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Abstract. This paper describes Design Sheet, an advanced software system which
facilitates the conceptual design of complex engineering systems. Design Sheet enables
the designer to quickly explore large areas of design space and study how the different
performance and cost criteria tradeoff with respect to one another. It provides an interac-
tive interface for building analysis models in terms of systems of nonlinear agebraic
equations, and automatically writes computational procedures for solving these equations
based on user-specified tradeoff criteria. The paper briefly describes the principles and
the methodology behind the software, and showcases some of its capabilities. To
demongtrate its practical applicability, a system-level fatigue life analysis moddl of an
automotive drive train has been developed. The paper discusses the model and how it is
used in performing design tradeoff studies.

1. Introduction

The design of complex engineering systems is a hierarchical process. In
current industry practice, computer-aided design tools are widely used
during the later stages for determining detailed design specifications.
Though early-stage design decisions have a far greater impact on the final
design quality and cost, tools for supporting conceptual design are limited in
availability as well as scope. In contrast to detailed design, where the goal is
to modify nominal design specifications such that an optimal design is
obtained, the critical need during conceptual design isto quickly search the
entire design space in order to provide good specifications for the detailed
design phase. Therefore, the approaches used for detailed design analysis
and optimization are not suitable for use during the early conceptual stages.
During conceptual system-level design, a candidate design needs to be
evaluated with respect to multiple performance criteria. This will ensure that
the designs generated in the later stages are optimal with respect to the
overall system criteria, rather than being locally optimal solutions from
individual perspectives. Additionally, as cost is often a crucial criterion in
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system design, multiple attribute tradeoffs with combined performance and
cost models are needed for exploring the large design space. Which
tradeoffs are important at any stage during design, however, are not known a
priori and depend on the results of other tradeoff analyses. Conceptual
design tools, therefore, require an ability to use integrated performance and
cost models and a capability to flexibly define tradeoff studies.

Recognizing the importance of integrated models in design, several re-
searchers have focussed on developing collaborative design environments to
integrate multiple models and tools used by engineers (e.g., Herman and Lu,
1992; Cutkosky, 1993). However, the type of model integration facilitated
by these efforts is not quite appropriate for conceptual design, where models
based on multiple, incomplete and quickly evolving system descriptions
need to be used together for tradeoff analyses. Conceptual design research,
on the other hand, has mainly focused on the role of optimization and
robust design (e.g., Dixon, et al., 1993), without any emphasis on how to use
integrated models. Further, most design tools either do not provide
integrated support for tradeoff studies or hard-code a limited set of them.

The difficulties discussed above can be overcome if the representation of
knowledge is in a declarative form, and separated from the mechanisms that
control its usage. This has been the thrust of Artificial Intelligence, and the
application of appropriate techniques from this realm is bound to make a
significant impact on the development of tools for system design. In many
system design problems, the natural representation of knowledge is in the
form of algebraic equations. Using the declarative knowledge for tradeoff
analysis requires the solution of systems of nonlinear equations. Constraint
propagation techniques provide a powerful mechanism for accomplishing
this task; they represent the equations as constraints between variables, and
propagate the changes in variable values across the constraint network.

Constraint propagation approaches have been used by several researchers
in creating conceptual design systems. The man advantage of these
approaches is in decomposing large systems of equations into subsets of
more manageable size, which are solved individually before being combined
to obtain the overall solution. Bouchard et al. (1988) use directed
constraints between design variables and numerical solution approaches to
alow rapid production of tradeoff studies. This approach, however, forces
the designer to decide a priori which variables are input and which are
output. Serrano (1987) has developed a constraint management approach
based on bipartite matching for efficiently decomposing large systems of
algebraic equations, and strong component identification for determining
subsets of equations that need to be solved simultaneously. Fromont and
Sriram (1992) use planning techniques to add flexibility to such systems,
such as allowing constraints to be added incrementally. In these approaches,
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the simultaneous subsets are solved either symbolically or numerically,
without further decomposition. In practical applications, where such subsets
can include several tens of simultaneous nonlinear equations, neither
symbolic nor numerical solution techniques are feasible. Krishnan, et al.
(1990) discuss issues in user-directed constraints as well as suggestions for
further decomposing strong components representing the equations that
need to be solved simultaneously. However, their treatment is not
comprehensive in either aspect. Ward (1989) has extended constraint
management for propagating interval values. However, this is only practical
for linear systems. Ramaswamy and Ulrich (1993) have extended Serrano’s
work by developing a constraint system with a spread-sheet interface.

In summary, current constraint-based design systems suffer from one or
more of the following shortcomings. do not solve large nonlinear systems of
simultaneous equations that are often present in practical system anaysis
models; fail to scale up to real-life analysis problems, which require from a
few hundreds to a few thousands of equations to be solved; and do not
provide flexible interfaces needed for performing what-if analysis and
defining tradeoff studies, which is essential during conceptual design. We
have developed a constraint-based system, called Design Sheet, for solving
large systems of simultaneous nonlinear equations. It uses graph-theoretic
algorithms for breaking down large systems of equations into sub-systems of
more manageable size, before solving them. It further integrates this with a
graphical user-interface, which allows the system designer to quickly and
easily define and perform new tradeoff analyses.

The next section (Section 2) briefly describes the principles, methodol-
ogy and capabilities of Design Sheet. The rest of the paper demonstrates the
application of Design Sheet to the fatigue life analysis of an automotive
drive train.  Section 3 describes the problem, derives the governing
equations, and discusses the important issues in developing the model.
Section 4 presents sample analyses and interesting tradeoff plots obtained
using the Design Sheet model. Finally, Section5 concludes with a
discussion of the current status and the future direction of this research.

2. Design Sheet: A Tool For System Design

Design Sheet is an engineering design and analysis tool for conceptual
design. Design Sheet alows the user to input design equations in their
natural mathematical representation and solves these equations without
requiring the user to provide computational procedures. It represents
algebraic equations as constraints between variables, and uses a constraint
propagation approach for determining which variables are dependent on
which others. It also finds a computational sequence for evaluating the
values of dependent variables, given the values of independent variables. In
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this process, it solves the set of nonlinear equations which make up the
constraint network using symbolic methods when possible and resorting to
numerical methods otherwise.

Design Sheet uses graph-theoretic algorithms to decompose the
constraint set into tractable subsets, solves them individually and combines
them to get the overall solution. The constraint network is represented as a
directed bipartite graph; a bipartite graph has two types of nodes with arcs
only between nodes of different types. In this case, the variables and the
relations are the two types of nodes and the arcs between them signify that a
variable is in a particular relation. A variable can be either independent,
meaning that its value can be set and freely varied by the user; dependent,
meaning that its value is determined by a relation, whose other variables are
all either dependent or independent; or undetermined, meaning that its value
cannot be determined by the current state of the constraint network.

Figure 1 shows a simple set of equations and the corresponding bipartite
graph. The arc directions in the graph signify what variables are inputs to,
and outputs of, a particular relation. In this example, the variables m1 and f
are independent; therefore, the arcs from these variables are directed
outward. When a relation is used to compute a variable, the arc between
them is directed towards the variable; the variable is then determined and the
rest of the arcs from it are directed outward. When all but one of the arcs on
arelation node are directed inward, the relation can be used to calculate the
remaining variable.

R1: f =ma
R22ml1+m2=m

R3:m2=5

Figure 1. Bipartite graph of asimple set of equations.

As equations are added or variables made independent, Design Sheet
assigns appropriate arc directions and propagates them to determine al the
dependent variables. This process essentially decomposes the constraint
network into a sequence of subsystems which are solved individually, thus
improving the robustness of the overall solution procedure. In the example
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shown in Figure 1, m1 and f are independent, and the three equations need
to be solved for the remaining variables, m2, m and a. Instead of solving the
system as a 3x3 system, Design Sheet uses equation R3 to solve for m2,
eguation R2 to solve for m and equation R1 to solve for a

Unlike in the above example, it is not always possible to decompose the
solution of a constraint network into steps which use a single equation to
calculate the value of a single variable. When a set of equations need to be
solved simultaneously, they form a directed cycle in the graph, called a
strongly connected component (SCC). The graph-theoretic approach is
essential for decomposing a non-trivial constraint network. This process
involves several steps — directing the graph, variable determination, plan con-
struction and component decomposition. Directing is accomplished using a
variant of the Ford-Fulkerson algorithm for finding maximal matchings on
bipartite graphs (Cormen, et al., 1991). SCCs are identified using a standard
backward search and marking algorithm. Once Design Sheet figures out
which variables are determined, it can construct a plan for computing the
value of any or all of the determined variables. This is accomplished by
topologically sorting the appropriate portion of the constraint graph. In the
resulting plan, a single evaluation step corresponds to each SCC. A detailed
description of the decomposition and the plan construction mechanisms in
Design Sheet is described in Buckley, Fertig and Smith (1992).

A SCC can be solved symbolically when feasible, or numerically by
guessing initial values for al the variables in the SCC. However, robustness
of such procedures deteriorates rapidly as the number of eguations and
variables increases. A unique feature of Design Sheet is in further
decomposing a SCC by judiciously choosing a set of iteration variables,
whose values when known unravel the cycle, so that the system can be solved
sequentially. Once an appropriate set of iteration variables is determined,
Design Sheet uses constraint propagation to derive an error relation
corresponding to each iteration variable. The system of simultaneous
equations is then solved by iterating over values of these variables so as to
make the residual errors in the error relations negligible. All possible
combinations of variables in a component are possible candidates for
selection as iteration variables. Design Sheet uses a heuristically guided
branch and bound search, together with smart pruning, to efficiently find the
minimal set from among all these possibilities.

With nonlinear systems, it is sometimes easier to use an equation in one
direction than another, and in other cases, an equation cannot be solved in a
particular direction. For example, the equation, Sin(x) +y = z* Log(2), is
difficult to solve for z and the equation, z = If (x>y, vy, y°), cannot be solved
for x. Design Sheet uses direction penalties to account for the former and
forced directions to account for the latter.
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2.1. CAPABILITIES OF DESIGN SHEET

Conceptual design requires capabilities for what-if analysis and tradeoff
studies. Design Sheet provides a spread-sheet like interface for carrying out
what-if analysis, and a menu-driven graphical interface for performing
design tradeoff studies.

2.1.1. What-if Analysis

In Design Sheet, the user can interactively change the coice of input and
output parameters at run time. Design Sheet automatically restricts such
choices to those that are mathematically feasible. When new choices are
made, it automatically produces the computational procedures needed to
invert the model. Design Sheet can also use Lisp or FORTRAN programs to
define constraints among design variables, and can reverse flow through
such programs by iterating on input parameters.

2.2.2. Tradeoff Studies

The main purpose of Design Sheet is to perform tradeoff studies, which
involve determining the effect of different values of independent variables
on the values of dependent variables. The user defines new tradeoff studies
simply by specifying independent and dependent parameters of interest and
ranges in which to vary the independent variables. Design Sheet displays the
results of tradeoff studies using trade tables and plots. These facilities have
proved very useful for studying performance-cost and other multiple-
objective tradeoffs, and for quickly exploring large areas of design space.

2.2.3. Error Propagation

During conceptual design, estimated values are often used for some inde-
pendent parameters, but the designer would still like to know how errors in
these estimates affect the various tradeoffs. Design Sheet alows standard
deviations to be specified for independent variables, and uses the constraint
network for propagating the effects of errors in the independent variables. It
assumes that the errors in the independent parameters are not correlated and
performs a first order error analysis.

2.1.4. Constrained Optimization

Design Sheet has a limited capability for constrained optimization. It allows
any dependent variable to be minimized, subject to user-defined inequality
constraints. The basic algorithm iteratively determines if a given constraint is
active (or inactive), and if so adds (or removes) it as an equality constraint,
before solving the minimization problem using a modified gradient-search
algorithm.
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TABLE 2. Engine torque-speed curve data.

speed, rpm  torque, 1b-ft

0.0 0.0
1200.0 711.9907
1285.714 732.681
1371.429  731.1246
1457.143  719.921
1542.857 707.7778
1628.571 694.8433
1714.286 681.2361
1800.0 667.0525
3000.0 667.0525

TABLE 3. The primary independent variables.

Name Vadue Units Description

a 94.0 ft"2 Vehiclefrontal projected area

ca 0.188 - Aerodynamic resistance parameter

dvdtmax 5.0 f/'sf2  Maximum vehicle acceleration

ediff 0.96 - Differential efficiency

effg 0.99 - Transmission gear efficiency

ird 1 - Parameter specifying road type

irotat 0.2 Ib-ft"2  Moment of inertia

nax 1 - Number of axles

rag 3.5833 - Hypoid gesar ratio

rah 1 - Helica gear ratio

rap 1 - Gear reduction ratio at whed end

res 0.012 - Base value of rolling resistance

rirs 0.0103 - Coefficient of rolling resistance

rrm 0.2 - Rolling resistance parameter for atire type
sg 1 - Differential speed ratio

trad 20.0 in Tireradius

trg 1 - Differential torqueratio

vmaxmph 55 mph  Vehicle maximum speed

whi 1800  rpm Maximum engine rpm controlled by the governor
widle 950 rpm Idling speed/rpm of engine

wlo 1400 rpm Minimum engine rpm when shifted into new gear
wit 40000 Ib Gross combined vehicle weight

3.2.2. The grade and acceleration modules
The grade and the acceleration modules model the two operating modes,
namely constant velocity travel on a grade and acceleration from a stop,
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respectively. The relations in these modules are essentially those in Table 1,
and can be used to calculate the output torque for a given grade or
acceleration profile. The relations are represented independently in both the
modules, because the drive train life depends on a given acceleration profile
together with a given grade profile. Though both the modules have similar
equations for the most part, the variables participating in the relations are
different between the modules. The velocity in the grade module is the
constant velocity at which the vehicle goes up the grade, whereas in the
acceleration module, it is the velocity at a given instant during acceleration.

Vector variables and equations are used in both the modules. In the
grade module, elements of the vectors correspond to different grades in the
route, whereas in the acceleration module, they correspond to discrete time
instances during acceleration. In addition to the equations in Table 1, these
modules have relations for enforcing maximum limits on acceleration,
velocity and engine speed, and for modeling the gear shift policy. These
additional relations are shown in Table 4, for the grade module.

TABLE 4. Additiona grade module relations.

Name Form Description
GGRO1 {(wlo*60)/(trpm*gra*fgr(PG_igrlo[i])) = Use highest
Max(vlo,PG_v[i])*mph | i<=PG_NMAX} possible gear

GGRO2 {PG._ig[i] = Max(L, Int(PG_igrlofi])) |i<=PG_NMAX}  Lowest gear
GLMO0 {PG_gr[i] = fgr(PG._ig[i])/fgr(PG_ig[i]+1) | i<=PG_NMAX}

GLMO1 PG telossl = 0.0 Zero acceleration
GLMO02 {PG_teloss2[i] = If(PG_v[i] <vmax, 0.0, (PG _teavail[i] * Maximum limit
100* (PG _v[i] - vmax))/vmax) | i<=PG_NMAX} on velocity, vmax

GLMO3 {PG_teloss3[i] = If(PG_weli] <whi, 0.0, (PG_gr[i] - 1) * Maximum limit
PG_t€i] - (telo - tehi))* (1 - (PG_gr[i]*wlo - PG_we[i])/  on engine rpm, we
(PG_grfi]*wlo - whi))*(2*exp))) | i<=PG_NMAX}

GLMO04 {PG_telosg[i] = Min(telossmax* PG _teavail[i], PG_telossl
+ PG_teloss2[i] + PG_teloss3[i]) | i<=PG_NMAX}

GLMO5 PG_te= PG _teavail - PG_teloss

The maximum limits on acceleration, velocity and engine speed are
enforced by a reduction in the available engine torque, when such limits are
exceeded. The torque reduction (or loss) accounts for the partial load
operation of the engine. In practice, thisis done by reducing the throttle,
but in Design Sheet this is modeled by smooth nonlinear functions which
sharply increase the torque loss when the limits are exceeded (see Table 4).

The gear selection policy is modeled by the first two equationsin Table 4
for the grade module, and is illustrated in Figure3 for both the modules.
The lower curve in Figure3 corresponds to the constant velocity mode,
where the highest gear at which the engine can operate above a minimum
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engine rpm (e.g., 1400) is selected. The upper curve in Figure3
corresponds to the acceleration mode, where the gear is shifted up when the
engine speed reaches a given value (e.g., 1800 rpm). According to this
policy, from Figure 3, at velocity vl, gear 3 is selected in the constant
velocity mode, whereas gear 2 is selected in the acceleration mode; at
velocity v2, however, gear 4 is selected in both modes.
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Figure 3. Gear shifting in different modes of operation.

The main difference between the grade and acceleration modules is the
direction in which Design Sheet automatically chooses to use the different
relations for calculating the output torque. To illustrate this point, the
simplified directed graphs, which represent the systems of equations that
need to be solved simultaneously are shown in Figure 4 and Figure 5, for the
constant velocity mode and the acceleration mode, respectively. In the
figures, the actual systems of simultaneous equations and the variables
involved are connected by thick arcs, whereas the variables that are upstream
to this system are connected by thin arcs.

Asis clear from Figures 4 and 5, the same sets of variables and relations
are involved in both the modules. The main difference between them is
whether the acceleration force or the velocity is the independent variable.
The grade module (Figure 4) sets facc to be equal to zero, and solves for the
terminal velocity as wdl as the output torque for a particular grade. The
acceleration module (Figure5), on the other hand, uses velocity as a state
variable, and calculates the resulting faoc, the force due to acceleration, and

eventually the output torque by solving the force balance equations.
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Figure 5. Simplified directed graph of the component in the accel eration mode.
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3.2.3. The grade life and acceleration life modules

Corresponding to the two modes of operation, the two life modules have
equations relating the output (or pinion) torque to the expected life in
number of miles for the different components at that torque. Table5 shows
the relations in the grade life module; similar relations are defined in the
acceleration life module.

TABLE 5. Grade life module relations.

Name Form Description

GLF11 {PG_spsi[1,i] = (PG_to[i]/gpbr)*cdam | i<=PG_NMAX} Gear 1 bending stress
GLF12 {PG_spsi[2,i] = (PG_to[i]/ggbr)*cdam | i<=PG_NMAX} Gear 2 bending stress
GLF13 {PG_spsi[3,i] = Sart(PG_to[i])*kpgr |i<=PG_NMAX} Gear surface stress

GLF14 {PG_ncyc[j,i] = If(PG_to[i] =0, 1.0e+12, Gear bending
(cgb/PG_spsi[j,i])egb) | j={1,2}, i<=PG_NMAX} S-Ncurve

GLF15 {PG_ncyc[3,i] = If(PG_to[i] = 0, 1.0e+12, Gear surface
(cgg/PG_spsi[3,i])N(2*eg9)) | i<=PG_NMAX} SN curve

GLF16 {PG_ncyc][j,i] = If(PG_to[i] =0, 1.0e+12, Bearing livesin terms
If(bd[j-3] = 0, 1.0et+8, cbr*(bd[j-3]/PG_to[i])*ebr))  of bearing factors and
|j ={4,56,7,8}, i<=PG_NMAX} pinion torques

GLF17 {PG_nmil€j,i]= PG_ncyc[J i]/trpm/rag Cycles to miles
[j={1,3,4,5,6}, i<=PG_NMAX} conversion

GLF18 {PG_nmilglj,i] = PG_ncyc]j,i]/trpm Cyclesto miles
[j={2,7,8}, i<=PG_NMAX} conversion

The first three relations in Table 5 calculate the stresses in the gears from
the pinion torque. The next two relations model the SN curves for
calculating the number of cycles to fatigue failure of the gears; the S-N
curves are represented by empirical (exponential) functions. The next
equation is used to calculate the bearing fatigue lives from the pinion torque
and the bearing factors. Finaly, the last two relations are used for
calculating the number of miles to failure from the number of cycles to
failure, the tire revolutions per mile and the appropriate gear ratios.

3.2.4. The bearing module

The bearing module calculates the bearing factors, which are needed to
calculate the bearing lives for specific pinion torques. Essentialy, the
bearing factors are the stresses on the different bearings per unit pinion
torque. The bearing module calculates these unit stresses by balancing the
moments on the different bearings due to the pinion torque. In these
eguations, load factors are used to account for bearing locations and bearing
ratings are used to account for the bearing type and material. These are
independent variables that can be varied depending on the selected bearing
locations and bearing types.
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3.2.5. The damage module

The damage module has relations for calculating the total damage on the
different components as a result of travel over a specified route and start-
stop requirements. Table 6 shows the relations from this module. The first
four relations calculate the distance traveled in different modes and the total
distance traveled. The next three relations calculate the total damage by
summing damage due to different grades as well as accelerations in a route.
The last equation calculates life in miles, which is the reciprocal of damage.

TABLE 6. Damage module relations.

Name Form Description

DGOl GR_distsum = Sum(fdist(-0.09 + k * 0.01), Distance traveled in grade
k<=GR_NMAX) mode.

DGO02 AC _distsum=AC_distfAC_NMAX]/5280 Distance per acceleration.

DGO03 numstarts = Int(GR_distsum/milesperstop) Number of starts.

DG04 totaldist = (AC_distsum + DC_distsum) * numstarts +Total distance traveled.
GR _distsum

DG05 {AC _damage]j] = (numstarts/totaldist/5280) * Damage due to
Sum((AC_v[i]/AC_dvdt[i]/AC_nmile]j,i] + accderation

AC_V[i-1J/AC_dvdt[i-1)/AC_nmile[j i-1])*0.5*
(AC_V[i] - AC_V[i-1]), 2<=i, i<=AC_NMAX) | j<=8}

DG06 {PG_damagelj] = Sum(PG_dist[i]l/PG_nmil€[j,i], Damage due to constant
i<=PG_NMAX) / totaldist) | j<=8} velocity travel on agrade

DG0O7 {Damage]j] = AC_damage|j] + PG_damage]j] | j<=8} Overdl damage.

DG08 {Lifdj] = I/Damagelj] | j<=8} Reciproca of damage.

Damage in a component is expressed as the fraction of the distance
traveled at a specific torque level with respect to the expected life of the
component in number of miles at that torque level. Using Miner’s rule, the
damage due to constant velocity travel on a particular grade is summed for
the different grades to obtain the total damage due to constant velocity travel
on a positive grade. Similarly, the damage due to acceleration per each start
is obtained by integrating the damage due to instantaneous torques during
acceleration, and is computed by:

A
IN’n(X) INn(v)

where v is the velocity, x is the distance traveled and N is the life in miles at

any given instance during acceleration. A numerical approximation to the
right hand side integral is used in this module. The total damage in the
acceleration mode is calculated by multiplying this damage due to an
individual profile by the number of starts over the complete route.
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4. Using Design Sheet Model For Tradeoff Studies

The drive train life model described in the previous section can be used for
calculating the life of the components for a particular design specification
and route description (in terms of grade distribution and the number of
accelerations from stop). The interactive spread-sheet like interface of
Design Sheet, shown in Figure 6, can be used for what-if analysis to study
the effect of specific design and route changes.

vum
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T
III. ks
|Lamaga

Figure 6. Design Sheet user interface.

More importantly, the tradeoff study capability provided by Design Sheet
can be used to explore a large region of the design space by studying the
effect of various attributes on the drive train life. Figure7 shows a trade
table of the effect of gross vehicle weight (in |b.) on the eight component
fatigue lives (in miles), Life[1] through Life[8]. As can be seen from the
trade table, Life[5] and Life[6], corresponding to bearings 2 and 3,
respectively, are critical.

F—ﬂﬁl

T Zifef1] Life[2] Life(3] Life[d] ILife[5] Life(6] Life[7] Iife(B] =
30000 3829781. 4084075. 2313997, 1397291. 779725.29 133584.4 2.80986le+7 1.8024B86e+8
40000 1092939. 116550%. 1331642, 544210.3 78286.73 S2027.84 1.094371e+7 7.020238e+7
s0000 462147.3  4%2833.5 8%1354.2 282537.5 76549.93 27011.28 5681645, 3.6446%95e+7
60000 222600.2 237380.7 642579.8 163654.9 74321.87 15645.81 3290992, 2.111125e+7 ¥
5] ]

Figure 7. Trade table showing effect of gross vehicle weight on component lives.
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The plotting interface to the tradeoff facility can be used to get a clearer
view of the effect of gross vehicle weight on the lives of the two critical
bearings. Obtaining such a tradeoff plot, shown in Figure8, is trivia in
Design Sheet and only takes a couple of minutes. As can be seen from the
figure, change in weight has only a small effect on the life of bearing 2
relative to its effect on the life of bearing 3. Further, bearing 2 is critical
below a gross vehicle weight of 36000 Ib., whereas bearing 3 is critical for
larger values of vehicle weight.

125000 S pmr g |
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75000 F —ﬂEF—€}—ﬂeb—€}—49—“€%—{}—ﬂ9 E
50000 - T

25000 b

| I | | 1 I I
30000 35000 40000 45000 50000 55000 60000

Gross wvehicle weight, 1b

Figure 8. Effect of gross vehicle weight on bearing life.

Figure9 shows a similar tradeoff for the bending and surface contact
failure of the pinion gear. It shows the contribution of acceleration mode
travel to the total damage (reciprocal of life). This tradeoff reveas that the
majority of the damage is a result of acceleration. It further illustrates that
increasing the vehicle weight has a far greater impact on the bending
damage. Also evident is the fact that surface damage is more critical than,
though comparable to, bending damage below a weight of about 36,000 Ib.,
whereas bending damage becomes critical above that weight.

Though it is enticing to draw conclusions about the transition of
criticality between components at specific weight values, one has to be
cautious while interpreting the results. For example, the tradeoffs in
Figure 8 and Figure 9 are obtained for a constant vehicle frontal area, which
may not be valid considering the wide range of gross weights used.
Accurate conclusions can only be drawn when the relationship between the
gross weight and frontal areais established. The power of Design Sheet lies
in here, in that such relations can be added incrementally at run time, without
requiring time-consuming modifications to the software.
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Figure 9. Effect of gross vehicle weight on pinion gear damage.

Let us now consider the tradeoff between the two bearing lives as the
vehicle weight and frontal area are varied independently. Figure 10 shows
this as a cross plot produced by Design Sheet. The tradeoff from Figure 10
clearly shows that there are regions in design space where the lives of both
bearings 2 and 3 are high, whereas there are other regions where the life of
bearing 3 falls dramatically. This information is similar to that obtained in
Figure 8, but provides a more appropriate view of the design space to the
engineer, by demonstrating the effect of both the vehicle gross weight and
frontal area on asingle plot. The tradeoff shows that gross weight has a
much greater effect on bearing lives than the frontal area of the vehicle.
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Figure 10. Effect of gross weight and frontal area on bearing life.
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As a final example of Design Sheet's flexibility, Figure 11 shows the
effect of maximum velocity (in mph) on the vehicle weight and fatigue life
tradeoff for bearing 2, which shows that reducing the maximum velocity has
a much larger impact on bearing life at higher values of gross weight.
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Figure 11. Effect of maximum velocity on the life of bearing 2.
5. Conclusions

Design Sheet has proved to be a highly flexible environment for building
analysis models and using them for tradeoff studies during conceptual
design. It derives its strength by integrating constraint management methods
with symbolic mathematics, robust equation solving, and a specialy designed
software environment for supporting tradeoff studies. Like other constraint-
based systems, Design Sheet decomposes the design constraints into
manageable subsets, before solving them. However, in contrast to other
systems, Design Sheet further decomposes simultaneous subsets of equations
before applying numerical solution techniques, thus improving the
robustness of the overall solution process. This is also the main factor
behind the success of Design Sheet on applications with as many as five
thousand constraints.

The drive train life application clearly demonstrates that Design Sheet can
be used to quickly develop complex models and flexibly obtain interesting
tradeoffs. The tradeoff plots illustrated in this paper were obtained in a
matter of minutes, but more importantly, each successive tradeoff was
decided upon only after reviewing the results of the previous tradeoff plots.
It is this flexibility that sets Design Sheet apart from other design tools;
generating similar tradeoff plots without recourse to Design Sheet would
have taken hours, if not days. This application aso illustrates how Design
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Sheet automatically uses the same equations in different directions, in the
two operating modes, to calculate velocity and acceleration force. In certain
situations, such as when one tries to specify a value for the life of a
component and calculate the value of an upstream design parameter, the
computational complexity of determining a cut set for large components
could prohibit Design Sheet from propagating values backwards through the
constraint network. In future, we plan to overcome such difficulties by add-
ing to Design Sheet the capability to reason with function-valued attributes.
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