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ABSTRACT

We present a general and robust approach to timing-driven,
placement-coupled logic replication. The approach is sim-
ilar in nature to [7] and it is designed to address issues
that arise due to the reconvergence in the circuit specifica-
tion. We build on the Replication Tree idea and modify the
timing-driven fanin tree embedding algorithm to optimize
sub-critical paths. We have built optimization engine for
the FPGA domain and report promising preliminary results
including clock period reduction of up to 38% compared
with a timing-driven placement from VPR [14] and up to
9% compared to RT-Embedding replication algorithm from
[7].
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1. INTRODUCTION AND BACKGROUND

The idea of logic replication is to duplicate certain cells
in a design so as to enable more effective optimization of
one or more design objectives. This primitive re-synthesis
operation has been applied in several different contexts in-
cluding min-cut partitioning (e.g., [12] [13]) and fanout tree
optimization (e.g., [11] [15]).

Recently a few papers including [1], [7], [2] and [3] have
explored the idea of using replication to effectively deal with
interconnect-dominated delay at the physical level. In these
papers it is observed that, because replication effectively
separates multiple signal paths it becomes easier to, at the
physical design level, “straighten” input-to-output (flip-flop
to flip-flop) paths which might otherwise have been very
circuitous (and therefore high delay).

A simple example from [1] reproduced in Figures 1 and 2
illustrates the idea. Suppose that the terminals at a, b, d
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Figure 1: Example with forced non-monotone paths.
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Figure 2: Example illustrating path straightening
by replication of cell c.

and e are fixed. There are 4 distinct input-to-output paths;
any movement of the central cell ¢ from the shown location
will degrade the delay of at least one of these paths (assume
for the moment a linear delay model). Thus in Figure 1
we have no choice but to tolerate non-monotone input-to-
output paths. Now suppose that we replicate cell ¢ as shown
in Figure 2 to form ¢’ computing the same function, but
feeding only output b while ¢ drives only d. If we produce
such a logically equivalent netlist all input-to-output paths
become virtually monotone.

The recent work of [1] made a compelling case for the
potential of replication by observing that not only do typi-
cal placements contain critical paths which are highly non-
monotone, but also that the number of cells which have near-
critical paths flowing through them is relatively small (thus,
one may conjecture that a small amount of replication may
be sufficient). Then an incremental replication procedure
was proposed and evaluated experimentally with promising
results. Roughly speaking the algorithm examined the cur-
rent critical path and looked for cells to replicate; for such
cells, it placed the duplicate, performed fanout partitioning
and then legalized the placement. The criteria for selecting
a cell was based on the goal of inducing local monotonicity.
Local monotonicity was defined by a sequence of 3 cells on
a path vi,v2,v3. Let d(u,v) be the rectilinear distance be-
tween cells u and v; then we say that the path from v, to
v3 is non-monotone if d(v1,vs) < d(vi,v2) + d(v2,ds) (i.e.,
traveling to vs creates a detour). In such a case, vs is a
good candidate for replication so as to straighten this path



Figure 3: Limitation of local monotonicity. Cells a
and b are locally monotone yet s-to-t path is not.

without disturbing other paths passing through v,.

While this strategy proved effective in reducing clock pe-
riod, it is observed in [7] that a technique based on local
monotonicity has limitations. Figure 3 demonstrates this
limitation. In the figure we see a critical path (s,a,b,t)
(dashed lines indicate other signal paths which may be near
critical). Clearly, this path is non-monotone and yet, all
sub-paths (of length 3) are locally monotone. In this case
(which is not unusual), the approach is unable to improve
the delay.

Thus, [7] proposed a more robust and general replication
strategy. First, a fanin tree embedding algorithm is pro-
posed. In this problem, given the root of a fanin tree (e.g., a
flip-flop), a tree circuit which produces its inputs and arrival
times at the inputs (leaves) of the tree, goal is to embed the
tree so as to obtain a tradeoff between the cost of the em-
bedding and the arrival time at the root (sink) of the tree.
Unfortunately, most circuits, because of reconvergence, do
not contain large sub-circuits which are fanin trees. To cope
with this problem, [7] proposed the Replication Tree which
gives a systematic way of taking a set of edges in a circuit
forming a directed tree (e.g., with the root being the input
of a flip-flop), and, using replication, induce a genuine fanin
tree which can be optimized by the fanin tree embedder.

Part of the philosophy behind the replication tree is that
by inducing fanin trees, very strong, physically coupled al-
gorithms can be employed with guarantees of optimality for
the subproblem being solved under very general and flexi-
ble formulations. As a contrasting example, delay-optimal
technology mapping [10] can be solved efficiently if one is
not concerned with area/cost overhead. Of course, in most
practical situations we cannot ignore such fundamental de-
sign objectives.

Although [7] was able to achieve larger improvement than
[1] in minimizing critical delay, a significant number of cir-
cuits from the test suite have non-monotone critical paths.

It this work we analyze effects caused by reconvergence
in netlist specification on the Replication Tree construction.
These effects prevent the fanin tree embedding algorithm to
“straighten” some paths. This particular problem is related
to the way how replication tree handles reconvergences in
circuit specification, which occurs quite often in practice.
While we still use the same replication tree construction
algorithm we propose a new fanin tree embedding scheme
which has more success in addressing reconvergence issues
by optimizing sub-critical paths. Since the optimization
framework is iterative in its nature, we optimize sub-critical
paths hoping to create better optimization choices for sub-
sequent iterations of the flow.

The paper is organized as follows. Section 2 describes the
problem caused by optimal cost/max-arrival-time embed-
ding of the replication tree which is linked to netlist recon-
vergence. We introduce modified fanin tree embedding ap-

Figure 4: Replication Tree example.
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Figure 5: Example of reconvergence effect on the
replication tree.

proach that optimizes sub-critical paths in order to address
reconvergence issues in section 3. Section 4 gives a top-level
flow of our approach. Experimental results are presented in
Section 5. In section 6 we discuss potential problems that
are still present and we conclude in section 7.

2. EFFECTS OF RECONVERGENCE

Since most circuits do not have large fanin trees due to
reconvergence, [7] proposed the Replication Tree which in-
duces large fanin trees in a logically equivalent circuit. To
better understand the potential weakness of this approach
we will briefly reintroduce the main replication tree concepts
through an example.

In the left part of Figure 4 we have a portion of a circuit
with a set of edges in bold. These edges form a tree with
all edges pointing toward the root (f). Note that in the
left figure, this tree does not form a valid fanin tree due
to reconvergence. To induce a fanin tree we (temporarily)
make a copy of each node in the tree (f,d,a,b,c). If the
original cell is v and the copy is v, we assign connections
as follows: let u1, ..., ux be the inputs to v. If (u,,v) is a tree
edge, then v receives its i’th input from uf; otherwise, it
receives its i’th input from wu;.

This construction is applied to the circuit in the Figure 4
and results in the circuit on the right and yields a fanin tree
sub-circuit formed by the replicated cells. Notice that cells
d® and fF connect to ¢ rather than ¢ — otherwise the repli-
cated cells would not form a proper fanin tree (technically
speaking it is a Leaf-DAG because, for example “leaf” node
c connects to two cells in the tree, however, since the timing
properties of ¢ are fixed and known, this does not compli-
cate the embedding process). Two main claims from this
construction are that if the circuit is modified in this way,
the result is functionally equivalent; and the set of repli-
cated nodes form the internal vertices of a legitimate fanin
tree which can be embedded.

It sounds natural to use optimal cost/max-arrival-time
fanin tree embedding algorithm on replication tree (as in
[7]). However, the optimality of the embedder creates a



problem when reconvergence is present. Let us use and ex-
ample to illustrate this issue. In Figure 5 on the left we have
an extracted critical sub-circuit. Inputs are nodes a, b and
c. Internal nodes are d and e and sink is node f. Nodes that
are fixed are represented by squares and movable/replicable
nodes are represented with circles. Let as assume that nodes
a, b and ¢ have signal arrival time of zero. Also let the ar-
rival time at e be 2 units, and 3 units at sink f, while delay
of the path from a to d is one unit. The replication tree con-
struction procedure applied to the net on the left will yield
the replication tree shown in the middle of the Figure 5.
Node d becomes replicable d¥, but since there is a reconver-
gence on node e we will have two nodes: movable/replicable
ef* and fixed node e, where reconvergence “breaks”. When
we apply the optimal cost/max-arrival-time tree embedding
algorithm to this replication tree the fastest solution with
smallest cost will have internal nodes placed at exactly the
same location as they originally were (on the left in Figure
5). Path from a to f is not critical. Since path from e to f
is monotone, it cannot be improved any further and initial
signal arrival time at e is set to 2 units, so arrival time at
f will remain 3 units. The embedder is not going to over-
optimize sub-critical path that goes through node e® and
this will yield minimum placement cost for node e® and d”*
which is achievable by placing those nodes on top of d and
e respectively. ' However, solution on the right of the Fig-
ure 5 has clearly better delay (i.e. all monotone paths) and
potentially uses less wiring resources.

To address this problem we propose a modified fanin tree
embedding algorithm that allows over-optimizing sub-critical
paths.

3. OVER-OPTIMIZED TREEEMBEDDING

In the fanin tree embedding problem we are given a fanin
tree, placement of leaves (inputs) and root (sink), arrival
times at the inputs and a target placement region (in our
case this is encoded in an embedding graph). The goal is to
place the internal tree nodes (gates) minimizing cost subject
to an arrival time constraint at the root (typically there is
a tradeoff between cost and arrival time).

To address the optimality issue presented in the previous
section we propose a modification to the embedding prob-
lem. The optimization criteria is to place internal tree nodes
minimizing cost subject to composite arrival time constraint
at the root. Going back to the example in the Figure 5, if
we could optimize delay of the second critical path then the
reconvergence could be broken and in the next iteration we
could potentially optimize the remaining path of the critical
net and achieve global delay improvement.

Dynamic programming approach for fanin tree embedding
in [7] is based on 2-dimensional variant of the tree embed-
ding problem from [5] and [6]. A candidate solution (embed-
ding) for a subtree rooted at node ¢ in the tree with node
i placed at vertex j in the embedding graph is represented
by its signature (c, t), indicating that this sub-solution incurs
cost ¢ and has latest arrival time ¢ at 7. The variant is called
2-dimensional since solution signature contains two parame-
ters that we are simultaneously optimizing (in this case, cost

!Note that there are some rare exceptions where savings in wiring
resources could outweigh the replication cost for e and the path
could be straightened, and then in subsequent iterations node e
could be moved as well and unified with new location of eft, but
a significant amount of luck is required.

Subroutine: GenDijkstra(A?, G)
AY: Joined solutions; G: Target routing graph

d1 A0

d2 for each solution in A®(v)

d3 Insert A®(v) into Queue

d4 endfor

ds while Queue #

d6e v1 < Top Queue

d7 if Solution(vy) is not suboptimal
ds8 A(vy) < A(v1) U Solution(vy)
d9 for each edge (v1,v2) adjacent to vy
d10 va «— Augment (v, va)

di1l Insert vy into Queue

d12 endfor

d13 endif
dl4 endwhile
dl5 return A
Subroutine: JoinTree(T, G)
T: Topology subtree; G: Target routing graph

cl for each vertex v € G

c2 Ab[v] — Join(A.left[v], A.right[v])
c3 endfor

c4 A — GenDijkstra(A®, Q)

ch return A

Subroutine: ComputeSubTree(T,G)
T: Topology subtree; G: Target routing graph
bl if(leaf(T))

b2 A(T) «— Computelnitial(G, T)

b3 else

b4 A(T.left) «— ComputeSubTree(T.left, G)
b5 A(T.right) «— ComputeSubTree(T.right, G)
b6 A(T) + JoinTree(T, G)

b7 endif

b8 return A(T)

Algorithm: TreeEmbedding(T, G, s)
T: Topology; G: Target routing graph
s: source node

al A(T) «+ ComputeSubTree(T, G)

a2 Final — AugmentRoot(A(T), s)

a3 return Final

Figure 6: General Tree Embedding Algorithm.

and max arrival time). In [6] one can find a description for
more complex 3-dimensional case, i.e. simultaneously opti-
mizing three parameters. However, top-level algorithms for
2D and 3D case are almost the same and the major difference
is how some of the primitives are handled. Pseudo-code of
tree embedding algorithm is shown in Figure 6. In our case,
where we want to optimize cost, critical delay and chosen
path delay, it seems that by simply using the 3D variant of
the embedding tree algorithm would solve the problem. Us-
ing 3D embedding would certainly (and significantly) affect
the run-time of proposed approach. Also it would present
significant problem if we would to try optimizing additional
2 or 3 critical paths, since we would have to increase number
of dimension in the embedding algorithm which could yield
higher complexity.

To better understand the proposed solution, let us de-
scribe differences between 2D and 3D algorithm. The main
difference is in determining the solution dominance property.
Given a solution signature, a solution is non-dominated if no
other solution is superior in all dimensions. Any dominated
solution may be discarded. In 2D case there is a total order
of solutions due to this property, while that is not the case
in 3D variant. In Line d7 of the pseudo-code, in 2D case, if
we keep solutions sorted in the list, dominance test is trivial
(check the tail of the list) and takes constant time. How-
ever, 3D case is more complex and balanced binary search
trees are needed for efficient dominance test ([6]). Another
difference is in the implementation of Join primitive in Line
¢2 which joins two sets of sub-solutions. In 2D case Join



could be performed by linear traversal through sorted so-
lution lists, while in 3D case we have to perform a cross
product off all sub-solutions in those sets.

In our case, solution signature is a triple (c,t,t2) (cost,
critical delay and sub-critical delay). Observe that sub-
critical delay cannot be larger that critical delay. This means
that we have a total order of non-dominated solutions which
means that we can use dominance test from 2D variant of
the tree embedding algorithm. Even more, we can extend
the solution signature to include more sub-critical path de-
lays, as long as we keep them in sorted order and treat delay
as lexicographically ordered values. In other words, if two
solutions have the same cost and the same critical delay, we
will keep the one which has better sub-critical path delay.
If there is more expensive solution with the same critical
delay but has better sub-critical path delay we will keep it,
instead of discarding it as it happens in [7]. Unfortunately,
for Join primitive we have to perform a cross product.

With this framework in place, a natural choice for sub-
critical path would be a second most critical delay. As
mentioned earlier, in the bottom-up DP procedure we must
combine candidate solutions from subtrees to form new can-
didate solutions. At internal node i in the tree and vertex j
in the graph we join single sub-tree solutions as follows:

c = pijtctet ..tk
t max(ti,ta, ..., tk)
t2 = max({t1,ta, ..., te} U {t21,122, ..., 12} \ {t})

where k in the number of inputs for gate at 4, and p; ; is
placement cost. We will refer to this version as Lex-2 (we
have 2 lexicographically ordered delay values).

Having virtually no restrictions on number of sub-critical
paths that we can over-optimize, we have implemented Lex-3,
Lex-4 and Lex-5 in the similar fashion. Due to multiple
reconvergences in the circuit description it is possible that
many paths in the replication tree have exactly the same
delay and more sub-critical paths are needed to resolve the
deadlock. The single solution join for Lex-3 is shown bellow:

c = pijta+tc+..+ck

t = maz(ti,ta,...,tk)

t2 = mazx({t1,t2, ...t} U{t21,122, ..., 12k} \ {t})
t3 = mazx({t1,t2, ..., tu} U{t21,t22,...,t2x} U

{t31, t32, ...,t3k} \ {t} \ {t2}).

One other scheme of interest is to additionally optimize
path from some specific input of the replication tree. In
the replication tree the actual inputs are identified as leafs
of the tree that have zero signal arrival time (in this way
we can distinguish them from the leaves that are created
as reconvergence terminators). Among those inputs we can
identify critical input, as the one with largest downstream
delay (which is easily obtained by performing static timing
analysis). Solution signature is (¢, t,tc, w) where tc is delay
from critical input, and w is a weight factor which is not
included in dominance test. The weight factor is set to 1 for
the critical branch and 0 otherwise. The join operation for

f

After first iteration

Selected sub—circuit Optimal solution

after second iteration

Figure 7: Example of applying Lex-3 version of the
algorithm on the same sub-circuit in two consecutive
iterations. Sub-circuit on the left is transformed to
the one in the middle by over-optimizing sub-critical
path and using replication. In the second iteration
replicated cells get unified and an optimal configu-
ration on the right is achieved.

Lex-mc (max and critical) is as follows:

¢ = pijtatct.. .+

t = max(thtz,.‘.,tk)
tc = tcyxwy +tes xwa + ...+ teg * Wi
w = w+ws+ ...+ wk.

Going back to the example in the Figure 5, we are able
to achieve solution on the far right by applying the Lex-3
variant of the embedding algorithm. In the first iteration,
paths from b and ¢ to f will get over-optimized in respect
to dominating arrival time from e to f and we will obtain a
solution similar to the figure in the middle. Then, in next
iteration, since reconvergence is “broken”, we will optimize
paths from b and ¢ through e to f. Due to cost minimization
e would most likely be placed on top of e and thus unified
with it, achieving configuration on the right. Figure 7 shows
how in two consecutive iterations in the optimization flow,
sub-circuit on the left can improve delay by applying the
Lex-3 version of the algorithm.

4. OPTIMIZATION FLOW

The top-level view of how our optimizer relates to VPR
[14] is similar to [1] and [7]: VPR is invoked to give an initial
placement; we optimize the placement by replication; we
then give the result to the VPR detailed router to accurately
assess the results.

As in [7] the core replication procedure is focused on
highly timing-critical sub-circuits and thus, while the em-
bedding algorithm is nontrivial, the runtime penalty for us-
ing such a sophisticated algorithm is very small in the scope
of the entire flow (this has been verified experimentally).

In each iteration of the replication loop we start with
static timing analysis to identify the most critical sink. We
extract a Replication Tree with the critical sink at its root as
in [7]. Then we pass the tree to the new embedder which will
produce a family of solutions that trade off cost and delays.
After the embedding phase we analyze circuit for possible
post-process unifications, since it is possible to have equiv-
alent cells that are not exactly on top of each other, but
close enough that unifying them would not harm timing. In
addition we also use enhancement from [7]: a simultaneous
flip-flop relocation (if the flip-flop is the root of the tree and
the embedding was not able to improve delay). As a final



step we invoke timing-driven placement legalizer (as in [8]
and also explained in [7]) to resolve any possible cell overlaps
that may have occurred.

5. EXPERIMENTS

We have performed some initial experiments to evaluate
effectiveness of proposed techniques. The experiments were
conducted in a LINUX environment on a PC with an Intel
PentiumM 1.3GHz CPU and 256MB of RAM. The main cri-
teria of interest are the maximum delay through the circuit
(i.e., clock period), wire length and number of logic blocks.
All such statistics are reported by the VPR timing-driven
router. We compared the following versions of our approach:
Lex-mc, Lex-2, Lex-3, Lex—4, Lex-5 2 with Timing Driven
VPR [14] and the RT-Embedding replication algorithm from
[7]. Table 1 shows the experimental results for 20 MCNC
benchmark circuits. Due to space constraints we decided to
include complete results only for Lex-3 version. In Table
2 we report average values for the same set of 20 MCNC
benchmark circuits for all compared algorithms (as in the
bottom rows in Table 1). In addition we have divided cir-
cuits info small (< 3K cells) and large (> 3K cells) based
on the number of LUTs they have. We present the average
numbers for small and large group as well. As mentioned
earlier, we used timing driven VPR to place the circuits.
Then we applied the corresponding algorithm to optimize
the placement and re-synthesize the net-list. All placements
were routed using VPR in timing driven mode. The circuits
were placed on the minimum square FPGA able to contain
the circuit. As in [14] we use definition of low-stress routing
as routing where FPGA has about 20% more routing re-
sources available then the minimum required to successfully
route the circuit. Also from [14], infinite-resource routing is
when FPGA has unbounded routing resources. It is argued
in [14] that the former represents the situation how FPGA
will be routed in practice and the latter is a good placement
evaluation metrics. For post-place-and-route experiments
we present both low-stress (W)s) and infinite-resource (Ws)
critical path delay numbers. Reported numbers are normal-
ized to VPR results.

From Table 2 we can see that Lex-3 has the best aver-
age delay improvement among all proposed algorithms. We
also observed that the average improvement for larger cir-
cuits is better then for smaller ones, which is encouraging
since majority of circuits today belong to the large group.
The average improvement over RT-Embedding for large cir-
cuits is 4% of the initial (unoptimized) delay. Indeed this
may look as a small improvement, but it is averaged over
20 circuits and not all could be equally improved. The best
improvement is 9% for the circuit s38417, improved from
0.93 to 0.84 (see Table 1). For elliptic we have 7% im-
provement and about 6% for alu4, dsip, seq and apex2.
It should be pointed out that for circuits misex3, diffeq,
dsip, des, bigkey and s38584.1 we have reached theoretical
lower bound, i.e. all flip-flop to flip-flop paths are monotone
(assuming fixed flip-flop locations). Furthermore, most of
the circuits in this test suite have very high density, all but
3 of them have density above 95% and 6 of them above 99%.
For circuits ex5p, apex4, seq, spla and ex1010 we ran out

2In fact, we have implemented “Lex-N” version of the algorithm,
but for values of N above 5 we cannot claim modest runtime
overhead any longer.
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Figure 8: Average improvement for all 20 MCNC
benchmark circuits.

of free slots for replication and thus had to terminate early
(for some of them we were able to replicate under 1% of
total number of cells).

The best improvement over VPR is almost 38% for cir-
cuit pdc, and we have 9 circuits with improvement larger
than 20%. Amount of cells introduced by replication is on
the average only 0.9% of the total number of cells. How-
ever, usage of wiring resources increased to 15.8% on the
average compared to 8.4% increase of RT-Embedding ap-
proach. It looks a bit surprising that such small amount
of replication can yield wiring overhead of this magnitude.
Since our assumption was that we are optimizing circuits of
high cell density, post-process unification was designed to
be very aggressive in attempts to unify replicated cells as
long as they do not violate current critical delay, hoping to
clean-up intermediate replications as much as possible ([7]
presents some statistics on unification). The biggest wiring
overhead is almost 56% for circuit dsip. It turns out that
cell density of dsip is only 47%, and it is not congested at
all. Similarly bigkey has second larges wiring overhead of
almost 33% and it’s density is also low, only 58.5%. This
suggests that we have to revisit unification strategy for cir-
cuits of smaller cell density.

Runtime overhead of our approach is very modest — under
5% of the time of VPR flow (place and route) and compa-
rable to RT-Embedding.

In Figures 8, 9 and 10 we have plotted values from Table
2. On X-axis we have algorithm variant, and on Y-axis we
have scale normalized to VPR results. It can be seen that
all over-optimization approaches have similar max delay im-
provements and similar problems related to wiring resources.
The exception is Lex-mc which developed local wiring con-
gestion which can be seen from increased delay of low-stress
routing.

6. DISCUSSION

We have shown that the reconvergence in circuit descrip-
tion presents an obstacle for further timing optimization by
approach presented in [7]. Our proposed approach of opti-
mizing sub-critical paths does seem to address the reconver-
gence issue, but still needs further improvements.

The issue of most concern is the potential overuse of wiring
resources. We believe that the aggressive unification strat-
egy creates excessive wire usage problems, which may lead
to routing problems and degradation of circuit performance
due to routing congestion (i.e. routes need to take detours
around congested regions thus increasing interconnect de-



Table 1: Comparison between Timing-Driven VPR, RT-Embedding and Lex-3

Circuit Timing Driven VPR RT-Embedding Lex-3
normalized to VPR normalized to VPR
crit path [ns] wire crit path wire crit path wire
o Wig length blk Weo Wi length blk Woo Wig length blk

exb5p 80.59 81.99 20020 | 1135 || 0.764 | 0.774 | 1.090 1.011 0.764 | 0.783 1.110 | 1.019
tseng 50.54 53.65 10495 | 1221 || 0.987 | 0.978 | 1.060 1.002 0.970 | 0.933 1.068 1.010
apex4 72.12 75.41 22332 1290 0.888 0.913 1.107 1.011 0.854 0.871 1.193 1.024
misex3 64.44 65.87 21784 1425 0.852 0.891 1.148 1.010 0.835 0.872 1.273 1.021
alud 77.20 81.07 20796 | 1544 || 0.922 | 0.925 1.053 1.002 || 0.860 | 0.945 1.197 | 1.013
diffeq 55.29 57.49 15560 | 1600 || 0.989 | 0.969 1.026 1.001 0.999 | 0.990 | 1.020 | 1.002
dsip 65.38 67.21 17237 | 1796 || 0.793 | 0.804 | 1.277 | 1.001 || 0.731 | 0.822 1.559 | 1.001
seq 76.93 77.82 28493 | 1826 || 0.870 | 0.885 1.048 1.003 || 0.818 | 0.859 | 1.100 | 1.008
apex?2 94.61 95.47 30998 | 1919 || 0.811 | 0.838 1.120 1.010 || 0.755 | 0.799 | 1.262 1.016
5298 124.20 | 127.35 | 22762 | 1941 || 0.915 | 0.903 1.034 | 1.001 0.875 | 0.899 1.066 1.002
des 90.44 91.31 27415 | 2092 || 0.876 | 0.876 1.039 1.001 0.876 | 0.886 1.043 | 1.002
bigkey 59.69 60.65 21074 | 2133 || 0.855 | 0.892 1.190 1.000 0.801 | 0.901 1.328 1.000
frisc 119.02 | 124.61 | 61109 | 3692 || 0.999 | 0.983 1.018 1.001 0.958 | 0.917 | 1.069 1.007
spla 111.03 | 113.57 | 68308 | 3752 || 0.812 | 0.824 1.108 1.008 0.793 | 0.829 1.164 | 1.008
elliptic | 105.96 | 108.50 | 47456 | 3849 || 0.853 | 0.838 1.030 1.001 || 0.780 | 0.792 1.132 1.009
ex1010 184.84 | 185.56 | 70300 | 4618 || 0.818 | 0.847 | 1.148 1.006 0.795 | 0.821 1.144 | 1.006
pdc 167.81 | 169.33 | 105073 | 4631 || 0.641 | 0.707 | 1.072 1.005 || 0.624 | 0.690 | 1.142 1.009
$38417 97.20 | 100.61 | 64490 | 6541 || 0.930 | 0.944 1.017 | 1.000 || 0.840 | 0.888 1.069 | 1.009
s38584.1 | 99.74 | 102.10 | 58869 | 6789 || 0.842 | 0.839 1.048 1.001 0.819 | 0.845 1.115 1.000
clma 211.78 | 217.24 | 145551 | 8527 || 0.746 | 0.745 1.053 1.005 0.708 | 0.707 | 1.100 | 1.006
average 0.858 | 0.869 | 1.084 | 1.004 || 0.823 | 0.853 | 1.158 | 1.009
average for small ckts (< 3K cells) 0.877 | 0.887 | 1.099 | 1.004 || 0.845 | 0.880 | 1.185 | 1.010
average for large ckts (> 3K cells) 0.830 | 0.841 | 1.062 | 1.003 || 0.790 | 0.811 | 1.117 | 1.007

Table 2: Comparison of average improvements (RT-Embedding, Lex-mc, Lex-2, Lex-3, Lex-4 and Lex-5)

Algorithm Average Average for small ckts Average for large ckts
normalized to VPR normalized to VPR normalized to VPR
crit path wire crit path wire crit path wire
Weo Wi length blk Woo Wi length blk Weo Wi length blk

RT-Embedding | 0.858 | 0.869 | 1.084 | 1.004 || 0.877 | 0.887 | 1.099 | 1.004 | 0.830 | 0.841 | 1.062 | 1.003
Lex-mc 0.841 | 0.925 | 1.168 | 1.013 || 0.852 | 0.951 | 1.197 | 1.014 || 0.824 | 0.886 | 1.124 | 1.010
Lex-2 0.827 | 0.869 | 1.157 | 1.008 || 0.850 | 0.889 | 1.185 | 1.010 || 0.794 | 0.838 | 1.114 | 1.006
Lex-3 0.823 | 0.853 | 1.158 | 1.009 || 0.845 | 0.880 | 1.185 | 1.010 || 0.790 | 0.811 | 1.117 | 1.007
Lex-4 0.825 | 0.857 | 1.152 | 1.008 || 0.848 | 0.889 | 1.175 | 1.009 || 0.790 | 0.809 | 1.117 | 1.006
Lex-5 0.827 | 0.869 | 1.150 | 1.008 || 0.849 | 0.901 | 1.168 | 1.008 || 0.795 | 0.823 | 1.124 | 1.008
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Figure 9:

Average improvement for small circuits.

lay). At this point we need to experimentally verify this
claim and revisit the unification strategy (and possibly make
it adaptive to circuit density).

The tree embedding algorithm itself can be used to bet-
ter address the routing issue, since in a certain extent it
does perform global routing. We could run the actual rout-
ing algorithm on unoptimized circuit. Then use the actual
channel occupancy to assign wire costs in the embedding

Figure 10: Average improvement for large circuits.

graph which is then used by the tree embedder. In this way
embedder is biased to place cells in regions with smaller wire
utilization.

Another anomaly that we have observed is that some repli-
cation trees are constructed from sub-circuits that do not re-
converge. In those cases, optimizing sub-critical paths seems
unnecessary. This may explain why Lex-5 which perform
more powerful optimization does worse than Lex-3 on the



average, since it may over-optimize too many sub-critical
paths that turned out to really be non-critical, thus con-
suming more free cell space and routing resources. A possi-
ble solution would be to invoke different versions of the tree
embedding algorithm based on the amount of reconvergence
that we encounter while constructing the replication tree.

7. CONCLUSIONS

We have presented a general and robust approach to logic
re-sythesis via timing-driven, placement-coupled replication.
The approach is similar in nature to [7] and it is designed to
address issues that arise due to the reconvergence in the cir-
cuit specification. We build on the Replication Tree idea and
modify the timing-driven fanin tree embedding algorithm to
optimize sub-critical paths

Around these core ideas we have built an optimization
engine for the FPGA domain and demonstrated promising
preliminary experimental results.

We have identified possible obstacles for practical imple-
mentation of our approach and presented some of the pos-
sible directions for improvement.

Finally, we argue that the general ideas in this paper hold
great promise beyond the context studied here. We sug-
gest that the techniques can provide useful bridges between
placement, routing and logic (re-)synthesis. Further, the
graph-based modeling of the placement target would seem
ideally suited to many practical problems (e.g., placement in
the context of heterogeneous FPGA routing architectures).
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