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Abstract— Interactive steering with visualization has been a common goal of the visualization research community for twenty years,
but it is rarely ever realized in practice. In this paper we describe a successful realization of a tightly coupled steering loop, integrating
new simulation technology and interactive visual analysis in a prototyping environment for automotive industry system design. Due
to increasing pressure on car manufacturers to meet new emission regulations, to improve efficiency, and to reduce noise, both sim-
ulation and visualization are pushed to their limits. Automotive system components, such as the powertrain system or the injection
system, have an increasing number of parameters, and new design approaches are required. It is no longer possible to optimize
such a system solely based on experience or forward optimization. By coupling interactive visualization with the simulation back-end
(computational steering), it is now possible to quickly prototype a new system, starting from a non-optimized initial prototype and the
corresponding simulation model. The prototyping continues through the refinement of the simulation model, of the simulation param-
eters and through trial-and-error attempts to an optimized solution. The ability to early see the first results from a multidimensional
simulation space — thousands of simulations are run for a multidimensional variety of input parameters — and to quickly go back
into the simulation and request more runs in particular parameter regions of interest significantly improves the prototyping process
and provides a deeper understanding of the system behavior. The excellent results which we achieved for the common rail injection
system strongly suggest that our approach has a great potential of being generalized to other, similar scenarios.

Index Terms—Interactive computational steering, interactive visual analysis, simulation, common rail injection system.
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1 INTRODUCTION AND RELATED WORK

Increasing complexity and a large number of control paramsehake
the design and understanding of complex systems (such esaut
tive engines) impossible without simulations. Strict esioa rules
and regulations force car manufacturers to design imprevegines,
in very short time [2]. To meet those requirements, car maatufers
use simulations as a cost-efficient, and often the only plessiay to
design systems with desired characteristics. They use tyaeg of
simulation, including Computational Fluid Dynamics (CED)

In this paper, we describe results from a recent project evttes
need for interactive steering emerged. We used interagsual anal-

ponent of the injection system model [5]. When an input \g#tis
applied, the electric field across the ceramic layers of theksactu-
ator induces a mechanical strain. The strain results in @mgetion
of the stack that exhibits the rate-independent hystebegtiseen the
electric voltage (force) and mechanical strain (displaeetn

We identified tasks that can be generalized to other probkemds
illustrated how we designed and tuned the model. The moda} co
plexity did not allow us to run all possible simulations a¢ thegin-
ning and to analyze the results. Such an approach would essdt r
in numerous unnecessary simulation runs and would wast dimd

ysis to support an interactive design process. In contoetstet usual,
very time consuming 3D CFD simulation, 1D CFD that is altéixmgdy

used in injection system simulation can be computed vety fiass

possible to run tens of thousands of simulations for a lagg@tpa-
rameters. However, the brute force approach, where a diomlains
for all possible parameter combinations, is often not fdasiinstead,
interactive simulation steering helped us to insure a egdy short
design time. A pure numerical optimization is sometimescmmplex
and a user often gets only the final results, without propsgft.

computational resources. Furthermore, we did not have leben
model at the beginning. It was gradually built as we gainesigimt
during the design process. Our approach, the use of iniezadgsu-
alization and coordinated multiple views as a steering raeisim for
simulation, proved to be very efficient. In this paper we shmw
the tight integration of visualization and simulation cagngicantly
improve an engineer’'s workflow as compared to decouplecByst
The excellent results which we achieved for the commonmgkiion
system and the very positive feedback from domain expemsigity

The background of this work was the task to design an injectiGuggest that our approach has a great potential and can eeatized

system. We developed a steering framework to support tsis @ur
interdisciplinary project setup provided us with valuafeledback dur-
ing the design process in terms of the usefulness of the peabap-
proach and suggested improvements. We started from a smuqulel
and gradually made it more and more complex.

One of the important parts of the automotive engine systetineis
injection system. The piezoelectric stack actuator is tlaénncom-
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to other, similar scenarios.

The decoupling of simulation and analysis can present fsigni
cant obstacles and make it very difficult to effectively mgamdarge
amounts of simulation data [18]. We should be able to interaly
steer computations, change simulation parameters orS&maion
and immediately see the simulation results. Computatistegring
and interactive visualization emerged in 1980s and 199G of
the most useful visualization paradigms for computatice#nce [3].

Many simulations are computationally intensive and mayuireq
interpolation for sensitivity analysis and optimizatiorSensitivity
analysis and optimization require the domain expert tajpuiate the
observed simulation data. This interpolating function metamodel
of the underlying simulation model which is treated as albtzax. An
example is the Kriging interpolator representing a globatamodel
that covers the whole experimental area [19]. However, weatso
iteratively refine the simulation model. That way we can efioth
the simulation parameter values and the simulation model.

The simulation output data is often visualized using sdientisu-
alization methods [6]. Using visualization and spatiallsdo under-



stand complex systems is not a new idea. James C. Maxwelhfohe
most important physicists of the nineteenth century [2#groused
visual-spatial thinking. An excellent example of his apgmois a con-
struction of 3D clay model of a surface based on Willard Gilalsk.
We've come a long way since those early beginnings. Howévierk-
ing about the science is still at the core of scientific viggion [8].
The most important scientific visualization research pFotd include
perceptual issues, human-computer interactions, global/visual-
ization, feature detection and visual abstraction, to narfasv [8].

Computational steering integrates modeling, computatidata
analysis, visualization, and data input components of aulsim
tion [18]. However, integrating a simulation within a contgtional
steering can be a very difficult problem. We need to addrassfécets
of the problem [9]: control structures, data distributidata presen-
tation, and user interfaces. Since computational steésirghighly
interactive process, the user interface is a critical camepbof a com-
putational steering environment [16]. Kreylos et al. [12kdribe a
system for real-time interactive visualization of compiataal fluid
dynamics (CFD) simulations that allows a user to place andipra
ulate visualization primitives during an ongoing simutatiprocess.
Vetter and Reed [23] described performance monitoringtrogrand
interactive steering of computational grids. Wenisch g@4l] demon-
strated computational steering of CFD simulations onithisted com-
puters.

There is extensive literature about user interface andlimation of
simulation data from an engineering perspective. Larameé §13]
use different flow visualization methods to show variouseatpof the
simulation data to support insight and visual analysis ef ¢bolant
flow through the cooling jacket of a car engine. Konyha etHl] se
3D icons to analyze simulation data of chain and belt dritfdetkovic
et al. [15] describe a method for the analysis of a fuel inpecsystem
that provides a highly abstract view of the injection system

Using multiple, interactively linked views of the same dad al-
lows the user to productively combine the information gegtdefrom
the different views [7]. Doleisch et al. [4] use multiple Ked views
for analysis of CFD simulation data. More advanced multjiésv vi-
sualization systems can be freely configured [17] and peoflakible
coordination of views [20]. As the number of linked views ahe
amount of coordination increases, it may be necessary tahige the
visualization’s structure and operation [21].

2 COMPUTATIONAL/INTERACTIVE/SIMULATION STEERING

We used our previously developed coordinated multiple sisigu-
alization tool ComVis [15] and extended its functionality inter-
face it with the simulation tool HYDSIM which is a part of th&/A
Workspace [1]. In this way a steering framework has beerbksted
and used in the project.

The initial design goal for the visualization tool ComVis svapid
prototyping of new visualization techniques within theestific con-
text. As a consequence the tool was designed to be flexibleviaya
that it is easy to add new views and support new data typestobhe
is intuitive to use and supports advanced interactionst{phel itera-
tive brushing). As a result, the tool is easy to use for doneajmerts
from different domains (medical, engineering, etc.), aad ase/read
generally used data formats to provide access to existitay da
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Fig. 1. An iterative approach to prototyping. A combination of the sim-
ulation and visualization tools and related data allows us to design at
different levels of abstraction. We distinguish three levels of the inter-
active steering process depicted with loops A, B, and C. The first loop,
loop A, is based on the available simulation results. We explore them,
get insight and store results (snapshots). If this is not sufficient, new
simulation results can be generated (loop B). The simulation model is
still not changed, only parameters are being refined. Finally, it is also
possible to change the simulation model (loop C).

compared to the traditional way, we still had to specify alinbina-
tions of input parameters in advance.

Our new framework makes it possible to define new simulations

using the visualization tool. The visualization tool is d$er the anal-
ysis and steering of the simulation. That makes it easy ®dthmain

expert to generate new simulations and to refine or to filterstmu-

lation dataset. Each simulation has a set of control (inpatameters
and a set of output parameters that are computed for a gipe ifihe

main idea is to run many simulations with different contratgameter
settings (they are defined by lower limit, upper limit, andpssize),

and to use multiple, coordinated views to understand theeirant to

support the expert in injection system design.

We provide four basic operations: refining or coarseningesoom-
trol parameters (changing the step); narrowing down thercbpa-
rameter interval (changing boundaries); adding new cop@oame-
ters; and removing some existing control parameters. Ifepeasent
data in tabular form, the basic operations correspond tingdahd
removing rows (refinement and filtering parameters) or agidinre-
moving columns (adding or removing parameters).

The domain expert estimates the coarse boundaries of thenpar
ters, runs a sufficient number of simulations and sees whatpter

The simulation tool, HYDSIM, is a modular program for the dy-values make sense and what values are not allowed basedautpoé
namic analysis of hydraulic and hydro-mechanical systénisbased Values. In the case of fuel injection systems, the injeatetihass was

on the theory of fluid dynamics (1D) and vibration of multielyosys-
tems (2D). The user defines a model using 2D graph-like strest
with icons and connecting elements. The defined model pesvid
general representation of the system topology. For eachegle(rep-
resented by an icon) the user can specify properties forahéplar

one of the output parameters often used to identify pararvataes
that are not allowed. If there is not enough injected fuef dhére is
too much injected fuel, the engine will not run properly.

We use an iterative approach (Figure 1). The domain expes us
the simulation tool to create the initial simulation modgecify the

case. Once the user completes a definition of the model, the-si initial control parameter values and produce simulati®ults (Fig-

lation provides output parameters values. In a typical flonk a
domain expert analyzes these results and, if necessaryfiesothe
simulation model and repeats the simulation until the @esiesults
are achieved. Earlier we pursued an alternative approactnipute a
very large set of simulations runs at once (offline) and areatie re-
sults afterwards [10, 15]. Although this was a significarpiovement

ure 1, steps 1, 2, and 3). Only a part of the injection systamoideled
in detail while the rest is replaced with modelled “idealfues. These
ideal values became the target when we refined the model. ddle g
is to create a simulation model and to determine the contn@rmpeter
values that produce the simulation results that are as elogessible
to the idealized result. We repeat the process at threeelifféevels.



The user first designs a very simple simulation model andtketpa-
rameters. The user then extends the simulation model anitipsithe
parameters for a more complex model that represents thadéaeel.
Finally, the user defines the complete simulation model itikes it
possible to go back and forth between different levels (@often the
case during prototyping) and to change already tuned paeasne
The domain expert carries out the interactive steeringqe®at
three different levels. The first level of iterative protpityg focuses
on the already generated simulation results. The expest tingevi-
sualization tool to investigate the simulation results,dndextensive
use of brushing and linking, can get insight and create fepbrts
(snapshots) about the current prototype results (Figusteps 4 and

6).

If the current simulation results are not sufficient, theexman
proceed to the second level. The second level of iteratiotfyping
involves refining the control parameter values (Figure dp &), gen-
erating new simulation results using the current simutatimdel and
then returning to the first level of prototyping. The expemdo it in
an interactive way and request new simulation results fitoestmu-
lation tool. As new simulation results are computed, the datthe
visualization tool is automatically updated. During thisgess visual
analysis can proceed and benefit from better data resolution

Based on the insight from the data, the expert may decidditere
the simulation model. At the third level of iterative protping the
expert uses the simulation tool to update the simulationehadd
then returns to the second level of prototyping. As this @rgédr step
which makes it necessary to change internal data repréigentthe
expert has to wait until initial setup is completed and thst fiesults

for new model are ready. This can take a few minutes. Oncertte fi

set of simulation results is computed and the visualizatiohupdates
the internal structure, the whole process becomes inteeaagain.
The simulation results are uploaded on the fly as they are atedp

In our implementation we always define the model using the HY
SIM tool. The HYDSIM creates simulation definition files anths
the simulations. As simulations are computed, output fite<eeated,
one directory for each simulation run. Our visualizatioolt@€omVis,
reads the first simulation results, builds the internal datalel, and
visual analysis starts. The visualization tool checks few routput
files and loads them when they are available. ComVis offeresa p
sibility to specify new simulation parameters, as well.Hétuser re-
quests new simulations from the visualization, ComVis @e&lYD-

SIM input files and starts HYDSIM. HYDSIM generates new otitpu

files which are then automatically loaded into the visuai@atool.

Model changes are done in HYDSIM, and in these cases Com¥is }?30

to recalculate internal data structures which usuallysakehile (min-
utes). Once the new model is created, first simulations arguated,
the internal data structures needed for visualization ezated, and
the process continues in a usual way.

3 RAPID VISUAL PROTOTYPING AND THE DESIGN OF A COM-
MON RAIL INJECTION SYSTEM

We used the developed prototyping tool to design a commobimjead-
tion system. We selected this task for two reasons, i.eavh#ability
of fast simulation algorithms and the importance of injeatin an
overall Diesel engine efficiency and emission characterist

There are many (often conflicting) goals of a Diesel engirggie
including high power, good fuel efficiency, meeting emissiegula-
tions, low noise levels, and drivability [14]. The fuel iojeon system
is the key Diesel engine component to achieve the goals. dinenon
rail injection system has several attractive charactesistinjection
pressure and quantity can be controlled with a high degretexif
bility, multiple fuel injections are possible within onejéation cycle
and the time and duration of the injections can be contrgitedisely
by the engine control unit based on the engine speed and Toeebe
characteristics are key factors in meeting current anddufwery de-
manding) emission regulations.

The common rail injection system consists of two parts, orordy
mechanical and one electronic. The hydro-mechanical paetichines
the simulation model, while the electronic part determithesactua-
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Fig. 2. The final injection simulation model and the four main blocks.
The blocks represent logical grouping that has no influence on the model
topology. An actual injector, used for each cylinder in a car engine, is
shown on the right. The control parameters are depicted in red, and the
output parameters in blue. The exact description of the parameters is
long for this caption and can be found in the main text, instead.

tor control parameters. Our goal is to design both partsdmatively
adjusting the simulation model and the control parametielega

We start by providing the end result of the design procespi(€i2).
The reason for that is to provide the context and the basierésp for
the system design, something that experts already have. niEie
assembly components of the injector are the piezo actudtbrtiae
hydraulic amplifier Block IIl from figure 2), the control valve with a
certain control volumeRlock 11) and the nozzleRlock I). The piezo
actuator governs the motion of the control valgtock IV is the fuel
supply from the common rail, which is not analyzed in this kvor

Once the simulation model is created, the expert has to sttaup
control parameters (the parameters listed in red in FigurE@ each
set of the control parameters the output parameters areutethfthe
parameters listed in blue in Figure 2). All of the control graeters
in our case are scalar values, and all of the output parasatertime
series data. An additional control parameter is the actu#te top-
most element in the Figure 2) behavior. We model the actuatiore
depicted in Figure 3 using a set of scalars, determining tdm and
duration of the pilot and main injection, their maximum aityules,
and opening and closing times.

The model has 11 control parameters and setting them is tire ma
task of the injection system design. The actuator curverpeiers are
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Fig. 3. The actuator, the top most element in the model in Figure 2, is
modeled using these parameters. This is the only set of control param-
eters that will be changed during the engine operation. Depending on
the operation point (speed and load), the electric managing unit (EMU)
will select the shape of actuator curves.

Fig. 4. A simplified model used in the first iteration. We use only one
section and the rest is represented by an ideal actuator. Once the sim-
plified model is tuned, we gradually extend it to include the rest of the
model, as shown in Figure 2.

also set, but they vary, based on the crankshaft load and speaeng
the actual engine operation. The electronic control uriof a car

engine controls these curves. ECU has a lookup map of aliljess

curves and selects a curve based on the current crankshdfiafud
speed. If a car runs downhill at a certain speed, the crafikisizal
can even be negative, so the actuator curves are choseriagtar

On the other hand, for a high crankshaft load and a certaiadspe

the actuator curves and resulting injection have complatéferent
shapes. However, a detailed discussion of injection curvdating is
out of the scope of this paper.

One design option [10, 15] is to run the simulation for all gibke
combinations of parameters and to explore the system. Ifsgeten
values per control parameter, there arélifbssible combin
control parameter values. Since we can run about ten simogaper
minute (for the model in Figure 2), we would need"4éninutes, or
more then 19,000 years to complete all simulation runs.dlgar that
such simulation time, even on a large cluster, is not feasiliistead,
we start with a simplified model, use interactive visualato drill
down the control parameter space, and once the initial cloparam-
eters are fixed, the simulation model is extended.

3.1 First Model

We start with a simplified model (Figure Block | from Figure 2 with
the actuator directly added on the top. This is supposed todeect

Table 1. Control Parameters for the first case.

Parameter Min  Max  Step
d_sac 0.7 0.9 0.05
alphaseat 40 65 5
c_turb 0.8 1.0 0.05
mju 0.7 0.9 0.05

Table 2. Target Parameters for the first case.

Parameter
Pilot injected mass
Main injected mass

Target range (mg)
2-25
17-22

actuator with simple characteristics. We tune the nozz fir

We use only four control parameters (Table 1). It takes athi@ut
minutes to calculate 750 cases (60 simulations per minutdif®sim-
pler model). After this setup time, we explore the first dagtate
achieve a certain amount of injected fuel during the pilad amin
injection. The target values were set according to Table 2.

We compute the calculated output paramétgected massas a
function of time. It is a cumulative mass over time. The vaite
the end corresponds to the totaly injected mass duringtiojecAs
we are interested in the injected mass after the first pijettion and
after the main injection, we aggregated the injected masgstso to
have the injected mass after first pilot and the total inghab@ss. We
brush now the scatter plot depicting these two aggregatedEers.
Figure 5 a shows this case.

At the same time, other coordinated views show the contn@ma
eters (Figure 5a, scatter plots in the first column) caugiegargeted
injected mass. We can clearly see that the wanted injectsd impos-
sible only for some combinations of nozzle diametks@q and angle
of needle sealy| pha_sead), and for all combinations of flow discharge
coefficient (nju) and turbulent flow coefficient(turb). We refine the
selection by selecting high pressure (as far as possibléhéogiven
target) and the desired needle acceleration. Figure Shtrifites the
selections (brushes 2 and 3). Note the zoomed-in scatteofdacel-
erations which helped in the selection.

The allowed control parameter space has narrowed sigrifjcan
(Figure 5b, scatter plots in the first column), and the expant now
select the first parameters (Table 3). Note that this is a&quitirse
estimation. The parameters are fine-tuned at a later stagee\dr,
even this coarse case shows which input ranges make no sense.

3.2 Second Model

We refine the simplified model (Figure 4) to create a more ketai
model containingBlock Il. The actuator with the control valve is
placed on top oBlock Il now. This actuator is described in Figure 3.
We tune this part using the fixed control parameter8fock I. We are
interested in the control volume siz€\(_siz§ and in the inlet/outlet
throttle flow resistanceZ(inl andZ_out). 1,100 simulations are com-
puted (20 simulations per minute since the simulation tifanges

ations of with the model complexity). For the same target values akerfitst

case, we set the control volume size to ten. Figure 6 showsattadiel

Table 3. Control Parameters selected for First Model.

Parameter Target range (mg)
d_sac 0.75
alphaseat 50

c_turb 0.9

mju 0.7
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Fig. 5. Multiple coordinated views show control and output parameters. a) We brush target values for the injected fuel mass. All combinations
of c_turb and mju can produce the desired output (second scetterplot) while only some combinations of d_sac and alpha.seatare possible. b)
Further refinement of targets using additional brushes for pressure and acceleration helps us to narrow possible parameters and to estimate input

parameters for the first step.

210 18 29
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Fig. 6. Second Model: The parallel coordinates view of the control pa-
rameters for the target values. Note that only low CV_sizevalues are
possible, while there are many combinations of Z_inl and Z_out which
allow the desired output.

coordinates view of the control parameters for the targetes
If we look at the mass rate curve view now, a new, interestimgr p

nomenon can be observed (Figure 7). Note the width of curtves

injections. There are some curves starting later and soangéngt on
time. The actuator on the top is fixed, i.e., it has always @meesinput

curve (Figure 3). This means that some of the parameter cambi

tions can cause an injection delay. Injection delay is thetperiod
between the injection reaction and the actuator actionufrcase this
is the difference between the start of the pilot (or maingdtipn as
depicted in the curve view and the actuator starting tinkesi(st or

is, the narrower (less injected fuel) the curves are. Figudepicts
the curves selection for the maximum value€bf size The inlet and
outlet flow resistanceZ(inl andZ_out) are more challenging and to in-
vestigate this problem we refine the model. New limits ang siees
are selected using the visualization tool and new simulatare ini-
tiated. The control volume size is set to the minim@¥W,_size= 10,
and new flow resistance paramet&rinl andZ_out are set (Table 4).
The simulation tool is started and the visualization getdatbed as
new simulations are computed. The visualization tool chketkew
data is available and automatically loads it. Since we dochanhge
the model in this case, the update of the internal data amdptesen-
tation is straightforward. During this process we contitiue visual
analysis and exploration. In this particular case, appnaxely 1,680
new simulations are computed, and iteratively loaded. QOfsm the
user can stop the simulation or request another refinemanyaime.
We used the multiple view setup to observe what is happening.
The target values for the injected mass, pressure in the SACne
P_sag and the needle acceleration are set, and flow resistanampar
eters show a linear dependency. Figure 8 shows the flow aasist
parameters on the top and the mass rate curves in the bottoi@ tie
mjuch denser parameter space due to the refinement. Afteaitedet
exploration, we are able to remove the influence of the paenmen
the delay. We understand what is going on, the delay turnsooloe
logical, and the parameters are set to 1.6 and 2.8 fat andZ_out.

3.3 Third Model

We are ready for the final step now where we further extend taetn
It now corresponds to the model in Figure 2. Note that thercbpt-

M_first). This is a surprising finding, since we did not expect that th ameters foBlock | andBlock Il are set (but they can be changed) and

delay would show up at this stage of modeling.

The injection delay is an unwanted behavior and we have totee s

that it does not happen in the final model. Compared to the Siirst
plified model, the control volume which is placed just aboeedie
top is not directly connected to the actuator any more. Itaskimg
in close correlation with two orifices (inlet and outlet) tisapply the
volume with fuel and drain it. We have to be sure that delagismall
as possible at this stage of modeling.

we tune the last part now. There are four parameters in théllack:

Table 4. Refined Control Parameters for Second Model in order to in-
vestigate injection delay.

Parameter Range Step

The correlation between the mass flow rate through the nozzle Ziinl 1,0-2.0 0.025

(massrate) curves and the control volume siz€\(_siz¢ is easy to
detect. Simple brushing shows that the larger the contrioime size

Z_out 20-3.0 0.025



N
oo
3
iy
—
3
Q
[2}
(2]
=3
L
®
o
a. 0
time
N
o
9
=
—
3
Q
(72}
(%]
)
®
o LEA 1 /48
0
b. time

Fig. 7. Massrate curves for the second model. a) Many curves of dif-
ferent widths, showing significant delays for some parameter combina-
tions. b) The selection corresponds to the maximum values of CV_size
such curves would result in insufficient fuel mass. Note also that pilot
injections are completely missing in this selection.

w .
o sitt
jit
N $3¢
|8 it
: tHE
Hill
N set?
° sise
J ifi ‘
1.0 2.0
Z_inl
N
oo
by
o
(3]
3
)
(73
(7]
o
g A
o
0 i 0.005
time

Fig. 8. The scatterplot shows refined input parameters. We have se-
lected desired output parameters (on views which are not displayed in
the image) and the selection is shown in red. The massrate curves have
a desired shape now. The linear correlation of Z_inl and Z_out is unex-
pected.

the bypass flow resistanc®€sBypas}, the outlet flow resistance
(ResOutlet), the effective flow area at the bypass séat@ Bypass,
and the effective flow area at the valve sefaie@aValve.

Due to the model complexity we now calculate approximatety t
simulations per minute. 900 parameter variations are sethanstart
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Fig. 9. Two scatterplots showing the control parameters for the final
model. We further refine the AreaBypassand AreaValve parameters.
The red points correspond to selected desired output parameters.
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Fig. 10. Combinations of the control parameters as created during the
iterations. We have a coarse mesh of parameter values at the begin-
ning, and we refine them twice during the process. All combinations of
the control parameters are shown here, we can hide unwanted iterations
during the analysis, if necessary.

the visual exploration. In contrast to the simple parametiinement,
the step change here represents a model change. Interaatdat-
tures in the visualization tool have to be changed. This isitiered
to be a larger step and the user has to wait a few minutes fdirste
results. Once the simulation software computes the imgisllts, pa-
rameter refinement can be done on the fly. During parameteerefi
ment we continue the visual analysis and the data is autoatlgtip-
dated. The target values for the injected fuel mass (pildt main)
remain the same. The actuator is still fixed.

Figure 9 shows the parameters after the target values wectes
Two parameters have no significant influence, the targetesaban
be achieved with all possible combinations of the flow resises
ResBypassandResOutlet. We set the values to 2.0 and 1.0, respec-
tively. The other two parameters show a far more interesiettavior.

A wide range of parameter values are initially investigatkds suc-
cessively refined as we realized where we need more infasmati

Figure 10 shows the parameters as computed at the end. Wease t
iterations, we refine the parameters once and then refinerargyeof
parameters once more. This represents parameter refineandrthe
data in the visualization tool is updated as new simulatamescom-
puted. During computation we continue the visual analySsitput
values are used to steer the refinement. Based on the outpes vee
decide where to refine input parameters.

Figure 11 shows an example of the output parameter valuéegs t
are computed in various steps. Resulting outputs from wariter-
ations are highlighted in the figure in order to illustrateulés from
various iterations.

Figure 12 shows the target injected mass, the corresponuiesy
sure, control parameters, and mass rate curves. Note ttierptat on
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Fig. 11. Six scatterplots showing output parameters as computed during six iterations of simulation steering. We can see there are many scattered
values in the beginning. We then used interactive brushing in other views to get insight on how these output parameters are changing. Finally we
can identify the desirable area, and the simulation results are refined in that area.
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Fig. 12. The final model. The target injected mass on the left is defined using a quite narrow range here. The corresponding pressure, input
parameters and mass rate curves are shown. Everything seemed to be correct in this simulation model.
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Fig. 13. With the final model fixed, the actuator curves are varied. Quite surprisingly, there are unwanted peaks in the output curves for multiple
parameters. Red ellipses show these peaks. It is not intuitively clear why and when they occur, and we explored it in more details. The assumption
that all parameters are set and that actuator variations are just a routine fails and we had to go several steps back and run new simulations.
Corresponding values of M_int are shown in the scatter plot on far right. Note the puzzling oscillating behavior.

the far left showing the same data (also in Figure 11) as thitesplot
from the very first model (Figure 2). The scatterplot in FEd2 is
zoomed in and shows the data from the final iteration only. Wda
off the target values at the beginning and by successiveeragnt and
simulation steering we achieve a finer granularity arouredtérget
area.

3.4 Final Model

We now set the final control parameters. Any of the data paifitse
injected mass shown in Figure 12 can be selected. They altiasa
desired behavior. We have to select one set, however, asémeyot
be changed later. Due to the wanted pressure and needleratize,
we select the effective flow area at the valve segkrea Valveand the

Needleaccelerationand pressures in the nozzle and control volumes,
P_nozleandP_control, with the undesired peaks marked with red el-
lipses. Those peaks indicate system oscillations at spgaifints. Any
oscillation in system is dangerous and undesired. The &mdpliof any
oscillation may rise above system limits for some unknovuegions.

Now we have to find the reason for these oscillations in order t
predict and avoid such a behavior. Furthermore, espediatlyhe
fuel injection system, any kind of secondary oscillatiores/ropen the
nozzle at the wrong time and lead to fuel inflow in the comlmusti
chamber and an undesirable combustion process.

To investigate the oscillations further, we isolate thekgeaasing a
line brush in the curve view. The tool allows to simply drawirgel
across the curves, and all curves crossing the line will leetsd. The

flow discharge coefficient —mju to be 0.071 and 0.54, respectively.composite brushing functionality is supported as well.

Our injector now is set.

The scatter plot in Figure 13 shows pilot and main injectiter-

The actuator on the top used to drive the injection in a retipse vals, P_Int andM_Int, with the peaks selected. An unexpected and
was fixed up to now. As stated before, the ECU of the engine wilery interesting finding is the pattern at which peaks appeaM_Int

change the actuator during operation. Our parameters, e@ottter
hand, remain the same. They cannot be changed at runtime.

The last task is to check if the parameters also yield satigfyut-
put for various actuator curves. We vary the actuator gttamd again
several times refine the parameters. Eventually we ardfiedtiznd
want to see all the response curves for all the combinatibastoator
parameters (1,600 combinations are chosen).

To our great surprise, we see that some curves exhibit a veisual
behavior. The curve views in figure 13 show the response sufore

values. It shows oscillating behavior in the parameter sp&ée can
easily skip those values, and program the ECU not to use paraen-
eter values.

However, puzzled by this discovery, we want to investigaiephe-
nomenon further. We go back one more time. The parametehs wit
most influence up to nowmnju, Areavalve AreaBypassandM._int
are varied once more. Undesirable peaks are present agaitheb
control parameters are chosen to be far away from the setthich
caused them. The previously set parameters are changetheimd
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Table 5. Final control parameters. The Block IV parameter values are
not analyzed at this stage (listed for the sake of completeness). (1]

(2]

Param. Name  Description Final Value

1.1 d_sac  Sac diameter @5mm

1.2 alphaseat Needle seat angle Begrees (3]

1.3 cturb  Turbulent coefficient ®

14 mju Flow discharge coefficient at nozzle holes .60

111 CV_size Size of control volume 10 (4]

112 Z.inl Inlet flow resistance in control volume .a

113 Zout Outlet flow resistance out of control vol. .&

Il .1 ResBypassFlow resistance through bypass .02 5]

I11_2 ResOutlet Flow resistance through outlet .a

111 -3 AreaBypasBypass effective area .@B2mn?

1114 AreaValve Valve effective area 07mn? (6]

IV_1 HPP_LengthLength of high pressure pipe (fixed) 30

IvV_2 RV_Size Common Rail volume size (fixed) 867

[71
8]

jector is finally set. Table 5 shows the final values of the imna-
rameters. [9]
4 CONCLUSION [10]
The coupling of interactive visualization with the simutex back-end
facilitates fast prototyping of a system under developméie start
from a non-optimized initial prototype and the correspogdsimu- [11]
lation model and through an iterative process, going backfarth
between different levels of abstraction, we refine the sathah model [12]

and design a system that meets the requirements. In doin@ swev
significantly reducing the number of simulation runs.

The brute force approach requires to run simulations fqyagkible |13
combinations of the control parameter values which is notfata-
tionally feasible. The described approach requires onbgrsd thou-
sands simulation runs to find a design that meets the regeirem [14]

The interdisciplinary setup of this project allowed to depethis
steering solution in the context of a real-world problemwdéts very
rewarding to see how the tool facilitated new discoveries(i®n 3.4), [15]
even quite surprising ones. The discoveries provided metiebin-
sight and allowed us to anticipate and address oscillatioblems and
thus create a much better design. Engineers still only seldse inter-
active visualization and usually analyze simulation ressusing static
2D charts, depicting few simulation runs simultaneousimnst cases.
They also use automatic optimization methods, but our a@mbrof-
fers completely new view and insights.

The three levels of iteration (simulation data, controlgpaeters |qg
values, simulation model) provide different levels of naigtivity.
While viewing the simulation data is done in real-time, afjiag the
simulation model introduces a noticeable delay. Howeveceswe [19]
can go back and forth between different levels, instead faitimg
for the simulation model update to propagate to the sinuiatiata,
we use the simulation data level and continue our analygisnew  [20]
simulation data are generated. This approach is rathergjeared ap-
plicable to a wide range of design problems. [21]

We plan to explore a variety of design problems and relatagt so
tions to identify some design patterns. We will further iy the (22]
interactivity of the developed tool. Some semi-automatigp®rt for
drill-down, possibly involving approaches to (semi-) austically de- [23]
tect a region which seems to be out of the range of interekbwite-
searched as well. Finally, we will explore a collaboratineylti-user
version of the tool to “share” the design process among akerperts. [24]

[16]

(17]
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