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Abstract 

 
This work proposes a timing-driven placement 

algorithm that uses a new type of timing analysis, which 
we call smooth timing analysis. It constructs the timing 
cost function as a smooth function of cell placement. In 
addition, for net modeling the algorithm uses a 
companion net routing that provides more accurate 
wire delay. The placement task is then formulated as a 
non-linear optimization problem. Experiments prove 
that the proposed method is applicable to build timing-
driven placement solutions for designs with thousands 
critical cells. Experimental results on blocks from 
recent microprocessor designs show a 65% average 
improvement in total negative slack comparing to a 
leading industrial flow. 

 

1. Introduction 
 

Currently there is great interest in new placement 
algorithms for cell-based designs. It is influenced by 
current technological trends and a transition to 
submicron process which results in new effects in 
interconnects, such as large resistance, noise, etc. The 
most common cost-function which is optimized in the 
basic placement algorithms is the total length of 
interconnects (or total wire-length, TWL). Indirectly, 
this helps to optimize timing of a circuit. However, it is 
necessary to take into account quadratic dependency of 
wire delay on wire length, different cell characteristics 
(load capacitance, drive strength), and path criticality to 
achieve satisfactory results for industrial high-
performance designs. 

This work proposes a method to introduce accurate 
timing models in the core of the placement algorithm. 
We show a technique that enhances the internal STA 
algorithm to calculate a TNS function of cell 
coordinates which can be used in placement 
optimization. We use global routing to model 
interconnects in placement, which makes timing 
estimation more accurate. We have chosen to use 
analytic placement as a core of our algorithm, as it is 
very convenient for formulating non-linear objective 
function, and to use regularization idea from [1] for 
smoothing cusps in functions, such as absolute  and 
maximum value. 

The rest of the article is organized as follows: in 
section 2 we describe the placement problem 

formulation and its cost function. In section 3 the idea 
and implementation of dealing with timing cost is 
described. Section 4 will cover some optimization 
strategies. In section 5 we present the placement flow 
and experimental results. Section 6 includes the final 
remarks and conclusions. 
 

2. Placement problem formulation 
 

We use an analytical placement engine similar to 
APlace [2]. APlace is formulated as an unconstrained 
non-linear optimization task minimizing the cost 
function consisting of two terms: wirelength and cell 
spreading. In this work the placement task is formulated 
as an unconstrained non-linear problem minimizing the 
following cost function: 
 ngSmoothTimiyCellPenaltCost +=  (1)  
where  CellPenalty is a spreading term that was 
borrowed from [2] and SmoothTiming estimates timing 
quality of a circuit which will be defined further in this 
section.  

We use the quasi-Newtonian method from the TAO 
toolkit [5] to minimize cost function (1). In this method 
it is required that the value of the cost function and its 
partial derivatives with respect to all independent 
variables (the gradient vector) be calculated at every 
optimization iteration. 

The SmoothTiming cost term approximates the total 
negative slack (TNS) of the circuit: 
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where the calculation of )( ieslack  is described in the 
following section, and E is the set of endpoints of 
combinational logic, i.e., primary outputs and input pins 
of sequential elements. 

For timing optimization it is important to model 
interconnects in the placement accurately. We propose 
to use global routing to model nets during placement. 
We then allow the routes to change during placement 
optimization. The net is represented by a Steiner tree 
with additional (Steiner) points that are used for 
topology structuring. The idea of the approach is to 
consider those additional points as movable during 
placement optimization. The coordinates of those points 
are treated as independent optimization variables along 
with the cell coordinates. During cell spreading, the 
Steiner tree may also require updating (Fig. 1). The 
frequency of routing updates using global router is 
defined by the user. 



 

Thus, every net consists of a set of two terminal 
segments. A terminal may be either a cell pin or a 
Steiner point. For a segment with two terminals which 
are positioned at ),( 11 yx  and ),( 22 yx , we estimate its 
length using Manhattan distance: 

 2121 yyxxgthSegmentLen −+−=  (3) 

All cell positions and Steiner points in the design 
constitute a set of independent variables V. Let us 
denote the space of all V values as X. 

 

 

 

3. Smooth timing analysis 
 

In this section we describe how we evaluate the 
value and gradient vector for )( ieslack . Our regular 
static timing analysis (STA) algorithm takes a placed 
and routed design as an input and then estimates the 
wire R/C as a linear R/C multiplied by the estimated 
length of a wire segment (3). The flow of calculations 
in STA for a given placement solution X∈x is shown 
in the Fig. 2. 

All functions in this flow such as routing segment 
lengths, delays, arrival/required times and slacks are 
functions of x . The basic idea of our approach is to 
make these values actual functions and to operate on 
functions in the same way as it was done for floating 
values. 

 Having a function ),( baO , operating on values a 
and b, we can construct an operator hgfO =),(   
where ))(),(()( xxx gfh O= . For example, for the wire 
delay computation Wire_Delay(segment_length, 
segment_load) = loadsegmentlengthsegmentr __ ⋅⋅ , 
we can construct corresponding operator on functions 
of a vector X∈x : 
Wire_Delay(segment_length, segment_load) = f, 

where 
)()()( xxx adsegment_longthsegment_lef ⋅⋅= r . 

Using the formula of the derivative of complex 

function (the chain rule): 
 gOfOgfO '

f ∇⋅+∇⋅=∇ '),)(( g , (4) 
one can see that for the value and gradient vector 
calculation of operator g)O(f,  at a given point X∈x , 
only the value and gradient vector of functions )(xf  
and )(xg  are needed and there is no need for their 

symbolic forms. Having this in mind, we find it useful 
to introduce a helper structure PFunc which represents 
a function with only the value and gradient vector 
stored.  

Let fF  be an instance of type PFunc and f be a 

function that fF  represents at the particular point x .  

Then  fF  has a container which stores a value )(xf  

and all partial derivatives )(xkx∂∂f  at this point. Let 

us use the following notation: 
]),,,[),(( 21 nxxxF ∂∂∂∂∂∂= fffff Kx . 

The following example illustrates the idea. 

Example: For simplicity, let us assume that a 
function of two variables x and y is to be minimized.  
Then ( )]0,1[,1ν=xF  and ( )]1,0[,2ν=yF  represent 
functions xyxf =),(1  and yyxf =),(2  at the point 

),(),( 21 νν=yx . Let yxyxf 2),( =  and fF  be 
representations at the point ),(),( 21 νν=yx . Using 

xF , yF , representations of the independent variables 
stated above, one can express yxf FFF ⋅=

2
 as the 

composition of two operators: power and 
multiplication. Then, the power operator produces 

( )]0,2[, 1

2
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In this example, we need to implement the value and 
gradient calculation for the multiplication and power 
operators on PFunc structures. The pseudo-code in Fig. 
3 gives an example of multiplication operator 
implementation. Once the value and gradient 
calculation have been implemented for the basic 
mathematical operators as *, /, power, etc for arguments 

xF  and yF , one can compute a smooth approximation 
of any complex function we come across in this paper. 

For non-smooth operators like abs, max and min, we 

use smooth calculation of values and partial derivatives 

based on logsumexp approximation from [3], i.e.: 

 ( ))exp()exp(log),min( ηηη yxyx −+−⋅−=  (5) 

 ( ))exp()exp(log),max( ηηη yxyx +⋅=  (6) 

 ( ) ( ))exp(1log)exp(1log ηηηη xxx −+⋅++⋅=  (7) 

where η  is a parameter to control the accuracy of 
approximation.  
We have extended the regular STA implementation 

so that it can use the new PFunc structure instead of 

floating point values. Thus, it calculates wire loads, RC 

delays, cell delays, arrival/required times, and slacks in 

a. Additional 
points follow cell 

spreading 

b. Topology 
update is needed 

c. Global 
routing updates 

topology 

Figure 1. Cell spreading process 

routing segments � wire lengths � wire R/C � 

loads at each point � cell and wire delays  � 

arrival and required times (AT/RT) � slacks 

 Figure 2. STA calculation flow 
 

PFunc operator Mult (PFunc p1, PFunc p2)  { 

    PFunc res; 

    res.value = p1.value*p2.value; 

    for i from 0 to size of (X) { 

        res.grad[i] = p1.grad[i]*p2.value +  

                              p2.grad[i]*p1.value 

    } 

    return res; 

} 

Figure 3. Pseudo-code of operator Mult 



 

a recursive manner using (4) as functions of 

independent variables V. Finally, we calculate value 

and gradient of SmoothTiming cost term according to 

definition (2). 

Having implemented STA operating on PFunc, we 

get a new type of analysis which produces partial 

derivatives along with the value calculation for the 

timing cost function. Additionally, it helps to smooth 

cusps of non-smooth functions. Therefore, we call it 

“smooth timing analysis”. Using this idea it is possible 

to convert any analysis algorithm into an optimization 

task and use all the accurate models of the analysis 

algorithm in the optimization. 
 

5. Optimization 
 

Our static timing analysis algorithm performs worst-

case max-timing analysis. For cell delays (slopes, 

setups) we use linear forms:  
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For wires we use PERI [4] (close to Elmore) delay-

model with slope propagation. RC extraction is done 

using a π-model with segment R and C proportional to 

segment length with linear wire R and C, individual for 

each layer. 

Since we calculate SmoothTiming at each 

optimization iteration it is required the smooth timing 

analysis to be fast enough. Initially, smooth analysis 

was much slower than standard STA. How much 

slower depends on a benchmark (path lengths, fanout). 

Another major issue is memory consumption. Now we 

present the runtime improvement techniques which we 

have used and their impact on the quality of results and 

runtime performance. These improvements lead to an 

algorithm with acceptable runtime and memory 

consumption for designs with critical subcircuits of 

several thousands of cells. 

Within our delay model only positions of the cells in 

the direct fanout of the driver influence its delay 

through the driver load calculations. Delay dependence 

on the input slope is more complex. If we calculate the 

delay and slope completely throughout the path (Fig. 4) 

as in formulas (9), the delay will depend on positions of 

all preceding cells in the path and their fanout.  
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This results in both long runtime and large memory 
consumption and can not be used in practice for large 
circuits. If we reduce slope calculation in formula (9) to 

loadssslope ⋅+= 10 , this will give a satisfactory 
estimation of the slope and reduce dependence of the 
cost function to the direct neighborhood only. 

Another major runtime improvement is to reduce the 
dependence of arrival times on slowest paths. Imagine 
that we have a 2-input gate. We then calculate arrival 
time at the output as ),max( 21 ATATAT =  where 1AT  
and 2AT  are arrival times through different pins. Then 
if 1AT  and 2AT  are close values we should take the 
dependence on both inputs. But if 1AT  is significantly 
larger than 2AT  then the dependence of the resulting 
arrival time on 2AT  and thus on the whole fanin cone 
of the second input could be neglected. This 
optimization is achieved naturally with the following 
technique: when we store function derivatives, we store 
only non-zero values in a vector (sparse array). To 
implement it, we occasionally clean up small 
insignificant values of derivatives in order to reduce 
dependence, save memory and avoid unnecessary 
additions of zero and multiplications by zero. 

An important feature of our STA algorithm is its 

incremental mode. Using this mode we run STA on the 

critical subcircuit only, which is selected as shown in 

section 6. In this case arrival/required times for 

inputs/outputs of the subcircuit are constants, which are 

obtained from regular STA run from the previous 

iteration. In the Table 1 we present timing values, 

algorithm runtime and memory demand for different 

optimization modes. The experiment was performed on 

Intel® Xeon™ 2.80GHz machine with 4Gb of memory. 
 

6. Experimental results 
 

We have implemented our placement algorithm with 
a timing-driven optimization term in C++ on Linux. A 
quasi-Newtonian method from TAO toolkit [5] is used 
to solve unconstrained non-linear problems. For our 
experiments we used internal circuits from a recent 

Table 1. Algorithm optimization statistics 

15K Cells 

Critical - 2.5K 

Real 

STA 

Smooth STA 

Fair Models 

Smooth + 

Slope Opt 

Smooth + 

SMax Opt 

Increm. Smooth 

Fair Models 

Increm. + 

Slope Opt 

Increm. + 

SMax Opt 

WNS (ps) -34 – -32 -32 -37 -32 -32 

TNS (ps) -3206  – -2421 -2421 -3747 -2634 -2634 

Runtime (s) 3.6 Out Of 82 32 26 8.1 4.9 

Memory (Mb) 2 Memory 2350 764 1015 307 201 

1 6 

7 

4 

5 

2 

3 

Figure 4. Slope propagation 



 

Intel microprocessor designed for a 45nm technology. 
The proposed timing optimization is used as an 
incremental stage after a leading timing-driven 
industrial flow. In general, it could also be used in the 
main placement engine. 

Our incremental placement flow consists of two 
phases. First, 50 iterations of purely timing-driven 
placement are run using the following cost function: 

ngSmoothTimiCost = . Then the spreading term is 
added to the cost function: 

ngSmoothTimiyCellPenaltCost += . It operates until 
nearly legal placement is produced. In our experiments, 
global placement ends when the average overlap 
between cells is less than 3%. Afterwards, sizing and 
placement legalization are run to produce legal results. 
These two stages were used at the end of the industrial 
flow as well.  

We used the incremental mode of STA in timing 
optimization (see section 4) as it shows a good tradeoff 
between runtime and accuracy. The subcircuit was 
selected based on slack threshold provided by a user. 
The optimized subcircuit comprises cells that have 
output pins with slack less than a given threshold 
(critical subcircuit). In addition, the first level of fanin 
and fanout of the critical subcircuit has been also added 
to this subcircuit as cells in the fanin and fanout greatly 
affect the cell delays.  

In the experiments two optimization flows were 
examined. For both flows the slack threshold was set to 
10ps to control degradation of timing of nearly critical 
cells during placement. 

For the first flow the critical subcircuit selection was 
done once in the beginning. In the second flow the 
subcircuit selection is updated every 25 placement 
iterations. Results of both flows are compared with the 
results of industrial flow in the Table 2. 

For six industrial circuits the cell count is given in 
parentheses. The “A” columns reflect results of the 
leading industrial flow; the “B” columns correspond to 
the proposed flow without critical subcircuit update and 
the “C” columns correspond to the flow with critical 
subcircuit update. WNS and TNS are given in 
picoseconds; total wire length (TWL) and area are 
given as ratios to the industrial flow. The “Average” 
column shows TNS, TWL and area 
improvement/degradation of the two flows against the 
industrial flow. The data in the table shows that the 
proposed optimization flow could further improve the 

results of the industrial flow by 65% in TNS and 1.4% 
in area. The congestion report of the internal global 
routing tool after the proposed optimization did not 
show any noticeable degradation of routability. 
 

7. Conclusion 
 

In this paper we proposed a novel algorithm for 
timing-driven placement using smooth timing analysis. 
Smooth timing analysis produces partial derivatives 
(gradient vector) along with value calculation for the 
timing cost function. This gradient vector is used to 
direct timing optimization in an analytical placement 
framework. The smooth timing analysis uses the same 
accurate delay models as regular STA. Routing trees 
were used in placement algorithm to model 
interconnects. We demonstrated applicability of 
proposed approach to designs from recent 
microprocessor. Experimental results showed that using 
the proposed timing optimization in placement after a 
leading industrial flow improves timing (TNS) of a 
circuit by 65% on average. 
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Table 2. Experimental results 

Circuit  (cell count) 
 

Ckt1 (2537) Ckt2 (8069) Ckt3 (15450) Ckt4 (9995) Ckt5 (12836) Ckt6 (21094) 
Average 

Flow A B C A B C A B C A B C A B C A B C B C 

TWL 1.00 1.05 1.04 1.00 1.03 1.02 1.00 1.02 1.01 1.00 1.03 1.03 1.00 1.01 1.01 1.00 1.00 1.00 -2.4% -1.8% 

Area 1.00 0.98 0.99 1.00 0.99 1.00 1.00 0.98 0.98 1.00 0.99 0.98 1.00 1.00 0.97 1.00 1.00 1.00 1.1% 1.4% 

WNS -11 -1 -1 -31 -38 -32 -8 -5 -5 -29 -18 -18 -21 -4 -2 -31 -31 -31 - - 

TNS -18 -1 -1 -834 -740 -635 -38 -12 -7 -268 -213 -188 -311 -11 -6 -3568 -1290 -1425 59.5% 65.0% 


