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Abstract: The placement of components on a printed wiring board (PWB) affects
reliability, manufacturability, maintainability, and cost. In the past, placement
techniques have been developed solely on the basis of minimizing the total wirelength
necessary for the complete interconnection of the components. This paper presents
techniques to improve placement based on reliability as well as routability. The
approach discusses an innovative coupled force-directed methodology.
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Introduction: Placement of electronic components onto a printed wiring board (PW8)
75 a complex problem which involves a number of tradeoffs between several often
conflicting goals. A good placement configuration provides sound thermal management,
high reliability, and the ease of producibility, For these reasons, placement proce-
dures must help maintain cooling paths on the board, minimize the failure rate of
components due to the thermal response of the system, maintain track sizes and widths
at prescribed levels to minimize wire build-up, cross-talk, and signal degradation,
minimize the number of layers on which routing paths are layed out, minimize the
number of vias necessary to interconnect layers, and reduce congestion (or wire
cross-overs). In effect, the placement configuration should reduce the life cycle
cost of manufacturing and maintenance in the field. Layout engineers are thus faced
with the task of examining a large amount of data on the characteristics of indivi-
dual components, the logic design of the system, the electical constraints, the ther-
mal control being employed, and physical constraints placed on the size, shape, and
weight of board, as well as the environmental characteristics to which the electronic
system will be exposed.

The layout stage of an electronic system design is the link between the creative
logical design of a viable electronic system and the practical design which must go
into physically realizing the system. The layout process incorporates partitioning,
assignment, placement, and routing. In the partitioning and assignment stage, a
Togic diagram is partitioned into logic elements which have assigned to them electro-
nic components which perform the desired functions. On the basis of the given logic
design, groups of electrically common pins, refered to as signal sets, are intercon-
nected to form nets. Since electronic components contain a number of pins, it is
common for individual components to belong to more than one distinct net.
Furthermore, due to electrical considerations, such as timing signals, some signal
sets may be more critical than others. After the signal sets are assigned, the
components must be placed on the board. The board provides the physical support for
the components and a base on which the interconnection paths are routed.

The most common measure used to determine the success in placement is based on an
approximation of the total wirelength necessary to route the board. Minimizing the



total wirelength generally reduces the wiring area, congestion, and the number of
vias necessary for routing., At present, there are many placement techaiques based on
minimizing the wirelength [1-13].

When considering the component placement problem, it is clear that no one method can
satisfy the large number of goals and constraints which can be applied. In fact,
placement for one goal can have an adverse effect on some other goal. For example,
if components are placed strictly for reliability, the routability of the board may
become unacceptable. "Thus, any placement procedure must allow for a certain amount
of sacrifice on some or all of the placement goals. If tradeoffs are not made, then
the design may never reach maturity,

In the placement of electronic components on a PWB, reliability prediction and analy-
sis have typically been treated as post-processes. However, design for reliability
should be up-front in the design process. In particular, Pecht, Palmer, and Naft
[22] have examined placement for reliability on convectively cooled boards and deve-
loped placement routines for determining near optimum placement configurations.
Dancer, Pecht, and Palmer [20] compared several optimization schemes for convectively
cooled PWBs for computational accuracy and speed. Mayer [23] has examined optimizing
reliability and life-cycle cost based on the thermal design of avionic electronics,
In addition, the MIL-HDBK-217E [17] and the Reliability Design Handbook [27] stress
the importance of reliability considerations in the design of all electronic systems.

In this paper, a method of combining placement for reliability and routability is
discussed. The method consists of a coupled force-directed placement procedure which
is modified to include reliability and routability placement information. An example
is given to demonstrate the use of the procedure and to show the trade-off capabili-
ties between placement for reliability and routability. Details of this work can be
found in [29].

Placement for Reliability: 1In the design of electronics for reliability, there are a
number of handbooks, specifications and guidelines which can be employed. The
Military Handbook MIL-HDBK-217E [17], is one standard for the military and is com-
monly employed in industry. The failure rate, A,, for an individual component can be
expressed in terms of the Arrhenius model in the form

. _ =R 1 1
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where By and Dj are constants determined by the package type, electrical and thermal
characteristics for component i, and Tjc; is the component junction temperature. The
reliability of a PWB is dependent on the failure rates of ali the components mounted
on it. The failure rate is a monotonically increasing function of the component
junction temperature, which is dependent on the heat dissipation, the locations of the
components, and the cooling technology employed, Thus, although individual component
reliabilities improve with the reduction of temperature, optimizing the placement for
thermal response does not necessarily guarantee optimal reliability [22,23]. Since
individual components have different heat dissipations, thermal resistances, and
reliability sensitivities, the total failure rate must be considered as a criterion
for effective PWB placement,

When the components of the PWB are assumed to be serially interconnected, the total
failure rate, AT’ of the PWB is



A= Z 2 (Ticy) : (2)
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where N is the number of components on the board. The objective is to improve the
total reliability of the PWB by minimizing the total failure rate of the board. The
concept employed in the solution of the problem is based on an innovative interpreta-
tion- of the scheduling problem addressed by Rothkopf [24,25], and McNaughton [26].
They found that if the cost function is a linear or exponential function of some
variable t, then a priority ordering scheme exists which guarantees an optimum solu-
tion. Since the failure rate prediction equations are exponential with respect to
the component junction temperature, the problem is to develop the placement scheme to
include the heat transfer equations of the cooling mode being applied to the board.

Force-Directed Placement for Reliability and Routability: The Reliability placement
procedures can be used to achieve placement configurations that have near minimum
total failure rates for conduction and convection cooling models., Using a force-
directed placement methodology, a global placement procedure for both routability and
reliability is developed. To apply the force-directed placement procedure to the
problem of placement for reliability, the reliability placement procedures are used
to produce a placement pattern on the board based on the number of rows or columns
desired on the board and the dimensional constraints of the board and the components.
A fictitious connectivety matrix is then generated to yield the same placement con-
figuration under force-directed placement processing. The fictitious connectivity
matrix is called the position-adjacent matrix. The actual connectivity matrix, is
developed from the interconnection nets or signal sets following the procedure of
Quinn and Breuer [6].

Te show the applicability of the coupied force directed placement procedure, an
example is given. Components were selected from the MIL-HDBK-217€ [17]. The values
of the = factors used in the calculation of the component failure rates were:

= 0.25, m = 1.0, =g = 1.0, and wy = 1.0. The coupled force-directed placement
procedure was applied $or both convection and conduction cooling models using
weighting factors, w, of 0, 0.25, 0.5, 0.75, and 1.0. A weighting factor of w=1
represents placement for routability while w = 0 represents placement for relizabi-
lity. When w = 0.5 the force constants are equal for routability and reliability.
The final placement arrangements was set in array form on the board from the rough
placement configurations resulting from the coupled force-directed placement proce-
dure.

Once the components were positioned on the board, the placement was analyzed in terms
of the approximate total wirelength (TWL) and the total failure rate To
approximate the total w1re|ength the center to center Manhatten dlstange was
measured between each pair of interconnected components and summed over all intercon-
nections, This procedure yields a measure of the complete graph needed to connect
all components in the various signal sets. 1In the convection case, the working fluid
was air with an inlet fluid temperature of 20°C and an average outlet temperature of
40°C. Although, the rows are not physically independent this treatment yields
results with only marginal errors. The conduction cooling analysis was performed
using a finite difference model on the board. The boards had sinks at opposite ends
along their lengths. The sink temperature was set at 30°C. The sides of the boards
were assumed to be insulated. From the thermal and reliability analysis, the com-
ponent junction temperatures and the total failure rate were calculated for each pla-
cement arrangement. Figure 1 gives the input data for the 10 component example.



The ten components were placed on a convectively cooled board that is cooled from
left to right through a fin structure attached to the bottom of the board. In the
reliability placement procedure, the placement configuration was set to have 3 rows
parallel to the flow direction. The convection placement procedure results are given
in Figure 2. From these results, the position-adjacent matrix can be established.
For example, since component Ul is adjacent to component U8, a 1 is placed in the
position adjacent matix in row 1 column 8 and row 8 column 1. Since component U7 is
in-calumn 1 and row 2 on the board as a result of the placement procedure, it is
adjacent to components U6 and U9 which are also placed in column 1 on the board and
component U5 which is to be positioned in row 2 and column 2 on the board. Entries
are made in the position adjacent matrix based on these facts. Since component U7 is
in column 1 on the board which is on the inlet edge, an entry is made in the
position-adjacent matrix at column 7 and row 7. . The entire position-adjacent matrix
is established and presented in Figure 3a. The corresponding replusive matrix is
given in Figure 3b, The entries are given as 1 since for this particular case only
the reliability placement is tested. In the coupled placement procedure, the two
matrices presented in Figure 3 are multiplied by the average connectivity matrix
entry.

The connectivity matrix is generated from the net list given in Figure 1, and the
connectivity matrix is depicted in. Figure 4. The results of placement for convection
and conduction cases are shown in Figures 5 and 6. The total wirelength (TWL) and
the total failure rate (1.) are defined as the percentage off of the minimum value
calculated for each example, For example, if me. is the minimum calculated failure
rate and for a particular weighting factor, A '¥s calculated, then the percent off

is given by Teal

Mcal = Mmin

A = x 100 (3)
Tpercent ATmin

The same procedure is employed to caculate the precent off the total wirelength,
Examining the graphs in Figures 5 and 6, we note that the total wirelength
experiences a smooth transition of TWL while increasing the weighting factor,

The coupled force-directed placement procedure allows the layout designer to place
components for either reliability or routability depending on the selected weighting
factor. In addition, the placement procedure can be used as a tool to place com-
ponents and then determine the tradeoffs which can be made in placing for reliability
and routability. As the weighting factor is increased to 1 (towards placement for
routability), the total wirelength decreases as expected. The total failure rate
generally increases when increasing the value of the weighting factor., The rate of
increase in the total failure rate with the increasing weighting factor is generally
more erratic than the rate of decrease in the total wirelength, The problem is that
the position-adjacent matrix models a final reliability placement configuration,
which when combined with the routability placement procedure loses some of the phy-
sics of the reliability placement procedures.

When applying the force-directed placement procedure to highly connected systems, the
components tend to cluster and the resolution of components into positions on the
board becomes difficult. In some cases, the placement procedure must be performed in
several stages. Initially, all components are allowed to move freely on the board
until the system converges. Then, components on the outer edge of the clusters are
assigned board slots relative to their positions with the other components on the
board. Once the components are assigned border locations, these components are
locked in place and the force-directed placement algorithm is repeated., If



overlapping is still a problem, more components on the outer edge of the clusters are
assigned positions based on their relative positions to the other components on the
board, These components are then locked and the force-directed placement algorithm
is repeated. The procedures described above are continued until all components posi-
tioning are resolved,

A1l programs were written in Boriand‘'s TURBO BASIC and run on the IBM AT personal
computer, The force-directed placement algorithm required from three to five minutes
depending on the problem size. The resolution of overlap was performed using the
assignment algorithm developed by Munkres [28]. Placement resolution required four
to eight minutes depending on the problem size,

Summary: The methodology for placement of electronic components presented here is
based on minimizing the total failure ‘rate of the system and on minimizing the total
weighted wirelength, A coupled force-directed placement procedure was developed to
combine placement for reliability and routability.

The methodology of placement for reliability differs from existing methods of place-
ment in that it addresses the physics of the problem rather then methodically
guessing at better placement configurations. For a placement procedure to be totally
effective, consideration of other electrical and mechanical constraints must be
included in the hierarchy of the placement system.
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Comp| Type Heat R.C ‘Ai C1 C2 Com- # Connections
Name Diss.| I plex- | of
(W) ] °C/W ity pins

ul 00108-C| 0.24 ] 50 | 4635
U2 00404-C | 0.18| 50 | 4635
U3 02601-C | 0.04] 50 | 5214

0 0.0048 | 6G 14 yz,u6,U8
0
0
u4 02802-C{ 0.12} 50 | 5214} O.
0
0

1
11 0.0048| 3G 14 u6,u7
11 0.0048 ¢ 4G 14 u8,uy9,ulo
1] 0.0048 | 3G 14 u5,u9,ul0
Us 65001-C} 0.30] 50 | 6373 1
U6 40301-J | 1.00§ 40 | 5794 6

0.0048 | 4G 14 u7,ul0
0.0090 | 163849 24 ui,u2,u7,u8
u10,uU10,U10
u7 23105-E] 0.94| 50 | 5214 | 0.029 0.0056 | 10248 | 16 u2

us 08101-C| 0.48] 50 | 5214] 0.01{ 0.0048 ] 2G 14 u1,u3

us 10104-C | 0.40 | 50 | 7532| 0.01] 0.0048 | 297 14 u3,u4,ul0
Ul0 § 07904-E| 0.34] 5G | 5214 0.01| 0.0056 | 15G 16 u3,u4,U5,U6
u6,u6,U10

Figure 1. Component Data for Placement Example TN1O

U9 Uz us )
U7 U5 02
U6 Ua 10

Figure 2. Convection Placement Results



ul U3 U4 Us U6 u7 us us uio
u1 0 0 0 0 0 0 1 o 0
u2 0 0 0 1 0 0 1 0 1
U3 (0 0 0 1 0 o] 1 1 (o)
U4 0 o 0 1 1 o] ' 0 o] 1
Us 0 1 1 .0 0 1 0 0 0
U6 0 (0] 1 0 1 1 0 0 0
u7 0 0 4] 1 1 1 0] 1 0
us 1 1 o] 0 0] o 0] 0 0]
U9 0 1 0 0 (0] 1 0 1 0]
uio| o 0 1 0 (0] 0 0 0] (o]

a) Position-Adjacent Matrix

S} 1 u3 U4 uUs U6 u7 us us uU1o
U1 O 1[0.286(0.286|0.286|0.286]0.2865(0.286f O |0.286!0.286
U2 |0.286 0.'288 0.286 0 0.286|0.286 0 0.286 0
U3 |{0.286(0.286 0 0.286 o 0.28610.286 0 0 0.286
U4 10.286(0.28610.286| O 0 0 {0.286|0.28610.286( O
US 10.286 0 0 0 [0.286] O |0.286(0.286|0.286
U6 |0.286)0.286}0.286] O .286] 0 0 {0.286)0.2861]0.286
U7 ]0.286)0.286{0.286|0.286 0 0 0 0.286 0 0.286
us (0] 0 ]0.286|0.286|0.286]0.286] O |0.286{0.286
Us |0.286(0.286] O [0.286(|0.286|0.286] O |0.286] O {0.286
U10{0.286 0.286| O .286(0.286(0.286(0.286|0.286] O

b) Position-Adjacent Replusive Matrix
Figure 3. Reliability Placement Matices for Example




ul u2 u3 U4 us us u7 us us uio
U1 0] 1 0 0 0 1 0 1 0 o]
1 0 4] 0 0 1 1 0 0 o
u3 0 0 0 0 ] 0 0 1 1 1
Ua 0 0 0 0 1 0 0 0 1 1
Us 0 0 0 1 0 0 1 o] 0 1
LB‘ 1 1 0 0 : 0 0 1 1 0 3
u7 0 1 0 0 1 1 0] 0 o} 0
us 1 0 1 0 0 1 o] o) 0 0
ug 0 0 1 1 (o] 0 0] ¢} 0 1
U100y o 0 1 1 1 3 0 0 1 o

a) Connectivity Matrix

Ul U2 u3 U4 us 83 u7 us Ug U10

Ul 0 0 0.731]0.731}10.731 0 0.731 [¢] 0.73110.731

u2 0 0 0.731§0.731(0.731 0 0 0.73110.73110.731
U3 [0.73110.731] O }0.731(0.731;0.731}0.731| O (o] 0
U4 10.731{0.731(0.731| O 0 [0.731]10.731]0.731 0 o
US {0.73140.731)0.731 0 0 0.731 0 0.73170.731 0
U6 0 0 ]0.731)0.731}0.731] O 0] 0 ]0.731 0

U7 10.731 0 0.73110.731 0 0 0 0.731)0.731]0.731

us 0 0.731. O 0.73110.731 0 0.731 0 0.73110.731
U3 10.731170.7311 0 0 10.73110.731]0.731]0.731 0 0
U10]0.731(0.731 0 0 0 0 0.73110.731 0 0

b) Replusive Matrix
Figure 4. Interconnection Matices for Example
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