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Abstract

In this paper we describe sequential retiming with delay
budgeting and interconnect lengths prediction. The quality
of sequential retiming depends upon the estimated
interconnect delays. We derive the interconnect delays from
the average net-lengths predictions and the newly proposed
mutual contraction measure [9]. We transform the predicted
net lengths into net weights and use them in our sequential
budgeting. The results show that sequential retiming with
the new net weighting and budgeting to estimate the net
delays can improve circuit speeds by 12.29% on the
average, compared to timing-driven placement. The new net
weighting method is better than the uniform weighting.
Retiming with estimated net delays is better than retiming at
thelogic level only.
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1. INTRODUCTION

The increase of multimedia and communication
applications imposes increasing demands for VLSI chips
to run at high speeds. Clock frequency depends on
critical path delay which is the maximum delay in a
circuit between the primary inputs or flip-flops (FFs) to
the primary outputs or FFs. Interconnect and active
elements contribute to the critical path delay.
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Retiming [11] is a procedure of relocating FFs across the
combinational blocks to shorten the critical paths and
speed up the circuit. Clock skew-equivalence retiming
[14] is a different way of looking at the retiming
problem. The ideais first to compute the clock skew for
all FFs to minimize the clock period, and then move the
FFs using the skew-retiming equivalence relationship.

At the layout level, critical path delays are controlled
and optimized by various timing driven placement
technigues. One of such effective techniques applies net
budgeting [8][15]. Through budgeting, path timing
constraints are translated into length constraints, or
timing upper bounds for nets. Those upper bounds are
then used to guide placement and routing. Because the
interconnect delay budgeting distribution is controlled
by net weighting, a good prediction of net delays is
essential.

Interconnect lengths prediction has been researched for
the past two decades. The vast majority of those works
focus on statistical characterization of interconnect
lengths. Average interconnection lengths at different levels
of a hierarchy can be caculated analytically [2][15]. For
our purpose, however, the average net lengths estimates
are not sufficient. We need estimates on a net-by-net
basis. We achieve this by combining the average lengths
predictions and the new measure of mutual contraction.
Mutual contraction [9] is especially good for predicting
small-size (in terms of pin cardinality) net lengths. We
use the net delay estimates to derive the budgeting and
retiming constraints. The estimated net delays have to
satisfy the expected clock-period constraints. We view
combinational-delay budgeting as a delay-prediction
method and obtain our estimates from it.

After making the predictions, we run sequential
budgeting. The existing delay-budgeting approaches
work only for combinational circuits. For sequential
circuits, we budget combinational blocks individually.
We introduce the budgeting problem for sequential
circuits and solve it by integrating combinational
budgeting with retiming. The new formulation
guarantees that the budgeting does not violate timing.



The results show that sequential budgeting with the new
net weighting and delay estimation can improve circuit
speed on the average by 12.29% after placement,
compared to timing-driven placement results without
budgeting and interconnect-delay predictions.

2. NET WEIGHTING FUNCTION

In this paper, we predict interconnect lengths using the
mutual contraction measure [9] and the average
interconnect lengths determined analytically for
hierarchical designs. In this section, we first briefly
introduce both methods and then explain how they are
combined.

2.1 Mutual Contraction

In [9] the authors first introduced mutual contraction as a
metric to evauate proximity of connected elements in a
netlist. Compared with connectivity [10] and edge separa-
bility [4], the new metric is capable of predicting short con-
nections more accurately.

The new measure has been derived from the following
simple analysis. Consider a configuration of nets shown
in Figure 1. The nets (u,v) and (x,y) are both 2-pin nets,
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Figure 1. Different length of (u,v) and (x,y).

u is connected to a 5-pin net, and x is connected to a 2-
pin net. The length of (x,y) should be longer than that of
(u,v). The reason is that placement algorithms put more
optimization effort on smaller-fanout nets [9]. In this
example, u is connected by a 2-pin and a 5-pin net. The
2-pin net is more likely to win the competition and pull u
towards v. Based on this analysis, in [9] the authors
define a new weighting function for every connection in
anet. The function is as follows:
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where 4(7) isthe size of net i in terms of the number of
pins it connects. Each net is represented as aclique and e
is one of the cliqgue edges. Weights of connections
decrease quadratically with the net size.

The relative weight of connections incident to a node u is
defined by equation 1.
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In (EQL), w(u, x) isaweight of the connection (u,x) and the
summation is carried over all nodes x adjacent to u, #(u) .

A product of w(u,v), and w(v,u) defines the measure of net
(u,v), as stated in equation 2.

c(xy) = wlx )wr x) (EQ2)
The larger ¢, is, the shorter the connection after
placement should be. They further extend w.(u v) and
define a relative weight of several connections as
follows:
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In (EQ3), M) denotes a set of nodes adjacent to u. U is
a subset of #u). Equation 3 quantifies relative weights
of connections between u and its neighbors in U. A
mutual contraction of a node group U is defined as:

m

c(O) = > wlx, /xy)m=1U (EQ4)
i=1

where (7 x; denotes the set U with node x, deleted. If
c(0) ishig for aset U, the nodesin U are expected to be
placed close to each other.
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Figure 2. Comparison of mutual contraction with previous
techniques

Figure 2 shows the comparison of mutual contraction
with connectivity [10] and edge separability [4]. They
collect the first N shortest connections predicted by each
metric. The total net length of the N connectionsisL. In
the figure, x-axis represents N and y-axis represents L.
The figure shows that mutual contraction is more
accurate than the other two methods.

The authors of [9] have established a good correlation
between the mutual contraction metric of a connection
(u,v), and the length of (u,v) after placement. Their



results show that mutual contraction is a good technique
for delay estimation with small-sized nets.

2.2 Average Interconnect Lengths

In [5], the author derived the average interconnect lengths
estimations using partitioning. In [15], the authors use the
average net length predictions for delay budgeting to
guide placement. In a hierarchical placement flow, the
average lengths of the global nets on the k-th level can
be estimated as follows:
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where A =27% and H is the tota number of

hierarchical levels. Nets at higher levels of the hierarchy
have longer average lengths.

2.3 New prediction function

In the subsequent sequential budgeting formulation, we
will assign weights to nets. Heavier weights will be
given to longer delay nets, which in turn will lead to
assigning them larger slacks. In this subsection, we will
explain how the weights are derived using the mutual
contraction measure and the average net lengths.

We first derive the initial weights, o, :

a, = (Z—e_L)5
L is the predicted length hierarchical designs. If the

predicted length is large, the o, should be also large.
For typical net lengths, o, is between 1 to 32.

We use mutual contractions to compute the scaling
factors to adjust the o, weights. Since mutual
contraction is good at predicting small-sized nets, we
adjust weights for nets connecting no more than 10 pins.

For each net the scaling factor is computed as:
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where w is the mutual contraction. For nets with very

small w, s will be close to 1. As w becomes larger, s
decreases.

The new combined cost functionisa = sxa,.

3. SEQUENTIAL BUDGETING

Traditional combinational budgeting does not consider
FFs in the formulation; it treats each combinational
block individually. With sequential budgeting, a circuit
can be optimized as a whole. In this section, we
formulate the problem of sequentia budgeting.
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Sequential budgeting requires estimated net delays for
retiming and for budgeting constraints.

In what follows, we first define the terminology.
Second, we introduce the traditional combinational
budgeting formulation and the clock-skew equivalence
retiming formulation. Then we extend the combinational
budgeting into the sequential budgeting formulation and
translate the skew-based clock optimization into the
arrival time-based formulation. By doing so, we
formulate combined timing-aware sequential budgeting,
which takes the whole circuit into consideration and
satisfies the defined timing constraints.

3.1 Definitions

For a given circuit, we construct a directed graph
G(V,E), with aset of vertices V and a set of edges E. The
vertices correspond to combinational modules, FFs, Pls
and POs. The edges represent source-sink relations of
the nets. Pls are primary inputs, and POs are primary
outputs. An edgee,, is created between the verticesi and
j if they are connected by a net and if i drives j. We
assume that blocks have constant delays and we
formulate a budgeting problem in terms of interconnect
delays. For each vertex i, we introduce two symbols: x;
and p; which denote, respectively, the latest input
arrival time and the modul€’s delay. For Pls, we set the
input arrival times to 0. For an FF i, p; is the latency
between the clock arrival time and the time its output is
ready. For each node type PI, FF and PO, we introduce
an additional variable s, which represents the clock
skew assigned to that node. The s-values of PIs and POs
areset to 0. For FF i, if 5, is0, the time when its output
datawill be ready is .. If s, isnot equal to 0, the time
its output data will be ready is (s, + 2,). The edge delay
D;,; represents the delay from the fanout of i to the fanin
of j. Z,; isthe lower bound on the delay of edgec, . Itis
used in budgeting formulation.

We also create a set PS. If there is a combinational path
fromaPl or FFi to aPO or FFj, thenweadd ap,, to PS.
The delay budget of the edge ¢,; is denoted as 5.
max(P;)) and min(P; ) denote the longest and shortest
path delays from i to j, respectively. Lmax(?;,) denotes
the longest path delay from i to j using the ., - as the net
delaysrather than p, ;. P is the clock period.

3.2 Combinational budgeting formulation
The traditional combinational delay budgeting
formulation [8] is as follows:

Convex Delay Budgeting Problem (CDB): Given a

convex function (.., and a timing constraint graph
G(V,E):

J"



maximize:
Z Ci My —x;=D;) (EQ5)
€i; OFf
subject to:
xi—x; <D +L;;), Oe; ,O0F (EQ6)

where P denotes the expected clock period of the circuit.
For POs the arrival time must be smaller than P. For Pls
the arrival time is set to 0. The formula (x,-x,-0)) is
the slack for ¢;., and ¢, controls the cost for each
edge. (EQ6) defines the delay constraints and states that
the latest arrival time at j must be later than the arrival
time at its fanin i plus the delay of i. This formulation
alows us to optimize budgeting in combinational
circuit, but it doesn’t consider FFs. Later we will add
FFs into the formulation.

3.3 Clock skew-equivalenceretiming
formulation

Clock skew-equivalence retiming has been proposed in

[6]. There, the clock skew problem for minimizing the

clock period is found by solving the following linear

program (LP).

Skew-based Clock Optimization Formulation (SCO):
Given a circuit with node and edge delays, the set PS
and clock period P,

minimize: P

subject to:

SJ'—(DII + mz’n(ij)) +ThoraS S Up;;OPS (EQ7)

§;+ Toapypt (Dy+ max(P;)))<s,+ P, Up, ,OPS (EQ8)
sy =0, k0pP0and £k0 P/
Thorar Tseryp are the hold and setup times of FFs. The

formula (EQ8) captures the long path constraints and
(EQY) the short path constraints. In [14], the authors use
the formulation as stated above to do retiming. The
procedure contains two steps:

Step 1: Solve the optimization problem and find the
skews assigned to FFs.

Step 2: Using the skew-retiming equivalence, move the
FFsto bring skewsto 0 as much as possible. Moving FFs
across gates has an effect similar to that of introducing a
clock skew. If an FF has a positive (negative) skew, it is
retimed backward (forward).

Later we will transform the skew-based clock
optimization formulation to the latest arrival time-based
version and combine it with the sequential budgeting
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formulation. We also use the skew-retiming equivalence
relations to move FFs.

3.4 Sequential delay budgeting

In order to transform the original CDB formulation to
handle sequential circuits, we have to introduce FFs into
it. We assign clock skews to FFs first and later use
retiming to resolve them. Here we first introduce the FF
skew assignment and then show the new formulation.

Suppose that originally when the latest fanin arrival time
is smaller than P and the clock arrives at time O at an FF
i, i will have a correct value at its output at time »;.
Actually, we can adjust the clock skew of FF i so that
there will be no time wasted while i is waiting for the
clock arrival. For example, if the latest input arrival time
is x;, we can adjust its clock skew to (x,-7), and its
output signal will be ready at time (x;,—P+0;). For
example, in Figure 3, assume all nodes (including FFs)
have delay 1 and all nets have O delay. FF1 is an FF.

@ (b)
FF1 FF1
A B A B
O——0 o——l—0
(skew = 0) (skew = -2)

Figure3. latest input arrival timefor nodes and FFs.

Assume the clock period is 11. The numbers below A, B
and FF1 denote their corresponding latest input arrival
times. Below the FF we also list the clock skew assigned
to it. From Figure 3(a) we observe that if we assign the
skew of O to FF1, x, is 1, because the delay of FF1 is 1.
In Figure 3(b), because the fanin arrival time of FF1is9,
the skew of FF1 can be assigned -2, so the x; is -1. By
doing so, FF is treated just like a combinational block.
Every FF i has to satisfy the constraint (x,—7) + ;< x;
for every fanout node j, because the latest fanin arrival
time at j has to be later than the time when the output of
i isready.

From the above analysis, for an edge i if i isan FF,
the timing on this edge has to satisfy (r;=P)—x,<-D;.
We can transform (EQ8) to the following form:

(x;=P-x;<-D;, Oe, ;D Eif iOFF
De;;0Eif iOFF
In the following, we also incorporate the interconnect
delays /,; into the formulas, and we use their predicted
values in the computations. In our experiments we use
different predictions of interconnect delays and compare
their effectiveness. Including the interconnect delays
L;;, implies that the latest arrival time at j must be a
larger number than the arrival time at the fanin of i plus
the delay of i and /,;. Now, we obtain the sequential
budgeting formulation:

(EQ9)

—x.<=D.
X=X, Dy



Sequential Circuit Convex Delay Budgeting
Problem (S-CDB): Given a convex function ¢, and a
timing constraint graph G(V,E):

maximize:

Co;Bx;=x;=D) if(iOFF)
CiyQx;—x;+P-D) i (i OFF)
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subject to:

(x;=P)—x;<=(D;+L;;), Oe, ;DEif i0FF  (EQ10)
X;=x;s=D;+L;;), Oe ;0EFif ;OFF  (EQLL)

P denotes the expected clock period of the circuit. For
PO the arrival time must be a smaller number than P.
For PI the arrival time is set to 0. If i is not an FF,
(x;,=x;=D)) denotes the slack of e If i is an FF,
(XJ.—XI.—DI.+P) is the slack. C; controls the cost for
each edge. (EQ10) and (EQ11) are delay constraints.
This formulation allows us to optimize budgeting in a
sequential circuit. But, we cannot guarantee that it will
satisfy timing constraints. In the following section, we
will add clock period constraint to solve this problem.

3.5 Transforming the skew-based clock
optimization (SCO) formulation

To apply the SCO constraints in the S-CDB, we have to
transform the skew-based formulation to an arrival-time-
based formulation. In the following, we assume 7, . is
0. We consider only the long path constraints in SCO,
because the circuit performance is mostly constrained by
them. Following up on the discussion in the previous
subsection, the clock skew of an FF is assigned (x;—7),
so we can replace the clock skew variable s, by x, -7 if
i isan FF. For an input i, the variable s, is replaced as
x;,and x; issetto 0. For output i, we assume s, can be
negative because the fanin arrival time could be smaller
than P. s, isreplaced as x, -~ and x, is set to a number
no bigger than P. The new arrival time-based clock
period constraints are as follows:

Arrival time-based Clock Optimization Formulation
(ACO): Given a circuit with node and edge delays, the
set PSand clock period P.

minimize: P
subject to:
X;=x, < PHD;+ max(P;))), Op, ;0P if i0FF (EQ12)

x;=x,S=(0, + max(P,)), Op,;0PSit i0FF (EQ13)
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3.6 Addingtheclock period constraintsto the

sequential budgeting formulation
Having introduced the FFs in the CDB and transformed
the skews to arrival times in SCO, we are ready to
combine both constraints. The S-CDB constraints help
us find the best budgeting solution, and the new SCO
formulation guarantees that the circuit meets the clock
period constraints. The new formulation is as follows:

Timing-aware Sequential Budgeting Formulation (T-
SBGT): Given the clock period P, aconvex function ¢;
and a timing constraint graph G(V,E):

maximize:

CI‘J‘ E(Xj —A; _Dj) 11D FF)
CiyAx,—x;+P-D)) i (i OFF)

2

e;; U E
subject to:

x;=x; S P-(D;+ max(P,)), Op; O PSif i0FF (EQ14)
(EQ15)
(EQ16)
(EQ1Y)

(EQ19)

¥, —x,<~(D;+max(P;)), Op, ;O PS it i OFF

1
XIA—XJ.SP—(DI.+L1.J.), DeijEif 7O FF
X'—XJ‘S—(DI.+[,1‘J‘), DeijEif 7 0FF

1
Lmax(P;;) s max(P;,) Op; ,OPS
<SP, kOPO, x =0, k0PI

(EQ14) and (EQ15) are the clock period constraints
from (EQ12),(EQ13); (EQ16) and (EQ17) are the
budgeting constraints from S-CDB. This LP structure is
very simple and can be solved by the graph-based
simplex agorithm described in [8]. The retiming
constraints guarantee that the circuit meets the clock-
period constraints for a given clock period P. Budgeting
constraints find the arrival time assignment for the best
budgeting solution. The constraints (EQ18) guarantee
that the long path constraints are satisfied. Because the
lower bound delay could be bigger than the estimated
edge delay, we have to make sure the longest path delay
of the lower bound is smaller than the longest path delay
of the estimated edge delay.

3.7 Designing the cost function

In [7], the authors use the objective function:
s]ac]((ejj)
(e;;0£8)
and optimize the product of slacks of all nets. This

objective function has an effect of spreading slacks
evenly for al nets. This cost function can be expressed



as alog() function. Using this function and adjusting the
weighting of edges as we described in Section 2, our
cost function is as follows:

Z o, log(S]ac]((ejj))
(e;;08

The new cost function matches the T-SBGT object
function we derived. Since the non-linear programming
problems usually take a longer time to solve, and
because log() is a convex function, in our
implementation, we transform it to a piece-wise linear
programming problem. From our experiment, solving a
large circuit using an ordinary non-linear programming
solver takes over 20 hours. The same circuit can be
solved in 15 minutes using the piece-wise linear
approximation.

The a weights are computed as explained in the
previous section. From our experiments, bigger o,
usually lead to bigger s/ack(e, . We assign larger a to
nets with alonger predicted delay.

3.8 Retiming implementation

Unlike previous retiming algorithms which perform
retiming only at the logic level, or use lumped wire
delay approximations [12][13], the retiming agorithm
that we implemented considers more accurately the
interconnect delay. So, even when an FF with a non-zero
skew cannot be retimed because of other constraints (for
example, the skew may not be big enough to retime
across combinational gates), it can still be retimed
across the interconnect. This is important because
interconnect delays can come to dominate the circuit
performance [3]. In our experiments, we compare timing
results using the predicted net delays to the results after
retiming just at the logic level.

4. APPLICATION TO FPGA PLACEMENT
We used the new interconnect prediction metric in the
sequential budgeting algorithm and applied it in an
FPGA placement problem. The new flow is compared
with the conventional FPGA timing-driven placement
algorithm.

4.1 Modified placement algorithm

In many commercial FPGA architectures, e.g. Xilinx or
Altera, the FFs and TLBs are paired to form the
configurable logic blocks, CLBSs, but they can be used
independently. We modify the VPR [1] placement and
routing package so that FFs and TLBs can be used
separately. This brings more flexibility to placement,
and the placer is capable of finding good positions for
FFs on interconnects. We refer to the new placement
tool as VPR-FF.
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To allow the placement algorithm to consider budgeting,
we further modify VPR-FF into VPR-BGT. VPR-BGT
has the new cost function which constrains net delays
below their assigned budgets.

4.2 New placement flow

Obtain weights from
mutual contraction and
i nterconnect predictions

Initial combinational
budgeting for delay
prediction

weighting edge delay estimation

iming aware-Sequential budgeting

[ Combinational budgeting |

Placement using VPR-BGT

Figure4. Thesequential budgeting for FPGA

Figure4 shows the sequential budgeting FPGA
placement flow. We first obtain the mutual contraction
and interconnect-length-prediction-based net weighting
determined from the initial netlist. We adjust the
weights determined from length predictions with mutual
contraction for nets of a size smaller than 10. In the
benchmarks we use, about 60% of the total net-count
have sizes smaller than 10. Then we use the T-SBGT
algorithm to obtain the delay budgeting. In T-SBGT, we
set the lower bound /. for an edge (i,j) to O, so that
budget distribution is controlled by the weighting
function. The combinational budgeting is run as a CDB
with log() as a convex function ¢, .. The expected clock
period P in the sequential budgeting is estimated from
the fast placement run. In VPR we can choose between
fast and normal placement modes. We use fast mode to
obtain the expected clock period. During the sequential
budgeting, we retime the circuit to reduce the skew
assigned to each FF and bring it close to 0. In our
retiming implementation, we consider interconnect
delay. For the retiming step, interconnect delays are
estimated by an initial combinational budgeting run. The
expected clock period is set in the same way as in the
sequential budgeting case. Then, we do another
combinational budgeting and do placement using VPR-
BGT. The reason for the combinational budgeting runis
that it is not always possible to reduce the skews of FFs
to 0 by moving them. After moving FFs we set the skews
of FFs to 0. We run combinational budgeting again to
optimize the assignment. Because we use the fast mode
placement results to obtain the expected clock periods,
this estimation might be not very accurate. We multiply



by 0.8 the obtained budgets of each net and use them in
VPR-BGT.

5. EXPERIMENTAL RESULTS
The benchmark used are obtained from the MCNC

Table 1. Experiment result

L New Uniform Retiming
Circuit | VPR-FF | Placement Weighting with
Flow VPR-FF
P (ns) P (ns) P (ns) P (ns)
bigkey | 7.75 5.68 5.60 7.54
elliptic| 16.57 15.58 15.42 16.58
s298 | 19.88 19.93 20.08 20.6
s38417 | 12.70 11.28 11.39 12.70
diffeq | 13.29 12.68 12.57 13.03
tseng 12.15 11.41 12.67 11.77
dsip 8.47 5.62 5.20 7.09
clma | 24.96 22.38 24.67 24.95
1 87.71% 89.39% 97.44%

sequential benchmark set. We route the circuits with
larger channel width than required, so the results are
controlled by placement. We use 0.13 um technology
parameters to calculate the clock period. Table 1 shows
the result of critical path delay using different flows.
The column VPR-FF lists the critical path delays after
the normal mode VPR-FF run which does not consider
budgeting and interconnect predictions. The second
column, New Placement Flow, shows the results of the
new placement flow described in Section 4.2. The third
column, Uniform Weighting, is similar to the New
Placement Flow, but instead of using the new weighting
function, every net is given the same weight. The last
column, Retiming with VPR-FF, lists the results after
first running retiming at the logic level and then placing
and routing the circuit by VPR-FF. Neither sequential
budgeting nor interconnect prediction is used in this
case. The results show that the New Flow can improve
clock period by 12.29% on average, compared to the
original VPR-FF flow. Replacing the new weighting
function with the uniform weighting improves the
results by 10.61% compared to VPR-FF. Retiming on
the logic level followed by timing-driven placement and
routing does not show much difference from the original
VPR-FF. It is possible that some of the benchmark
circuits have already been optimally retimed, and the
clock period cannot be further reduced at the logic level.
Additionally, because of the comparable delays of
interconnect and logic, retiming only on the logic level
cannot guarantee better timing after placement.
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The results show that sequential budgeting and the new
weighting function are effective.

6. CONCLUSIONS

In this paper we have described sequential budgeting
with interconnect prediction. We apply our new
formulation to improve the clock period of FPGA
designs. Experimental results suggest that retiming
without interconnect prediction is ineffective. We have
tried the following three interconnect prediction
approaches: fast placement-based, uniform interconnect
budgeting, and mutual-contraction-based. The results of
retiming with interconnect delays considered depend on
the quality of the interconnect prediction. The most
effective is the mutual contraction based approach which
is aligned with the natural behavior of netsin the circuit.
The results show that this new placement algorithm can
reduce clock period by about 12.29% on average.
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