. The following example provides an introduction to
the new ADX Interface for the analysis of atwo-factor design.

Example

This example comes from the automotive industry. Engineersin an engine manufacturing facility seek to reduce the emissions
produced by the engine while maintaining or improving its fuel economy. The experiment includes five factors (inputs) that affect
process performance. The responses (outputs) to be measured are fuel economy (miles per gallon), hydrocarbon emissions (gm/ml),
and nitrogen oxide emissions (gm/ml).

Tablel. Factor Namesand L evels

| Factor Neme ____ lowleve  HighlLevel |
| Air-to fuel ratio 16 17 |
| Engine gas recirculation (Ib/min) .18 .92 |
| Spark advance (degrees btc) 20 40 |
| Engine speed (rpm) 1000 1600 |
| Engine Torque (Ib-ft) 45 115 |

Y ou can invoke the experimental version of the ADX Interface by issuing the xadx command (in a command bar or on the command
line) within the SAS System. Upon invoking the ADX Interface, you enter the ADX desktop shown in Figure 1. The desktop isthe
placeto

e organizeand view designs
e construct new designs
*  copy, augment, delete, and export existing designs
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Figure3. The Main Design Window

Factors can be defined in a data entry window, or
factors can be obtained from afactor library. This
feature can minimize the amount of time it takes
to define factors. Likewise, aresponse library
exists for response variable information. Figure 4

Eu - G Dy i oy shows an example of afactor library.

-~ = 8] Dieigh Sy sluiniemisigiee
[ air= e tism e e Expenmens____________________ KIS

Figure4. The Factor Library

Once the factors and responses have been defined
: for this experiment, the next step isto select the

] i i L el 1| design. The design selection window shown in
- Figure 5 provides alist of available designs for the

- | number of factorsin this experiment: aquarter
o :—. fraction or Resolution 111 design, a half fraction or
- | L Resolution V design, and the full factorial design.
] | inatal Haip If blocking is selected, more designs are available
] for selection from thelist. For simplicity, afull

factorial design is chosen for this example.




Vi § e e

|TEW'ET'?E-LTF-__H[T_ i ;r--n-.lu.-ull-hu-
Eriia Vi i I iy
fm. af He. bf Mamn |l | o L - Bipcs
Fapiars L] TiAbE EET A E ETTEE e LEDT O R 15 )
L | [ ] 144 Frackles 1 Ralm Cffeciw Only | B =
L] L I+ Fraaft|es Romil EFi i in
i E= vt Fuil Facteriai i 1E
-

Figure5. Design Selection List

When selecting a design, you may want to view the
diasing structure and the confounding rules.
Selecting the design from the list and then selecting
the Show Design. button displays this information,
asshownin Figure 6.

In this experiment, you expect speed to be
confounded with the three-way interaction of air-to-
fud ratio (AF_RATIO), engine gas recirculation
(EGR), and engine spark (SPARK). Also, engine

torque (TORQUE) is confounded with the two-way interaction of EGR and SPARK.

Upon exiting the design selection window, the design tableis populated with adesign matrix. The design matrix can be shown with
coded or uncoded levels. Note that the Customize, Edit Responses, and Explore buttons have become active.
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Figure 6. Design Details

At this point, you may want to add center
points, replicate runs, replicate the design,
or define outer arrays. These are al done
within the Customize selection. The engine
control example does not require any
customization.
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w1 Entering the responses can be donein
spreadsheet fashion through the Edit
Responses window. The ADX Interface
makes it easy to enter response valuesin a
number of ways. You can export the design
to another spreadsheet package for data

entry, or you can cut and paste the design

from ADX into another spreadsheet such as

Excel. Once response values are entered in the other spreadsheet, you can cut and paste the response values into the Edit Responses
window. However, factor and response variables must be defined within the ADX Interface to assure proper bookkeeping and

analysis.

Assume that all response values are entered into the design through the Edit Responses window. The design window shows the three

responses added to the design and the Fit and Optimize buttons become active

(Figure 7).



Figure 7. Main Design Window after Response Values
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The ADX Interface provides many plots for
exploring your data. At this point in the
experiment, no models have been fit, so that you are
simply looking for patterns and relationships within
thedata. Selecting the Explore button invokes a
window with atab object, enabling you to switch
easily from one graphical display to another. Main
effects and interaction plots, and scatter, cube, and
factorial plots are available. The engine control
example looks at the interaction plot to investigate
the relationships between factors for the three
response variables. Figure 8 shows the interaction
plot for Hydrocarbons.
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Figure 8. Interaction Plot for Hydrocarbon

The Properties selection on the pop-up menu

- re— —— T — within any graphics region or from the View
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graph or for broadcasting to all graphics within
the ADX Interface. Also from the View pmenu

Seerrrrien you can include any graph in afinal report

A (Figure9). For HTML reports, graphics are
"“—-—-_.',ﬁ: ! displayed on the web page. For text reports,
graphs are made available for inclusion in a
word processor. Each time you choose to
include agraph in areport, the ADX Interface
saves the graph in a gif file and notifies you of
o thelocation of thefile.
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Figure 9. View Pmenu

Another plot that provides information about the rel ationships between factors for each response variable is the cube plot. Figure 10
displays the cube plot for hydrocarbon emissions (HC).

Figure 10. Cube Plot for Hydrocarbon

The value of hydrocarbon emission printed at each vertex isthe
mean response at that combination of factor levels. Symbols are
used to denote the vertices with the largest and smallest mean
response levels of hydrocarbon. In the cube plot tab, you can
select individual cube plots for levels of other factors (BY variable)
and also select multiple response variables. Scroll bars enable you
to view al of the cube plots.
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The next step in the experiment isto fit models for each of the
individual responses. Assumption checking is provided for you
before entering the Fit window. Stoplight indicators are used to
indicate assumptions that may be violated. The Interface checksto




seeif atransformation of the response variable is needed. Also, residuas are checked for normality, as well as investigation of outlier
and influentia observations.

Once assumptions are checked, the ADX Interface presents views for effect selection. The default view is atable of effect estimates
and p values. The highlighted effectsin Figure 11 are those recommended for inclusion in areduced model. The reduced model is
then used for optimization. The default selection of effects may be based on different criteria. The selected effects for this example
are based on a default a-level of 0.05. Thetableisinteractive and enables you to select or deselect effects by simply selecting the
row. For this experiment, the main effects of EGR, SPEED, and TORQUE are significant, aswell as the interactions of SPEED with
EGR and SPEED with TORQUE.
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1l The ANOVA table for the full model and suggested

reduced model are also available (Figure 12).

Figure 12. ANOVA Tablefor HC
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The response optimization window appears as atab
FEGHETIET  [EIEITEET [ o fedTIEE [ 2 TITRErT object containing a prediction profiler and a contour
o T/ T/ optimizer and plot. The default view isthe prediction
profile plot (Figure 13). The vertical axisin the plot
shows predicted values (rows) for all three responses.
The horizontal axis provides columns for the five factors. To aid in this graphical optimization, you can elect to use the desirability
function. For more information on the use of the desirability function for optimizing multiple responses, refer to Myers and
Montgomery (1995).

Elnam

The ADX Interface enables you to interact with the graph in order to set the individual desirability values for each response. For HC
and NOX emissions, large values are not desirable and would have a desirability of 0 whereas low emissions would have a desirability
of 1. Conversely for MPG, high values are desirable (1) and low values are not (0). The function enables you also to set target values
and to create anonlinear desirability relationship.

After you set the desirability value for the individual responses and graphically optimize the overall desirability, values of the factors
that may produce optimal predicted responses are found (Figure 13).
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Upon selecting the Contour Optimizer tab, you can also apply the settings from the prediction profiler. As shown in Figure 14, the
plots in the Optimization step can be linked by the transfer of settings from one plot to the other.
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Figure 14. Transferring of settingsin Optimization

For this experiment, you are interested in the overlaid contours
of HC and MPG, using the standard error of NOX asthe
underlay selection. The factors that you are interested in
I_ i viewing are SPEED and TORQUE. The annotation selection

S e Pl | within the contour pop-up menu enables you to traverse the
contour and tag alocation on the contour with the values of the factors at that location. This highly interactive feature can benefit
many engineers responsible for process optimization. Figure 15 shows the contour plot with annotation.
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o Reports are available in either text or HTML
L formats. Y ou can also customize the report

by selecting specific information and
ann responses to be included in the report.(Figure

16).

Figure 16. Report Facility
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After selecting the report items and responses for your report, select Generate Report. This invokes the default browser on your
desktop operating system for the HTML report. Output for this example is shown in Figure 18.
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Figure18. HTML Output

Conclusion

An increasing number of engineers, researchers, and scientists are using designed experimentation to discover and exploit cause-and-
effect relationships between important factors. Software support for successful experimentation is essentia for

» theconstruction of the design

» theanalysis of the response data

» theoptimization of the responsesin the design space

»  theorganization and saving of information about the experiment as it evolves
» thereporting of results.

The new ADX Interface provides this support in a self-contained environment that brings the powerful tools of SAS software to the
fingertips of engineers, researchers, and scientists. Developed in response to customer requests, the Interface provides the guidance
and analytical tools necessary to support designed experimentation.

For updates on the progress of the new ADX Interface for the Design and Analysis of Experiments, visit us at
www.sas.com/rnd/app/qc/genew.html

References

Myers, Raymond H., and Douglas C. Montgomery (1995), Response Surface Methodology, New Y ork: John Wiley & Sons.

Prabhu, Sharad W., Robert N. Rodriguez, and Randall D. Tobias (1996), “The New ADXcaferf Design and Analysis of
Experiments, Proceedings of the Twenty-Second Annual SAS Users Group International Conference, 22,1258-1270. |

SAS, SAS/OR, SAS/QC, and SAS/STAT are registered trademarks or trademarks of SAS Institute Inc. in the USA and other
countries. O indicates USA registration.

Other brand and product names are registered trademarks or trademarks of their respective companies.

8



Acknowledgements
The authors wish to acknowledge other members of the ADX Interface team for their contributions:

Sharad S. Prabhu
David A. DeNardis
Michael J. Cybrynski

Contact

Donna O. Fulenwider

SAS Ingtitute Inc.

SAS Campus Drive

Cary, NC 27513

Phone: (919) 677-8000, x-4356
Fax: (919) 677-4444

Email: sasdof@wnt.sas.com



