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ABSTRACT 
This paper presents a method that combines logic synthesis, 
technology mapping, and retiming into a single integrated flow. The 
proposed integrated method is applicable to both standard cell and 
FPGA designs. An efficient implementation uses sequential And-
Inverter Graphs (AIGs). Experiments on a variety of industrial circuits 
from the IWLS 2005 benchmarks show an average reduction of the 
clock period of 25%, compared to the traditional mapping without 
retiming, and by 20%, compared to traditional mapping followed by 
retiming applied as a post-processing step.   

1 INTRODUCTION 
In recent years, there have been increased efforts to integrate 

different aspects of the synthesis process, motivated by the shrinking 
of DSM technologies. This forces more synthesis aspects to be 
considered as interrelated and computed simultaneously. Recent 
examples of this kind of integration can be found in:  

1. Tech-independent synthesis and mapping [21][7][20] 
2. Mapping and retiming [28][32][11][12] 
3. Retiming and placement [3][9] 
4. Re-synthesis and retiming [3][33]  
5. Tech-independent synthesis and placement [6][19][16] 
6. Re-wiring and placement [8] 
7. Clock skewing and placement [17] 
Integrated methods have greater potential in that they can explore 

several solution spaces simultaneously, rather than sequentially, where 
a solution found in one space is fixed before optimizing it in the next 
space, and so on.  

To illustrate integration, consider logic synthesis and technology 
mapping. Typically, a network is optimized first by technology-
independent logic synthesis. The resulting network is then given to 
delay-optimal technology mapping, resulting in the best delay for the 
given logic structure. However, decisions made during technology 
independent synthesis are independent of technology mapping; hence 
logic structures leading to a good mapping may be lost. This is mainly 
because the abstracted optimization criteria used in technology 
independent logic synthesis crudely predict the effects on mapping.  

In order to integrate logic synthesis and technology mapping, it was 
proposed [21][7] to collect logic structures seen during logic 
transformations in technology-independent logic synthesis and 
simultaneously subject all of them to mapping. As a result, the choice 
of the best logic structure is postponed and made during mapping, 
when more accurate timing information is available.  

The contributions of this paper are: 
(1) Integration. We give the first development of a triple integration, 

where three optimization spaces (synthesis / mapping / retiming) are 
explored simultaneously. The approach is exact in that it finds the 
minimum delay of all possible mappings and retimings among all 
structures seen during technology independent logic synthesis.  

(2) Applicability. We show that triple integration is possible, not 
only for FPGAs but also standard cells.  

(3) Efficiency implementation.. The experiments confirm that our 
implementation for both standard cells and FPGAs is highly scalable, 

processing industrial circuits with 100K+ gates in about one minute on 
a typical computer. 

(4) Extensions of existing algorithms. K-cut computation is extended 
to sequential circuits with choices. Integration of retiming and 
mapping is extended to standard cells. 

This paper and our current implementation is limited to designs with 
a single clock domain and edge-triggered D-flip-flops (possibly with 
initial states). However, the framework can be extended to handle 
designs with multiple clock domains and explicit set/reset logic.  

The paper is organized as follows. Section 2 describes the 
background. Section 3 presents the integration procedures. Section 4 
shows experimental results. Section 5 concludes the paper and outlines 
future work. 

2 BACKGROUND 
A Boolean network is a directed acyclic graph (DAG) with nodes 

corresponding to logic gates and directed edges corresponding to the 
wires. AIG is a Boolean network composed of two-input ANDs and 
inverters. The terms network, Boolean network, design, and circuit are 
used interchangeably. 

Each node has a unique integer number called the node ID. A node 
has zero or more fanins, i.e. nodes that are driving this node, and zero 
or more fanouts, i.e. nodes driven by this node. The primary inputs 
(PIs) of the network are nodes without fanins in the current network. 
The primary outputs (POs) are a subset of nodes of the network. If the 
network is sequential, the memory elements are assumed to be D-flip-
flops with initial states. Terms memory elements, flop-flops, and 
registers are used interchangeably in this paper.  

A cut C of node n is a set of nodes of the network, called leaves, 
such that each path from a PI to n passes through at least one leaf. A 
trivial cut of the node is the cut composed of the node itself. A cut is 
K-feasible if it has K leaves or less.  

A transitive fanin (fanout) cone of node n is a subset of all nodes of 
the network reachable through the fanin (fanout) edges from the given 
node. The level of a node is the length of the longest path from any PI 
to the node. The node itself is counted towards the path length but the 
PIs are not.  

For standard cells, we use a load independent delay model for our 
experiments since we target a gain-based flow where sizing and 
buffering are done after mapping in conjunction with physical 
synthesis.  

The area and delay of an FPGA mapping is measured by the number 
of LUTs and the number of LUT levels respectively. The delay of a 
standard cell mapping is computed using pin-to-pin delays of gates 
assigned to implement a cut. The load-independent timing model is 
assumed throughout the paper.  

3 INTEGRATION  
Technology mapping can be viewed as the central procedure to 

which retiming and combinational logic synthesis must be fit. Section 
3.1 summarizes the mapping procedure. Section 3.2 shows how to 
combine mapping and retiming. Section 3.3 completes the description 
by combining the above steps with combinational logic 



transformations. Section 3.4 summarizes the overall flow and Section 
3.5 comments on the role AIGs play in an efficient implementation. 

3.1 Technology mapping 
In this section, we describe briefly each step of the Boolean 

mapping procedure and refer the reader to [7][28][29] for details.  
 
• Preparing the circuit for mapping 
The preparation is done by deriving a balanced AIG. For this, the 

SOP representations of the node functions are factored [4]. The AND 
and OR gates of the factored forms are converted into two-input 
ANDs and inverters and added to the AIG manager while performing 
one level structural hashing [15]. The resulting AIG is balanced by 
applying the associative transform, a(bc) = (ab)c, to reduce the 
number of AIG levels. Balancing can be done optimally in a linear 
topological sweep from the inputs. 
• Computing K-feasible cuts 
The efficient cut computation of [32][13] starts at the PIs and 

proceeds in the topological order to the POs. For a PI, the set of cuts 
contains only the trivial cut. For an internal node n with two fanins, a 
and b, the cuts Φ(n) are computed by merging the cuts of a and b: 

Φ(n) ={{n}} ∪ {u ∪ v | u ∈ Φ(a), u ∈ Φ(b), |u ∪ v| ≤ k}. 
Informally, merging two sets of cuts adds the trivial cut (the node 
itself) to the set of pair-wise unions of cuts belonging to the fanins, 
while keeping only K-feasible cuts. A modification for networks with 
structural choices is discussed in Section 3.3.2. 

Sequential K-cuts are computed as described in [32]. This requires 
treating the sequential circuit as cyclic and iterating the above cut 
computation until no new cuts are found. Convergence is fast and 
guaranteed, since the sets of cuts is monotone increasing. A sequential 
cut can extend across several register boundaries. Variables in 
different time slices of a cut are indexed and used in the sequential 
arrival time computation, described in Section 3.2. Modification to 
account for structural choices is straightforward (see Section 3.3.2). 
• Computing Boolean functions of cuts 
This step is needed only for standard cell mapping. For each cut, the 

root node’s function is computed in terms of the cut variables.  
• Matching cuts with LUTs or gates 
In FPGA mapping, matching is performed by associating each 

K-feasible cut with a K-input LUT, which will implement it. For 
standard-cells, Boolean matching is done. This is more complex and 
involves associating each cut with a gate (or sets of gates), which can 
implement the Boolean function of the cut, allowing possible 
permutation and complementation of the inputs of the gate. 
• Assigning delay-optimal matches at each node 
In a topological order from the PIs, the match having the smallest 

delay is assigned to each node. This is the basic DAG-mapping step, 
which leads to the optimum-delay matching for both FPGAs [10] and 
standard cells [22]. When standard cells are used, both phases of each 
node is mapped, which leads to reduced delays during phase 
assignment of the fanins of the gates [7].  
• Choosing the best delay matches 
This is done in reverse topological order, starting the mapping with 

those LUTs or gates that are needed to implement the best cuts of the 
POs. Then, the leaves of these cuts are visited and their 
implementation is added to the mapping, continuing recursively to the 
PIs. The procedure to derive the final mapping for sequential circuits 
is the same. 
• Recovering area 
Optimal DAG delay mapping looks only at delay ignoring area; it 

maps all paths for minimum delay. This is followed by heuristic area 
recovery that does not increase the delay of the network. New methods 
show that iterating local and global area recovery heuristics several 
times, results in an area efficient mapping [28][29]. 

3.2 Combining mapping with retiming 
Mapping for standard cells and FPGAs can be extended to 

sequential circuits by considering registers as labels (or weights) on 
the edges connecting logic nodes; the DAG becomes a cyclic circuit 
with labels. The overall mapping procedure for cyclic circuits (called 
sequential mapping) is similar to traditional combinational mapping 
with a few modifications: (1) the concept of arrival times is extended 
to account for register labels on the edges; (2) computation of the 
arrival times is done by iterating over the circuit, and; (3) the resulting 
mapping has a retiming associated with it, which when performed on 
the mapped circuit, leads to the minimum clock period over all 
possible mappings and retimings. Below, we describe these 
modifications in detail. 

Computing all matches of all K-cuts is done once for the whole 
integration process as a preprocessing step.  However, the computation 
of sequential arrival times may be repeated for different clock periods, 
φ,  as well as during area recovery. 

3.2.1 Sequential arrival times 
Sequential arrival times are computed depending on an assumed 

fixed clock period, φ. The sequential delay of a (possibly cyclic) path 
p is defined as: 

( ) ( ) ( )
n p e p

l p d n t eφ
∈ ∈

= −∑ ∑ , 

where d(n) represents the delay for node n and t(e) represents the 
number of registers on edge e. Thus the sequential delay is the 
difference between the sum of delays of nodes on the path and φ times 
the total number of registers on the path. The rational is that each 
register delays the signal at the end of the path by one clock cycle. 
The sequential arrival time [32] at node n is the maximum of the 
arrival times of all (possibly cyclic) paths originating at a PI and 
ending at node n: 

( )
( ) ( )max

p PATH PI n
l n l p

∈ →
= . As in the combinational 

case, the clock period φ is feasible if and only if the arrival time at a 
PO does not exceed φ at any time during the iterative computation. 
Since cycles are included, the computation involves iteration. 

3.2.2 Iterative computation of sequential arrival times 
The computation is shown in Figure 1 [31][32]. The arrival times of 

the PI nodes are set to 0 and those of internal nodes and the POs are 
initialized to -∞. In each iteration, nodes are visited in a topological 
order and new arrival times are computed as: 

matches( ) fanin( )
( ) min max { ( ) }u u

new M MM n u M
l n l u t dφ

∈ ∈
= − +  

where u
Mt  is the number of registers along the path from u, the input 

of the cut of the match, M, to n and u
Md  is the pin-to-pin delay of 

match M. G is the AIG with choices of the circuit. Thus, for each 
node, n, we consider all possible matches and record the one which 
yields the smallest new arrival time. Since the sequential cuts and 
matches have already been pre-computed and stored, this computation 
is fast.  

The arrival time of the node is updated if the new value is larger 
than the old value. Thus the arrival time at a node increases 
monotonically during the computation. If ever the arrival time at any 
PO exceeds φ, the iteration is stopped and the clock period is declared 
infeasible. Otherwise, the arrival times are guaranteed to converge and 
the clock period is feasible in the sense that there exists a retiming of 
the circuit to achieve this (modulo the maximum delay of any single 
gate in the library).  

To find an optimum clock period, a binary search is performed. In 
each step of the binary search, the iterative procedure in Figure 1 is 
repeated with a new clock period. We emphasize that mapping and 
synthesis are done simultaneously during this computation. The 
computation is fast since all cuts and all matches for all choices have 



been pre-computed. Thus the best match is found which minimizes 
clock period. Note that the best match at a node changes dynamically 
as the sequential arrival times change. 

SequentialArrivalTimes (G, φ )   
{ 
   for each node n in G do 
         if n is a PI then l(n) = 0 else l(n) = -∞ 
   do { 
         for each non-PI node n in G do  

                
matches( ) fanin( )

( ) min max { ( ) }new u n u nM n u M
l n l u t dφ→ →∈ ∈

= − +  

                ( ) max{ ( ), ( )}newl n l n l n=  
         if n is a PO and ( )l n φ>  
               return INFEASIBLE 
   } while (the arrival times of some nodes have changed) 
   return FEASIBLE 

} 

Figure 1. Iterative computation of sequential arrival times. 

3.2.3 Retiming associated with the final mapping 
When the optimum clock period, optϕ , is known, the mapping 

(standard cell or FPGA) for the circuit is selected as described in 
Section 3.1. For each node n, which is the output of a gate of the 
mapping, its retiming lag is computed [32]: 

0, if  is a PI or PO
( ) ( ) 1, otherwise    

opt

opt

n
r n l n

ϕ


=   − 
 

 

If the mapped circuit is retimed using this formula, the resulting clock 
period can be slower than the optimum one, φopt,  by at most the delay 
of a gate [34]. When the unit delay model is used in the fixed-LUT-
size FPGA mapping, this retiming gives the optimum clock period.  

Example. The network in Figure 2 illustrates the computation of the 
sequential arrival times for the clock periods of 1 and 2 shown in the 
tables. The combinational delay of an internal node is 1. The longest 
combinational path (a, c, b) has delay 3. Initially, the arrival times of 
the PIs, i and j, are set to 0, and arrival times of the internal nodes, a, 
b, and c, are set to -∞. The clock period of 1 is infeasible because the 
arrival times of PO node c exceeds the clock period after the first 
iteration. The clock period of 2 is feasible because the arrival times 
converge after two iterations. The associated retiming is r(a) = r(c) = 
0, r(b) = 1. Indeed, if the register on the edge (b, c) is retimed 
backward over node b, the longest combinational path has delay 2. 

φ = 1  φ = 2 
Iter a b c  Iter a b c

0 -∞ -∞ -∞  0 -∞ -∞ -∞
1 1 1 2  1 1 1 2
2 - - -  2 1 3 2
3 - - -  3 1 3 2

Figure 2. Example of sequential arrival time computation. 

3.3 Using choices: combining mapping with synthesis 
The main idea behind choices is to generate many different views of 

the same circuit while storing these in an AIG choice graph. Such a 
graph is efficient since many commonalities of the different versions 
can be shared, much like node sharing in BDD structures.  No 
decisions are made about which circuit is best. This is in contrast to 
considering only one circuit produced at the end of the technology 
independent synthesis process. Some possibilities for accumulating 
choices are: 

(a) take intermediate “snapshots” during a synthesis script,  

(b) do several synthesis runs with different objectives, e.g. one for 
area minimization and one for delay minimization,  

(c) use peripheral retiming to synthesize across register 
boundaries, and  

(d) restart the entire integration process with an initial network 
composed of the best mapping found during the previous 
integrated synthesis process.  

The last idea stems from improved results that were obtained by 
iterating FPGA mapping [29]. 

Accumulating different logic structures implementing the same 
function is useful for two reasons. First, technology-independent 
synthesis is heuristic and hence produces a network that is not optimal. 
When this network is mapped, the mapper may fail to find a good set 
of matches, which might have existed for an intermediate network in 
the flow. Second, synthesis operations usually apply to the network as 
a whole. An optimization script for delay may significantly increase 
area, since the whole network, and not just the critical path, is 
optimized for delay. By combining a delay-optimized network with an 
area-optimized one, the mapper gets the best of both; on the critical 
path, logic structures from the delay-optimized network will be used, 
whereas off the critical path, the mapper may choose structures from 
the area-optimized network. Similarly, multiple logic structures can be 
exploited by retiming to find a shorter clock period. 

The accumulation of choices has two effects on our overall flow. 
First it increases the number of matches at each node which can 
improve the sequential arrival times. Second, when area is recovered 
at the end, there are more options for doing this because there are 
more matches at each node. 

The next two subsections discuss efficient construction of the choice 
network and the extension of the cut computation to handle choices. 

3.3.1 Constructing the choice network 
A choice network is constructed from a collection of functionally 

equivalent networks. Recent advances in equivalence checking are 
used to identify functionally-equivalent, structurally-different internal 
points in the networks [21][24].  

The choice network is an AIG derived by combining many versions 
of functionally equivalent networks. Internal nodes are efficiently 
mapped into equivalence classes according to their global function. 
Random simulation is used to identify potentially equivalent nodes, 
and followed by a SAT engine to verify equivalence. This capability 
has been implemented in an efficient package called FRAIG 
(Functionally Reduced And-Inverter Graphs) with APIs similar of a 
BDD package (but using simulation and SAT [27]).  

Example. Figures 3 and 4 illustrate the construction of a network 
with choices. Networks 1 and 2 in Figure 3 show the subject graphs 
obtained from two networks that are functionally equivalent but 
structurally different. Nodes x1 and x2 in the two subject graphs are 
functionally equivalent (up to complementation). They are combined 
in an equivalence class in the choice network (Figure 4), and an 
arbitrary member (x1 in this case) is chosen as the class representative. 
Note that node p does not lead to a choice because p is structurally the 
same in both networks. There is no choice corresponding to the output 
node o since the procedure detects the maximal commonality between 
the two networks. 

A method of generating choices, by iteratively applying the Λ- and 
∆-transformations, was used in [23], where the associatively of the 
AND operation is used (the Λ-transformation), e.g. (x1x2)x3 can be 
replaced by (x2x3)x1 and (x1x3)x2. Similarly, the distributivity of AND 
over OR provides another source of choices. We experimented with 
this process applied to AIGs but did not find the additional choices 
generated this way were a worthwhile addition to taking snapshots 
during synthesis. 
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Figure 3. Equivalent networks before choicing. 

 
Figure 4. The choice network. 

Structural choices leads to a new paradigm for logic synthesis: rather 
than trying to come up with a good final netlist used as an input to 
mapping, accumulate choices by applying transformations, each of 
which leads to improvements in complementary senses. The best 
combination of these choices can then be selected during mapping, 
retiming, or combined mapping/retiming, leading to the triple 
integration of synthesis/mapping/retiming.  

3.3.2 Cut enumeration with choices  
Given a node n, let N denote its equivalence class. Let Φ(N) denote 

the set of cuts of equivalence class N. It is easy to see that,  
Φ(N) = ( )

n N

n
∈

Φ∪ , 

where, Φ(n) ={{n}} ∪ {u ∪ v | u ∈ Φ(A), u ∈ Φ(B), |u ∪ v| ≤ k}, and 
A and B are the equivalence classes of the two inputs of n. 

This expression for Φ(n) leads to only a slight modification of the 
one Section 3 for computing cuts without choices. The cuts of n are 
obtained from the cuts of the equivalence classes of its fanins (instead 
of the cuts of its fanins). In the absence of choices (an equivalence 
class has only one node) this computation is the same as in Section 3. 
As before, the cut enumeration is done in one topological pass from 
the PIs to the POs in combinational designs and multiple iterations in 
sequential designs. 

Example. Consider the computation of the 3-feasible cuts of the 
equivalence class {o} in Figure 4. Let X represent the equivalence 
class {x1, x2}. Now, Φ(X) = Φ(x1) ∪ Φ(x2) = {{x1}, {x2}, {q, r}, {p, 
s}, {q, p, e}, {p, d, r}, {p, d, e}, {b, c, s}}. We have Φ({o}) = Φ(o) = 
{{o}} ∪ {u ∪ v | u ∈ Φ({a}), u ∈ Φ({x1}), |u ∪ v| ≤ 3}.  

Since Φ({a}) = Φ(a) = {a} and Φ({x1}) = Φ(X), we get Φ({o}) = 
{{o}, {a, x1}, {a, x2}, {a, q, r}, {a, p, s}}. Observe that the set of cuts 
of o involves nodes from the two choices x1 and x2, i.e. o may be 
implemented using either of the two structures. 

The subsequent steps of the mapping process (computing delay-
optimum mapping and performing area recovery) remain unchanged, 
except that mapping at each node is done using the additional cuts. 
These cuts as well as the additional cuts overlapping with the gate 

boundary (sequential cuts) represent orthogonal ways to improve the 
quality of mapping. 

3.4 Overall picture of sequential integration 
Figure 5 outlines the overall flow, emphasizing where the various 

computations enter the picture. Computation begins by performing 
logic synthesis and accumulating functionally equivalent networks, 
which are processed by the FRAIG manager, resulting in the choice 
AIG. Next, the cuts are computed for each node, and matches are 
found for each cut. All such cuts and matches are stored for use in the 
sequential arrival time computations. A binary search is performed to 
find the best achievable clock period. If the result is not okay in the 
sense that the optimum clock period is not acceptable, additional 
synthesis can be applied, resulting in more choices, which may 
improve the achievable clock period. Once the target clock period is 
found, the associated retiming is performed, and the final network, 
after area recovery, is produced. Note that steps denoted cuts and 
matches and seq arrival times (in double boxes in Figure 5) involve 
iteration over the sequential (cyclic) AIG until convergence, as 
discussed in previous sections. However, computing cuts and matches 
is done only once while computing sequential arrival times is repeated 
several times during the binary search. 

 
Figure 5. High-level view of the integration flow. 

Besides the final retiming, Figure 5 shows two post-processing 
steps, area recovery and initial state computation. Area recovery 
involves two aspects, remapping the off-critical paths in order to save 
area, and moving the registers to minimize their number. The first can 
be done using the area recovery methods for combinational logic [7] 
provided the registers are fixed. However, we will want to move the 
registers to decrease their number, especially for standard cell designs. 
Also, the retiming lags computed as described in Section 3.2.3  are 
generally bad for area, since they move the registers to their most 
forward position. One idea for area recovery is to use the incremental 
methods [35]. Since we have not implemented these techniques, we do 
not discuss area further and do not report area in our experiments. 

The computation of the initial states for the new register positions is 
based on breaking down retiming into a sequence of forward and 
backward retimings. Computation of initial state for forward retiming 
is easy. Computation of initial state for backward retiming is reduced 
to a SAT problem, which “records” the sequence of backward register 
movements during retiming. Although this is not always satisfiable, 
our experience with the benchmarks so far is that such non-
satisfiability never happens. Retiming operations of networks with 
arbitrary gates or logic nodes can be reduced to retiming of a 
sequential AIG that reflects the structure of the network. 

3.5 The role of AIGs in the implementation 
AIGs have been used successfully in a number of logic synthesis 

and verification projects [21][34]. To implement the integrated flow, 
the combinational AIGs were generalized to handle sequential 
transformations as shown in [1]. In the resulting sequential AIGs, each 
edge has four attributes: (1) a node ID; (2) a complemented attribute; 
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(3) the number of registers; and (4) the vector of initial states of the 
registers. Using sequential AIGs leads to an efficient implementation 
for the following reasons: 
• During the cut computation only two cut sets are merged at each 

two-input AND node. Storing register numbers together with 
node IDs on the edges allows for a convenient manipulation (e.g. 
hashing) of the leaves of sequential cuts.  

• The iterative sequential arrival time computation is fast because 
the AIG representation is uniform and compact. 

• Retiming of a sequential AIG is simple because the register 
numbers and initial values are stored on the graph edges.  

4 EXPERIMENTAL RESULTS 
The integrated flow was implemented in the sequential logic 

synthesis and verification system ABC [2]. The ABC commands smap 
and sfpga perform the integrated optimization for standard cells and 
FGPAs, respectively. The implementation was tested on the designs 
included in the IWLS `05 benchmark set [18]. Table 1 shows the 
results of FPGA mapping into 5-input LUTs. Table 2 shows the results 
of standard-cell mapping using the library, mcnc.genlib, from the 
standard distribution of SIS. The netlists after mapping were verified 
using a bounded SAT-based sequential equivalence checker in ABC. 

The comparative experiments were all started uniformly from the 
same set of netlists from the IWLS benchmark suite1. All were run 
through a logic synthesis script in ABC. For generating choices, 3 
snapshots, the original network, one intermediate network, and the 
final network, were combined in a choice network. For the 
experiments without choices, the same script was used but no 
snapshots were taken; the network to be mapped and retimed was just 
the final network. 

The following notation is used in the tables. The first column lists 
the benchmarks. The next five columns show the number of primary 
inputs (PI), primary outputs (PO), registers (Register), AIG nodes 
(AND2), and maximum number of logic levels of the AIG (Lev). The 
number of gates and logic levels is given for an AIG after structural 
hashing and algebraic balancing for minimum delay, as described in 
Section 3.1. The next five columns show the clock periods after 
optimization with different options:  
• M – combinational mapping only 
• MC – combinational mapping with structural choices (integrated 

synthesis/mapping) 
• M+R – combinational mapping followed by retiming 
• MR – sequential mapping (integrated mapping/retiming) 
• MC+R – integrated synthesis/mapping followed by retiming 
• MCR – sequential mapping with structural choices proposed in 

this paper (integrated synthesis/mapping/retiming) 
The last two columns in the tables show the runtime, in seconds, of 

the two most time-consuming steps in the fully integrated 
computation. Column “Cut” gives the runtime of the exhaustive 
computation of 5-feasible sequential cuts. Column “Iter” gives the 
total runtime of the binary search for the optimum clock period. This 
runtime is dominated by iterative computation of the sequential arrival 
times. The runtimes are reported on a 1.6GHz laptop. The memory 
requirements, not listed in the tables, were dominated by the 
sequential cuts and were less than 500MB for the largest circuits 
considered. 

We also experimented with the ISCAS benchmarks. Since the 
relative results obtained on the average improvements in the clock 
period for both standard cells and FPGAs were in very close 
agreement with those of Table 2, the details are omitted. 

                                                           
1 These benchmarks were extracted from a Verilog description and run through 
a light-weight logic synthesis script. Their size and number of latches is overly 
large for the kinds of designs they represent. This is due to the way the logic 
was extracted from the Verilog.  

The runtimes of the combinational and sequential mapping options 
for mapping into FPGAs are reported in Table 3. The first column 
shows the benchmark names. The following section shows the runtime 
of logic synthesis. Column “Synth” lists the runtime of script resyn2 in 
ABC. The synthesized network was used for mapping with options 
“M”, “M+R” and “MR”. Column “Choice” contains the runtime of 
constructing the choice AIG from the three snapshots derived by 
synthesis. The resulting choice AIG was used for mapping with 
options “MC”, “MC+R” and “MCR”. The next section shows the 
runtime of six different mapping options. Finally, the last section 
shows the breakdown of “MCR” runtime. Column “Cut”, “Iter”, and 
“Retime” show the runtime of sequential cut computation, iterative 
sequential arrival time computation, and final retiming, respectively. 
Columns “Cut” and “Iter” correspond to the last columns of Table 1. 
The runtimes of the integration flow for SCs show the same trends as 
those for FPGAs reported in Table 3. This can be seen by comparing 
the last two columns of Tables 1 and 2 listing the runtimes of the most 
time-consuming steps of MCR for SCs and FPGAs. 

To summarize, the experiments show that the proposed approach 
often substantially reduces the optimum clock period over separate or 
partially-integrated approaches. Some salient points are:  

1. The use of the integrated flow is equally effective for both 
FPGAs and SCs. 

2. The whole is more than the sum of its parts; the effectiveness of 
each operation is enhanced by integration beyond what it can do 
alone. 

3. The effectiveness of the use of choices is enhanced by 
integration with retiming (alone 4% improvement, with 8%).  

4. On these examples, retiming by itself (M+R) was relatively 
ineffective (~3%) but when integrated with mapping and/or 
choices it leads to substantial gains (18% MR and 26% MCR) 

5. The runtimes confirm the scalability of the proposed integrated 
flow (e.g. about one minute for a design with 17K registers) . 

As commented above, areas are not reported because no area 
recovery was attempted in these experiments. This remains to be 
implemented and will be included in the final paper if accepted.  

Fanout independent delay models are used in our current 
experiments. For modern FPGAs, interconnects are fully-buffered and 
the impact of load is limited. For ASICs, our approach can fit nicely in 
a constant-delay synthesis framework. In the future, we would also 
like to validate the advantages of our approach after place and route. 
We expect the performance advantage of our approach still holds as 
logic level retiming alone has proven to be effective for performance 
optimization in commercial tools for both FPGAs and ASICs. 

5 CONCLUSIONS AND FUTURE WORK 
This paper presents an approach synergistically integrating 

combinational logic synthesis, technology mapping, and retiming. The 
clock period found is provably the smallest one in the combined 
solution space of mapping, retiming and the set of networks generated 
by the choices. The approach is highly scalable because global 
minimization is achieved by a sequence of simple local 
transformations. The proposed implementation, based on sequential 
AIGs, scales to large circuits and results in an average reduction of 
about 25% in clock period for both standard cells and FPGAs. 

These experiments suggest the following important conclusion: by 
not doing retiming, there is a lot more performance left on the table 
than was previously thought, but this can only be obtained by 
integration of retiming with other steps in the synthesis flow. 

Current and future work will focus on the following improvements: 
• Register minimization after retiming. Our current proof-of-

concept implementation does not attempt to produce the final 
retiming with the minimum number of registers. Besides sharing 
registers across fanins and fanouts, the number of registers can be 
reduced by either an exact linear program [31], or simpler 



heuristics that move registers to better positions using local 
sequential slacks.  

• Area recovery for sequential circuits. Area recovery for 
combinational circuits proceeds from inputs to outputs. The 
required times do not change and, therefore, need not be 
recomputed. However, for a cyclic circuit, both sequential arrival 
and required times have to be recomputed whenever a node’s 
timing is changed during area recovering. An efficient method for 
updating this information is required.  

• Convergence speed of iterative procedures. Sequential arrival 
time computation in Figure 2 often iterates over the circuit many 
times before converging or proving a clock period infeasible. 
Also, the arrival times are recomputed from scratch whenever a 
new clock period is assumed. These inefficiencies may be 
addressed using Howard’s algorithm [14] to detect the critical 
cycles and avoid re-computing the timing information for the 
non-critical nodes. 

• Generation of structural choices for sequential networks. Our 
current procedures only generate choices from the initial un-
retimed version of the circuit. Extending choice generation to 
sequential networks by combining the combinational choices 
derived for the original network and networks with shifted 
register boundaries [26]. 
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Table 1. Integration of synthesis/mapping/retiming for FPGAs (k = 5). 

Network statistics Optimal clock period Runtime IWLS 2005 
benchmarks PI PO Register AND2 Lev M MC M+R MR MC+R MCR Cut, s Iter, s 

ac97_ctrl 84 48 2199 14261 11 3 3 3 2 3 2 2.56 1.69 
aes_core 259 129 530 21125 21 6 6 6 6 6 6 4.15 5.61 
des_area 240 64 128 4781 27 8 8 8 8 8 8 0.57 0.42 
des_perf 234 64 8808 76716 17 5 5 5 4 5 3 16.97 9.32 
ethernet 98 115 2235 19654 27 8 8 8 7 8 5 4.76 5.21 
i2c 19 14 128 1151 12 4 4 4 4 4 3 0.15 0.12 
mem_ctrl 115 152 1083 15191 28 9 8 9 8 8 6 1.32 1.85 
pci_bridge32 162 207 3359 22742 22 7 7 7 6 7 6 5.92 4.52 
pci_spoci_ctrl 25 13 60 1369 16 5 5 5 5 5 4 0.27 0.31 
sasc 16 12 117 772 8 3 2 3 2 2 2 0.12 0.05 
simple_spi 16 12 132 1031 10 3 3 3 3 3 3 0.22 0.15 
spi 47 45 229 3768 31 8 8 8 6 8 6 0.60 0.71 
ss_pcm 19 9 87 405 7 2 2 2 2 2 2 0.04 0.03 
systemcaes 260 129 670 12279 44 10 9 8 7 9 6 2.88 3.42 
systemcdes 132 65 190 2933 23 7 7 5 4 6 4 0.36 0.31 
tv80 14 32 359 9503 42 14 12 12 9 11 8 1.24 2.62 
usb_funct 128 121 1746 15670 23 7 7 7 6 6 5 2.45 3.96 
usb_phy 15 18 98 456 9 3 3 3 2 3 2 0.07 0.04 
vga_lcd 89 109 17079 126687 19 7 7 7 5 7 4 23.01 21.00 
wb_conmax 1130 1416 770 47535 18 7 7 7 5 7 5 3.53 2.32 
wb_dma 217 215 563 4044 22 8 8 8 6 8 6 0.46 0.40 
Ratio    1.00 0.96 0.97 0.82 0.95 0.74   

 

Table 2. Integration of synthesis/mapping/retiming for standard cells (mcnc.genlib) 

Network statistics Optimum clock period Runtime IWLS 2005 
benchmarks PI PO Register AND2 Lev M MC M+R MR MC+R MCR Cut, s Iter, s 

ac97_ctrl 84 48 2199 14261 11 8.30 8.00 8.00 6.13 7.50 5.69 3.48 9.29 
aes_core 259 129 530 21125 21 17.30 17.00 17.76 17.19 17.22 16.80 5.81 24.67 
des_area 240 64 128 4781 27 22.00 22.00 22.13 23.25 22.13 22.77 0.80 1.02 
des_perf 234 64 8808 76716 17 14.80 13.60 14.80 11.81 12.19 10.83 22.90 30.25 
ethernet 98 115 2235 19654 27 21.30 19.70 20.39 20.34 19.33 14.06 5.87 20.59 
i2c 19 14 128 1151 12 10.00 10.00 10.13 8.00 10.13 7.50 0.21 0.76 
mem_ctrl 115 152 1083 15191 28 21.10 21.90 21.30 18.89 21.66 15.02 1.83 6.81 
pci_bridge32 162 207 3359 22742 22 17.70 17.10 16.31 15.03 16.12 15.23 7.46 17.56 
pci_spoci_ctrl 25 13 60 1369 16 12.10 11.00 12.34 10.94 10.97 8.91 0.35 1.48 
sasc 16 12 117 772 8 7.40 6.80 7.05 6.91 6.32 6.09 0.16 0.42 
simple_spi 16 12 132 1031 10 9.10 9.10 9.02 7.50 8.67 7.03 0.30 0.95 
spi 47 45 229 3768 31 21.80 19.70 17.85 17.00 15.60 16.00 0.80 3.12 
ss_pcm 19 9 87 405 7 6.60 6.30 5.91 4.50 5.71 4.13 0.07 0.23 
systemcaes 260 129 670 12279 44 28.10 25.20 26.34 24.57 24.65 22.78 3.99 12.85 
systemcdes 132 65 190 2933 23 19.90 19.20 15.81 13.56 15.24 13.56 0.50 2.06 
tv80 14 32 359 9503 42 33.90 31.80 31.13 26.72 29.58 24.96 1.74 11.65 
usb_funct 128 121 1746 15670 23 19.70 17.20 19.33 14.00 17.40 13.41 3.24 13.47 
usb_phy 15 18 98 456 9 7.10 6.80 7.11 6.50 6.87 5.25 0.10 0.35 
vga_lcd 89 109 17079 126687 19 15.50 14.60 15.59 11.63 14.53 9.52 30.17 126.76 
wb_conmax 1130 1416 770 47535 18 15.90 15.90 15.10 12.58 14.82 11.86 4.87 11.77 
wb_dma 217 215 563 4044 22 18.60 17.80 17.70 15.61 16.71 14.22 0.56 2.36 
Ratio     1.00 0.95 0.96 0.84 0.91 0.76  

 

 

 

 

 

 



Table 3. Runtime of different mapping options for FPGA (k = 5) 

Synthesis, sec Variations of FPGA mapping, sec MCR breakdown, sec IWLS 2005 
benchmarks Script Choice M MC M+R MR MC+R MCR Cut Iter Retime 

ac97_ctrl 1.55   1.10 0.42 0.99 0.55 1.46 1.39 6.20 2.56 1.69 0.56 
aes_core 7.48   5.05 1.00 3.91 1.58 3.11 4.33 12.45 4.15 5.61 1.67 
des_area 1.56   0.27 0.60 2.34 0.67 0.46 2.19 1.64 0.57 0.42 0.24 
des_perf 43.54 116.91 6.61 30.80 7.52 9.44 33.24 34.45 16.97 9.32 2.24 
ethernet 2.71   1.81 0.63 2.49 1.20 2.22 2.74 13.73 4.76 5.21 1.04 
i2c 0.83   0.10 0.22 0.31 0.31 0.65 0.29 0.62 0.15 0.12 0.11 
mem_ctrl 1.88   1.32 0.54 1.52 0.65 1.42 1.67 4.28 1.32 1.85 0.54 
pci_bridge32 4.14   2.56 0.98 2.51 1.33 0.92 3.04 12.47 5.92 4.52 1.20 
pci_spoci_ctrl 0.60   0.07 0.20 0.27 0.23 0.33 0.32 0.79 0.27 0.31 0.11 
sasc 0.70   0.08 0.28 0.18 0.30 0.31 0.22 0.22 0.12 0.05 0.08 
simple_spi 0.75   0.08 0.24 0.21 0.28 0.30 0.28 0.48 0.22 0.15 0.12 
spi 2.17   0.21 0.37 0.90 0.45 0.62 0.94 1.67 0.60 0.71 0.19 
ss_pcm 0.44   0.10 0.15 0.12 0.16 0.23 0.16 0.18 0.04 0.03 0.06 
systemcaes 2.30   0.71 0.68 3.38 0.80 1.76 3.56 7.90 2.88 3.42 0.49 
systemcdes 0.96   0.10 0.34 1.08 0.38 0.31 1.17 0.89 0.36 0.31 0.19 
tv80 1.92   0.68 0.48 1.90 0.62 1.36 2.06 5.42 1.24 2.62 0.43 
usb_funct 2.85   1.86 0.67 1.93 0.94 2.27 2.18 8.39 2.45 3.96 0.81 
usb_phy 0.61   0.07 0.23 0.18 0.30 0.24 0.18 0.16 0.07 0.04 0.09 
vga_lcd 47.27 347.92 5.28 15.97 7.14 16.16 17.65 62.61 23.01 21.00 8.31 
wb_conmax 12.08  23.48 2.14 6.22 2.54 2.56 6.87 8.87 3.53 2.32 1.39 
wb_dma 0.92   0.18 0.22 0.49 0.30 0.37 0.51 1.19 0.46 0.40 0.22 
Ratio 4.26 5.71 1.00 2.65 1.28 2.04 2.92 7.29 2.62 2.73 0.83 

 


