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Abstract 

Retiming is an effective technique to optimize the performance 
of synchronous sequential circuits. This paper proposes a method to 
improve the effectiveness of retiming by transforming the sequen- 
tial circuit. Bottlenecks which prevent retiming to achieve a desired 
clock period are identified. Conditions to eliminate the retiming bot- 
tlenecks are derived. These conditions are satisfied by a process of 
identifying sub-circuits and satisfying a set of timing constraints on 
the sub-circuits. The transformed circuit, which satisfies the timing 
constraints, can be retimed to achieve the desired clock period. If 
the original circuit has its initial state specified, our method always 
generates the final circuit with an equivalentinitial state. Experimen- 
tal results on a variety of sequential benchmark circuits demonstrate 
significant performance improvement. 

1 Introduction 

While logic synthesis has been able to deliver area-efficient 
testable designs, the performance of synthesized designs remains 
a major concern: In the past, several efforts have been made in op- 
timizing the delay of combinational circuits [ 1,2,3,4). Since most 
real life designs are sequential in nature, we address the problem of 
optimizing the performance of sequential circuits. 

Combinational delay optimization techniques can be applied to 
sequential circuits by optimizing the combinational logic blocks be- 
tween the latches. However, this approach does not exploit the 
sequential nature of the circuit. 

Retiming [5] is an effective technique to optimize the clock pe- 
riod of synchronous sequential circuits. The retiming technique 
considers only the sequential elements of the circuit, it assumes that 
the combinational logic structure is fixed. Consequently, though the 
retiming algorithms in [5] find clock period optimum with respect to 
retiming, the clock period may be further improved by changing the 
combinational logic and then applying retiming. 

We briefly review the previous work done to optimize the per- 
formance of sequential circuits by using retiming with certain other 
techniques. In [6], a set of logic synthesis operations has been com- 
bined with retiming to optimize sequential circuits for area and clock 
period. A technique has been proposed in [7] to optimize the cycle 
time of sequential circuits which use multi-phase clock, by moving 
combinational logic across latches. Peripheral retiming has been 
used to optimize the performance of pipeline circuits using combina- 
tional delay optimization techniques [S]. The retiming tehnique has 
also been extended to sequential circuits using level-sensitive latches 
P, 101. 

As a motivation to the performance optimization technique pre- 
sented in this paper, let us consider the sequential circuit shown in 
Figure l(a). The clock period, 3, is optimal with respectto retiming. 
The combinational logic of the circuit cannot be restructured by com- 
binational delay optimization techniques to reduce the clock period 
of the circuit. However, retiming can be enabled by transforming 
the circuit as shown in Figure l(d). Though the clock period of the 
transformed circuit is not reduced, retiming can now reduce the clock 
period to 2, producing the circuit shown in Figure l(e). 

This paper addresses the problem of enabling retiming by trans- 
forming the sequential circuit. We identify the bottlenecks in the 
sequential circuit which prevents retiming to achieve a desired clock 
period. Eliminating the retiming bottlenecks enables retiming to 
achieve the desired reduction in clock period. Instead of explicitly 
identifying and eliminating each retiming bottleneck, we derive a 
set of conditions that must be satisfied by the paths of the circuit 
to eliminate all the retiming bottlenecks simultaneously and enable 
retiming. 

We propose a technique to transform the circuit so that the re- 
timing bottlenecks are eliminated. The proposed technique consists 
of identifying sub-circuits and satisfying a set of timing constraints 
on the sub-circuits. Satisfying the timing constraints for all the sub- 
circuits may require an increase in the clock period of the circuit. 
However, it is guaranteed that the transformed circuit can be retimed 
to achieve the desired clock period. 

Experimental results show that our technique can significantly 
improve the effectiveness of retiming. The clock period of the se- 
quential circuits can be significantly reduced beyond the optimum 
clock period achieved by retiming. The experimental results also 
compare very well with a combined application of retiming and 
combinational delay optimization. 

1.1 Definitions 

We consider synchronous sequential circuits consisting of gates 
and edge-trigerred latches. Besides the Primary Inputs (PI) and 
the Primary Outputs (PO) of the circuit, the outputs and inputs of 
the latches are considered to be Pseudo-Primary Inputs (PPI) and 
Pseudo-Primary Outputs (PPO) of the circuit, respectively. * 

A path p from node x to node y is a sequence of nodes and edges 
starting with z and ending with y. A path is simple if all nodes and 
all edges on the path, except the hrst and last node, are distinct. A 
cycle is a simple path which begins and ends with the same node. 
Throughout this paper, by a path, we refer to a simple path. Each 
node 2, has a propagation delay d(v) associated with it. The delay 
(or, length) of a path p, d(p), is the sum of the propagation delays of 
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Figure 1: Enabling Retiming by Eliminating Retiming 
tlenecks 
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the nodes in the path. The weight of a path p, w(p), is the number of 
latches along path p. 

A path p having m(p) = 0 is referred to as a combinational 
path. A path having w(p) 1 0 is referred to as sequential path 
or simply, a path. For a synchronous sequential circuit, the clock 
period d is the length of the longestcombinational path in the circuit: 
4 = max{d(p)]w(p) = 0). A sequential path contains one or more 
combinational paths. The period of a sequential path is the length 
of its longest combinational path. 

2 Bottlenecks for Retiming 

In this section, we identity the bottlenecks present in the sequen- 
tial circuit that prevent retiming from acheiving the desired clock 
period (4 - c), where Q is the initial clock period, and c is the desired 
reduction. A combinationalpathp is termed critical ifits length d(p) 
is greater than (4 - c). A sequential path p is termed critical if its 
length d(p) is such that uny retiming of the path cannot reduce its 
period to 4 - c. Considering each node has unit delay, a sequential 
path is critical ifits length d(p) > (4 - c) * (w(p) + 1). 

Similarly, a cycle C is critical if any retiming of the cycle cannot 
reduce its period to Q - c. Considering unit delay at every node, a 
critical cycle satisfies d(C)/w(C) > (d - c). Assuming c = 1, the 
cycle {W.e,f,g,W} in the sequentialcircuit of Figure l(a) is a critical 
cycle. However, the cycle {Y,e,f,g,W,a,X,b,Y} is not critical. 

The retiming bottlenecks, which prevent retiming to achieve the 
desired clock period, are: 

Rl Combinational critical path from PI to PO, 

R2 Sequential critical path from PI to PO, 

R3 Critical cycle. 

The following theorem follows from Theorem 11 in [6]. 

Theorem 1 Retiming cannot reduce the clockperiod of a circuit by 
L if and only if the circuir has a~ least one retiming bottleneck. 

2.1 Conditions for Eliminating Retiming Bottle- 
necks 

Theorem 1 ensures that eliminating the retiming bottlenecks from 
a sequential circuit would enubfe retimiig to achieve the desired 
clock period. However, there may be an exponential number of 
retiming bottlenecks in a circuit Enumerating each bottleneck and 
eliminating it explicitly may be prohibitive. Instead, we identify a 
set of conditions, which, if satisfied, eliminates all the retiming bot- 
tlenecks simultaneously. Our approach is based on the observation 
that unlike combinational nodes, a latch on a critical path may have 
a slack greater than t associated with it. 

The slack at a combinationalnode v, s(v) = r(v) - a(v), where 
r(v) is the required time of v, and a(v) is the arrival time of v. With 
each latch node X, we associate a tuple (si(X),so(X)), where 
si(X) is the input-slack of X, and so(X) is the outputslack of 
X. Si(X) = d - a(f~WO; h(X)= minvEfanout(x){S(v)). 

The tuples (si(X),so(X)) associated with the latches are shown in 
Figure l(a). 

A latch X is a forward slack latch (FSL) if its input-slack 
Si(X) > c. An FSL X can be moved forward by a distance of 
(si(X) - c) without making any combinational path to X critical. 



Moving FSL X forward by (si (X) - 6) increases the length of paths 
to X by (si(X) - c), and decreases the length of paths from X by 
(si(X) - c). In the sequential circuit shown in Figure l(a), latches 
X and Y are FSLs, while latch W is not. 

Similarly, a latch whose outputslack so(X) > c can be moved 
backward by (so(X) - c), without making any combinational path 
from X critical. However, to guarantee that the final circuit after 
retiming has an equivalent initial state, we choose to use only the 
forward movement of FSLs during retiming. We derive a set of 
conditions on the paths of the circuit such that satisfying the condi- 
tions ensures that the FSLs in the transformed circuit can be moved 
forward (retimed) to achieve the desired clock period (4 - 6). 

Let the inputs (outputs) of the circuit be partitioned into forward 
slack latches (FSL) and all other inputs (outputs) which are not 
forward slacklatches (NFSL). Ifacombinationalpath beginning with 
an FSL, X, (whose movement can decrease its length by (si( X)-c)) 
and ending with an FSL, Z, (whose movement may increase its 
lengthby(si(Z)-c))haslengthnogreaterthan~-~+(si(X)-~)- 
(s;(Z)-c),thelengthofthepathcanbereducedto (4-c) by moving 
latch X forward during retiming. Similarly, any combinational path 
beginning with an FSL, X, and ending with an NFSL must have 
length no greater than 4 - 6 + (si(X) - c). Any combinational 
path beginning with an NFSL and ending with an FSL, Z, must have 
length no greater than 4 - t - (si (Z) - t). Finally, combinational 
paths between NFSLs must have length no greater than 4 - 6, because 
retiming may not be used to reduce these paths. We list below the 
conditions, applicable to the circuit before retiming. 

BFF. All combinational paths pff from any FSL X to any FSL Z 
havelength d(pff) 5 4 -t + si(X) - si(Z). 

BFN. All combinational paths pf,, from any FSL X to any NFSL j 
have length d(pfn) 5 4 + Si(X) - 2~. 

BNF. All combinational paths p,,f from any NFSL i to any FSL Z 
havelength d(p,f) 5 4 - Si(Z). 

BNN. All combinationalpaths p,, from any NFSL to any NFSL have 
length d(p,,) 54 -c. 

Theorem 2 Satisfying conditions BFF. BFN. BNF and BNN elim- 
inates all the reGrning bottlenecks. 

Proof: Let 1 be the original circuit and 6 be the new circuit which 
satisfies the conditions BFF, BFN, BNF and BNN. 

Since condition BNN is satisfied, $ does not have any combina- 
tional critical path from a primary input to a primary output (Rl). 
Consider a cycle C having m latches in the circuit e. The set of com- 
binational paths, P, in the cycle can be partitioned into four mutually 
exclusive sets: PFF, containing those paths in C which begin with 
an FSL and end with an FSL, PFN, containing paths in C which 
begin with an FSL and end with an NFSL, PNF, containing paths 
in C beginning with an NFSL and ending with an FSL, and PNN, 
conatining paths in C which begin with an NFSL and end with an 
NFSL. 

The total slack on the nodes of the cycle C, 

slack(C) = 
c slack(p) + 

c 
slack(p) 

PEPFF PePFN 

+ c slack(p) + c slack(p) 

PCPNF P~PNN 

For any path p E PFF U PFN, let X, denote the FSL at the beginning 
of p. For any path p E PFF U PNF. let Z, denote the FSL at the end 
of p. Substituting in the appropriate quantities for slack(p) from 
BFF,BFN,BNF ~~BNN: 

slack(C) > C (Si(Zp)- Si(Xp)+ C) + C (Ze- Si(Xp)) 

PEPNF 

Algebraic manipulation yields: 

slack(C) 2 C si(zP) + C Si(Zp) - ( C Si(X*) 

It can be shown that CPEPFF si(Zp) + CPEPNF Si(Zp) G 

c DEPFF si(xp) + CoEpFw si(xp). Also, (IPFFI + ~IPFNI + 

Ip&lja= m. Hence, &&k’(C) 2 mc. This shows that in the 
circuit 4, any cycle C having m latches has slack(C) 1 mc. Con- 
sequently, there is no critical cycle (R3) in the circuit fi. Similarly, 
it can be shown that 4 does not contain any sequential critical paths 
W). 

PCPFF PEPNF PCp~~ 

+c 
si(x,)) + (IPFFI + 2iPFNI + IPNNJ)c 

P~PFN 

Consequently, circuit 6, which satisfies conditions BFF, BFN, 
BNF and BNN, does not contain any retiming bottleneck, Rl, R2 
andR3. 0 

Note that in order #to achieve the desired clock period reduction of 
c by purely combinational delay optimization techniques like [ 1,2], 
all combinational paths p of the circuit need to satisfy the condition: 
d(p) 5 4 - L. In contrast, conditions BFF to BNN require the 
reduction of some paths while allowing the increase of some other 
paths of the circuit; hence, they may be easier to satisfy. 

Satisfying the conditions BFF to BNN may increase the clock 
period of the circuit. However, Theorem 2 guarantees that the new 
circuit does not contain any retiming bottlenecks. This enables a 
subsequentretiming step to achieve the desired clock period. 

3 Timing Constraints to Enable Retiming 

In this section, we outline our approach to satisfy the conditions 
BFF to BNN to elimiiate the retimiig bottlenecks and enable re- 
timing. Our approach consists of identifying a set of cones, and 
satisfying a set of timing constraints on the cones. 

Let a retime-critical input be either a PI j with slack s(j) < c 
or a PPI X with so(X) < c AND Si(X) + so(X) < 2~. Any 
critical path from a latch X satisfying si(X) + so(X) 2 2~ can be 
made non-critical during retiming by moving the latch forward. The 
retime-critical network consists of all nodes with slack less than c 
in the transitive fanout of the retime-critical inputs. We identify a 
set of nodes {v}. called cnodes, such that each path in the retime- 
critical network has a cnode on it. We extract the cone of each cnode 
V, cone(v), which is the sub-circuit comprising of all combinational 
paths from v to the PI/PPIs. Our approach to satisfy conditions BFF 
to BNN is to identify the set of cnodes and satisfy a set of timing 
constraints for the corresponding cones. 

For a cnode v, the timing constraints for cone(v) are specified in 
terms of the tival times of its inputs (PIs and PPIs), and the required 
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time of its output o. For each input X of cone(v), the new arrival 4 Algorithm to Eliminate Retiming Bottle- 
time necks 

ii(X) = 
2c - si (X) if X is a forward slack latch (FSL) 
E otherwise 

The new required time for cnode V&(V), is set to be its original 
required time T(V). If the timing constraints are satisfied, all nodes 
and edges in cone(v), which are not in the transitive fanin of any 
other node besides V, are eliminated. The cone for v is now replaced 
by the new circuit Scone(v), which satisfies the constraints. This 
operation preserves the functionality of the circuit. 

Theorem 3 Consider a set of cnodes {v} which is a cutset of the 
retime-critical network of circuit 7. If the timing constraints are 
satisfied for each cone(v), then the conditions BFF to BNN are 
satisfied. 

Proof: See [ll]. 0 
Consider the sequential circuit shown in Figure l(a). The clock 

period, 3, cannot be reduced by retiming. Let c = 1. The retiming 
bottleneck in the circuit is the critical cycle {W,e,f,g,W}. z and y 
are FSLs, while w and d are not-FSLs. While the critical inputs of 
the circuit are y and w, the only retime-critical input is w. 

Suppose node g is selected as the cnode for the retime-critical 
input w. Cone(g) is shown in Figure l(b). The timing constraints 
thatneedto be satisfiedare: {u(z) = a(y) = 0; a(w) = a(d) = 
1; r(g) = 3; } The new cone satisfying the constraints is shown 
in Figure l(c). Replacing cone(v) by the new cone produces the 
transformed circuit shown in Figure l(d). Though the clock period 
of the transformed circuit has not reduced, it does not contain any 
retiming bottleneck. Hence, it can be retimed to reduce the clock 
period by the desired value c = 1. The FSLs z and y can be moved 
forward to produce the final circuit, with the desired clock period of 
2, as shown in Figure l(e). 

Notice that to improve the delay of the circuit in Figure l(a) by 
c = 1, a combinational delay optimization technique would try to 
satisfy the conditions {a(z) = a(y) = e(w) = a(d) = 0; T(g) = 
2; }, and would fail. 

3.1 Choice of Cnodes 

We next address the issue of identifying cnodes such that the 
timing constraints can be satisfied. Replacing cone(v) by a new cone 
Scone(v) leads to replication of logic. The two main concerns in the 
choice of a cnode is the area penalty due to replication of logic and 
the potential of cone(v) to satisfy its timing constraints. 

A heuristic measure of the potential of cone(v) to satisfy its timing 
constraints is derived from the following observations. (a) Satisfying 
the constraints consists of making paths from retime-critical inputs 
shorter at the expense of making paths from FSLs longer. Hence, the 
more the number of FSL inputs of a cone as compared to the retime 
critical inputs, the larger the potential of satisfying the constraints. 
(b) If cone(v) is a balanced tree, chances of satisfying the constraints 
is reduced. Let cone(v) have n inputs. The higher the value of 
U(V)/ log, n, the less balanced cone(v) is, and the better the chances 
of satisfying the constraints. (c) Reconvergenceof signals in cone(v) 
increases the potential of optimizing cone(v) [12]. We attempt to 
find cnodes v with smallest level from the PI/PPIs such that cone(v) 
has a good potential to satisfy its timing constraints [ll]. 

We outline the algorithm ERB to eliminate the retiming bottle- 
necks by identifying and satisfying timing constraints of cones, and 
retiming the circuit to produce a final circuit with the desired clock 
period and an equivalent initial state. For each retime-critical input 
i, the function cnodes(i) identifies the cnodes with smallest possible 
level, such that each critical path from i has a cnode. From the set 
of cnodes, cnodeset, for all the retime-critical inputs, a minimum set 
of cnodes, min_cnodeSet, is identified by the function cnoderover, 
such that min-cnodeset is a cutset of the retime-critical network. 
This is the initial set of cnodes. 

Cnodes in min-cnodeset are now processed in a reverse levelized 
order. For selected cnode V, the cone(v) is extracted. The cone 
is collapsed into a single node, and the speed-up algorithm [l] in 
SIS [13] is used to satisfy the timing constraints for the cone. If 
the timing constraints are satisfied, all nodes and edges in cone(v), 
which are not in the transitive fanin of any other node besides V, 
are eliminated. The cone for v is now replaced by the new circuit 
Scone(v). This operation preserves the functionality of the circuit. 
Cnode v is deleted from min-cnodeset, and the next cnode with 
highest level is selected. 

If the timing constraints for cone(v) cannot be satisfied, function 
cnodes(v) is called to identify a new set of cnodes C, which covers v. 
Some nodes of C, may cover other cnodes present in min-cnodeset. 
These cnodes are identified and deleted from min-cnodeset by the 
function cnoderover. Subsequently, each new cnode is processed. 
The algorithm fails when cnodes(v) fails to find a set of cnodes which 
covers the node v. 

After the timing constraints of all the cones have been satisfied, 
the new circuit can be retimed to achieve the desired clock period 
(4-c). Given theinitialstateoftheoriginalcircuit, itmaynotalways 
be possible to find an equivalent initial state of the final retimed 
circuit. To circumvent this problem, we use function retimehitSt 
to move the latches and simultaneously compute the initial states. 
Consequently, ERB returns a final circuit with the desired clock 
period (4 - c), and the new initial state. An outline of algorithm 
ERB is presented below: 

Algorithm ERB 

1. for each retime-critical input i 
2. if((Ci = cnodes(i)) is empty) return (FmE); 
3. else cnodeSet = cnodeset U Ci; 
4. minxnodebet = cnoderover(cnodeSet); 
5. while (min_cnodeSet not empty) { 
6. select cnode v E min_cnodeSet with highest level 
7. if3 Scone(v) satisfiing timing constraints of cone(v){ 
8. remove signals in cone(v) in the transitive fanin of only v; 
9. replace cone(v) by Scone(v); 
10. min-cnodebet = miruxodebet - {v}; 

1 
else { 

11. 

12. 
13. 

if ((C, = cnodes(v)) is empty) return (FALSE); 
else { 

min-cnodeSet = min-cnodebet u Cv; 
min-cnodeSet = cnoderover(minncdeSet); 

1 



Ckt 

mm4a 
nun9a 
mm9b 
~208.1 

Type Initial Retime 
lits latch elk lits latch elk 

SML 566 12 2.5 566 12 25 
SML 1063 21 54 1063 21 54 
SML. 1274 26 74 1274 29 61 
SML 161 8 10 161 8 10 

display RTL 234 14 12 234 14 12 114 16 5 0.49 
fpu RTL 1583 112 19 1583 167 12 2511 221 9 1.59 
highway RTL 294 12 12 294 12 12 198 15 6 0.67 

aver - _ - - - _ 1.46 

Table 1: Effect of ERB on Optimally Retimed Circuit 

1 clock period of the final circuits with the optimally retimed circuits. 

> On an average, our technique achieves a clock period reduction of 
14. retimelnitSt; 46%, while increasing the number of literals by 46% and the number 
15. return (TRUE); of latches by 31%. 

5 Experimental Results 

We have applied our algorithm ERB on a wide variety of MCNC 
sequential benchmark circuits [ 141: multi-level sequential circuits 
(MSL), sequential circuits derived from state-transition graph de- 
scriptions of Finite State Machines (FSM), and sequential circuits 
derived from RT-Level descriptions (RTL). The FSM examples are 
synthesized using state-minimize (Stamina) and state-assign (Nova) 
routines in SIS [13], and optimized using the standard SIS script 
to obtain multi-level sequential circuits. The initial circuits for our 
experiments are derived by decomposing the multi-level circuits into 
2-input NAND gates using the techdecomp -a 2 option in SIS. The 
parameters measured are the number of literals (lita), latches (latch) 
and the clock period (elk) of the 2-input NAND circuits. The clock 
period is measured using the unit-delay model. 

Table 1 shows the effect of applying ERB on optimally retimed 
circuits. The columns Initial and Retime show the parameters of 
the initial circuit and the optimally retimed circuit. Retiming can- 
not improve the clock period of the circuit beyond what is reported 
in Table 1. We apply our technique to the optimally retimed cir- 
cuit, eliminating the retiming bottlenecks, and retiming the circuit 
again. The results show that ERB can significantly reduce the clock 
period of optimally retimed sequential circuits. The column Ratio 
(ERB/Ret) shows the ratio of the number of literals, latches and the 

Next, we compare our results with the best results obtained by 
applying both optimal retiming and the combinational delay opti- 
mization technique, speedllp [l]. The columns in Table 2 show the 
results obtained by applying retiming followed by speedllp (Ret + 
Sp), and speed-up followed by retiming (Sp + Ret). The speedap 
command is used with options -d 6 -m unit. We consider the best 
result obtained by retiming and speedllp in terms of the clock pe- 
riod obtained. If the clock period obtained by (Ret + Sp) and (Sp + 
Ret) are the same, we consider as best the result with smallest area 
penalty. The column Ratio (ERB/Best) shows the ratio between 
the results obtained by our technique and the best result produced 
by retiming and speedap. The experimental results show that our 
technique consistently performs better than the best combination of 
retiming and speedllp. On an average, our technique performs better 
by 29% in terms of the clock period, while paying a penalty of 30% 
in number of literals and 34% in number of latches. 

6 Conclusion 

We have presented a new technique to optimize the performance 
of sequentialcircuits. The aim of the techniqueis to transform the se- 
quential circuit so that retiming can be more effective in reducing the 
clock period of the circuit. Experimental results show a significant 
reduction in the clock period of optimally retimed sequential bench- 
marks circuits. Our performance optimization results also compare 
very well with combined applications of retiming and combinational 
delay optimization. 
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Ckt Type Ret + Sp I Sp + Ret ERB 11 Ratio (ERBIBest) 
lits 1 latch 1 elk 11 lits ) latch 1 elk 11 Iits 1 latch I elk II lits ) latch I elk 

display RTL 299 14 8 295 14 8 114 16 5 0.39 1.14 0.63 
fPU RTL 1603 167 11 1635 138 12 2511 221 9 1.57 1.32 0.82 
highway RTL 246 12 8 246 12 8 198 15 6 0.80 1.25 0.75 
aver - - - - _ - 1.30 1.34 0.71 

Table 2: Comparison of ERE3 with Retiming and Combinational Delay Optimization 

An advantage of ERB over other sequential optimization tech- 
niques that involve retiming is that ERB always produces initial 
states along with the final circuit. This is possible because ERB 
uses only the forward movement of latches, and thus can easily com- 
pute the new initial states as it moves the latches. In contrast, the 
optimization achieved by the other techniques may or may not be 
valid, depending on whether the initial state of the Enal circuit can 
be computed or not. 

The penalty in number of latches can be effectively minimized 
by applying a latch-minimization technique in [5] on the Enal cir- 
cuit. However, the time/space requirements of such a technique is 
prohibitive for most circuits. We are currently investigating tech- 
niques which will minimize the number of latches required by ERB 
to achieve the desired clock period. 

The conditions to eliminate retiming bottlenecks are sufficient, 
but may not be necessary. We are currently investigating the problem 
of finding the necessary conditions by considering the output slacks 
of latches. 
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