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ABSTRACT

This paper presents an algorithm for I/O pad assignment used to assign off-chip I/O's
to pads (at the chip periphery) prior to the module placement process. Both timing and
geometrical constraints are transformed into connection strengths which represent proximity
relationships for the off-chip 1/O's of the network. An objective function for the I/O pad
assignment problem is proposed and experimentally shown to be almost monotonically
increasing with the cost of the module placement. An algorithm for minimizing the objective
function using a heuristic constructive assignment followed by iterative improvements was
experimentally shown to produce solutions comparable to solutions using the simulated
annealing technique, but requiring far less computation time.

1. INTRODUCTION

When using a physical analogy (e.g. force, energy, resistive network) or mathematical
programming methods to model and solve the module placement problem, fixed assignment
of off-chip I/O's to pads is usually required prior to placing the modAés5.6.7.8.9This is
so because well-defined relative positions of the modules are obtained when the off-chip 1/0O
positions are fixed, whereas all modules collapse to the center of the chip (assuming no
repulsive force is used) when they are not. It is obvious that different I/O pad assignments
will usually lead to different placement results. In other words, the quality of the module
placement result depends heavily on the preassignment of I/O2paslsshown for the
example in Figure 1.

In this paper, an I/0O pad assignment algorithm is presented. The algorithm transforms
the entire network into a new network consisting only of off-chip 1/O's and their
relationships. The relationships (weights) among the off-chip 1/O’s indicate the proximities of
the 1/O's, and are derived from the path-delay constraints and the structure (which considers
both module sizes and their interconnections) of the original network. Then an objective



function representing the I/O pad assignment problem is minimized. The objective function
(similar to a quadratic assignment problem) is formulated by using the weights among the
I/O's and the distances between pads (distributed at the chip periphery) in such a way that it
will lead to the minimum cost for the subsequent placement process. These steps are
discussed in the following sections.
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Figure 1. Module placement results with different I/O pad assignments

2. OFF-CHIP I/0O PROXIMITY RELATIONSHIPS

The main objective of the 1/0O pad assignment process is to find an assignment which
produces a minimum cost placement when the actual module placement is done. In the initial
module placemeri the objective function to be minimized is the total normalized wire delay
of all paths, which can be transformed to a total weighted wire delay as shown belady,. (Let
be delay of wirev andDmax, be maximum allowable wire delay of pattwhich is obtained
from the difference between the given maximum delay of pathd total delay of modules
on pathp.)
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Let n be the number of modules including off-chip 1/0's (for simplicity, off-chip 1/O's
are assumed to be modules) of the network,Ngde the set of off-chip I/O's. L& andS
be nxn matrices where; of C ands; of Srepresent the proximity relationships between
modules andj based on the timing constraints and geometrical constraints, respectively. For
any connected modulesndj, ¢; = X ¢, for all the wiresw connecting moduleisandj. For
any non-connected modulesndj, ¢; can be computed from the following assumptions. Let
u; be the expected distance between moduteslj whereu; is inversely proportional to;
(i.e., the stronger the connection strength, the shorter the distance between modules). From
the triangular inequality property, for any moduilgls k u; < uy + Uy (i.e., " < G*+G;Y).

Setting qj‘l = rHLn{ Gt + qzjl} satisfies the above distance property so that it can be used for

computing the connection strengths of non-connected modules based on timing information.

s; is a value indicating the maximum allowable distance between madate so
that any two modules located on any path fiolmj can be placed adjacent to one another.
Let L, be the estimated width of modW{€a module is modeled by using a circle whose area
is the same as estimated module area, therefoseassumed to be equal to the diameter of
the corresponding circh. For any connected modulieand;, s; = 0. For any non-connected

modulesi andj, §; = rEan{% + L+ $<j} i.e., when andj are to be placed, it is preferred

that the distance between both modules be as clageatopossible.

Since only the relationships between off-chip 1/O's are needed in the objective
function (described later), the matrid@sndS whose elements; andc;;, ieM;,, jeM;,, can
be determined by using the shortest path algorithrRor matrixC, let graphG, = (V,, E.)
(see Figure 2b)V, is a set of vertices representing modules. There is an edge between
verticesy; andy; if there is a signal net connecting modulesndj. Associated with each

edge is the value,j'l wherec; = £ ¢, for all the wiresw connecting moduleisandj. Let Vg,

be the set of vertices representing all the off-chip 1/O's. The problem is to determine the
shortest path among all the verticesMaf,. Thereforec; is equal to the reciprocal of the
distance of the shortest path frerandy;, wherei andj are off-chip I/O's.
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Figure 2. Examples of grapl@ andGq .

For matrixS, let graphGs = (Vg, Eg) (see Figure 2c)is a set of vertices whewg is
a vertex representing signal There is an edge between vertivggindy, if both signalsp
and q are connected to the same module. Associated with each edge is the width of the
corresponding module. Lats, be the set of vertices representing signal nets which are
connected to I/O's. The problem is to determine the shortest path among all the vertices of
Vs,. Therefore,s; is equal to the distance of the shortest path frgrto v, where 1/Oi
connectes to signgland I/Oj connects to signa.

3. OBJECTIVE FUNCTION

Let P be a set of pads, ardl be a|P| x |P| matrix where an elemeni, of U is the
Euclidean distance between pddandl. Given a possible assignment of off-chip I/O's to
pads,p, where 1/Oi is assigned to pag(i), an objective functionQ, for the I/O pad
assignment problem is defined as follows :

Q= Z[qj WS, Howa))]
g



FunctionW defined below represents the cost for assignmernittid@adp(i) and 1/0j to pad
p(j) based on the geometrical constraints.

oo OF
Wi, Uor )= P()P()
S Yo EE S &

The above functioltV suggests that if,;,; is greater thag;, it means that some connected
modules on a path between off-chip I/©andj cannot be placed adjacent to one another
because the distance between the Ce&d j, Uy, exceeds the maximum allowable
distance specified by;. Therefore there is a penalty wheg, ;) is greater thas; (by using

the square function).

In order to show that the objective functi@Qnof the I/O pad assignment problem has
the characteristics close to the ideal objective function, a set of one hundred different I1/0O pad
assignments were fed into the initial module placement process presented in our previous
work 1 to obtain module placements based on each of the given /O pad assignments. Then
the costs of the obtained module placemeRtgeach of which is the summation of the
normalized total wire delays), were plotted against the costs of the 1/O pad assigiignents,
Five different examples were used for the experiment. The plots BfdhdQ relationships
for all the examples are shown in Figure 3.

An ideal 1/0O pad assignment objective function should have a monotonically
increasing relationship to the cost of subsequent module placement. All of the plots in Figure
3 exhibit an almost ideal relationship. In other words, the 1/0O pad assignment having the
minimum value ofQ is likely to yield the minimum cost for the subsequent module
placement.

4. OPTIMIZATION TECHNIQUE

Given the matrice$ and C along with distance matrii, the I/O pad assignment
problem is to find an assignment with minimum cost funcfon
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This optimization problem is similar to the quadratic assignment problem. A simple
constructive assignment similar to the pair-linking metAdfollowed by an iterative
improvement method, is used to determine the minimum-cost assignment. There are two
operations used during the iterative improvement phase. The first operation is to move an I/O
to be adjacent to another I/O when both I/O's connect to the same module. The other
operation is to swap the pad positions of two selected I/O's.
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Figure 3. The costs of I/O pad assignment (x-axis) versus
the costs of module placements (y-axis)

The algorithm starts by choosing an I/O which has the maxiojpemd placing it on
a pad if there is no pre-placed pad. Then the next I/O is selected and placed one I/O at a time.
The 1/0O which has the largest number of already placed 1/O's connected to the same module
is chosen first since we prefer to have 1/O's which connect to the same module plcaed close
together. In case of a tie, the I/O which has the maxiriyns chosen. The selected I/O is
placed closed to a placed I/O where th&jris maximum in order to minimize the cost
function. When all the I/O's are placed, additional iterative improvement is applied to the
current assignment by trying to move two I/O's which connect to the same module so that
they are placed adjacent to each other. The other iterative improvement operation is to swap
any two I/O's. The new assignment is accepted only when its cost is better than the cost of the

previous assignment.

I02PadAssignement

{
if ( there is no pre-placed I/O ) {

Choose an I/@ having the maximur;
Assign 1/Oi to a pad.



}

do{
Choose I/G having the maximum number of already placed I/O's

which connect to the same module dses.

If there is a tie, choosehaving the maximum’; wherej is a placed I/O.
Placed as close tg as possible wheies a placed I/O andj; is max.

} until (all the 1/O's are placed )

Iterative improvement by moving operation.

Iterative improvement by swapping operation.

5. EXPERIMENTAL RESULTS

In order to show the effectiveness of the optimization procedure described in the last
section, a simulated annealit§procedure (SA - shown below), optimizing the cost of the
I/O pad assignment problem, was implemented. There are two operations used for obtaining
the new solution during the SA algorithm. First operation is swapping two I/O's. The other is
moving one I/O to be adjacent to another I/O. (This operation involves shifting the location
of 1/0's located between the two selected I/O's.) Notes that the starting temperature is
obtained by swapping random pairs of 1/O's for one hundred times and setting the starting
temperature to be the average of the cost increase.

set the initial random assignment
Temp<« GetlnitialTemp()
NumTries«<— 100x (# of 10's)
NumLimit« 10 x (# of 10's)
Cost«— ComputerCost()
do {
do {
randomly select two I/Oisand]
if (RandomNo(x 0.5){
if (RandomNo(x 0.5)
Movei to the right of
else
Movei to the left of]
}else {
Swap positions of andj
}
NewCosk— ComputeCost()
AE <~ NewCost Cost



if ( AE <0 OR RandomNo() <@E/Temp)
Cost« NewCost
else
Restore previous assignment
} until ( #new assignment KumLimitOR #Loops NumTries)
Temp« 0.97x Temp
} until ( no new assignment OR freezing point is reached )

The same five examples used in the previous section were used here to compare the
results obtained using the simulated annealing technique with those obtained using the simple
heuristic procedure presented in the last section. The results are shown in Table 1. With far
less computation time, the results of the heuristic method are only slightly worse than the
results from SA. It was observed that all of the results from SA have all of the I/O's which
connect to the same modules placed close to each other, which corresponds to the heuristic
used in the proposed procedure.

Ex | #mods #1/Os #Nets Assignement cd3} ( Time (seconds)

SA Heuristics| %difference SA Heuristi¢s
ex3 20 8 29 82.23 82.28 0.00 559.0 0B7
exd 30 24 63 270.18 270.63 +0.17 7696.5 6|68
ex5 15 8 30 46.34 47.66 +2.86 183.7 02
ex6 25 20 53 2390.74 2570.08 +7.50 4671.8 5.00
ex7 20 24 82| 54766.52 57378.40 +4.77 7882.1 184.37

Table 1.

6. CONCLUSION

In this paper, a procedure for I/0O pad assignment has been presented which is used to
assign off-chip 1/O's to pads prior to the module placement process. Both timing and
geometrical constraints are transformed into connection strengths which represent proximity
relationships for the off-chip I/O's of the network. An objective function for the I/O pad
assignment problem is proposed and experimentally shown to be almost monotonically
increasing with the cost of the module placement. An algorithm for minimizing the objective
function using a heuristic constructive assignment followed by iterative improvements was
experimentally shown to produce solutions comparable to solutions using the simulated
annealing technique, but requiring far less computation time.
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