Routing for Reliability in Molecular Diode-based Programmable Nanofabrics

Kushal Datta, Arindam Mukherjee and Arun Ravindran

Department of ECE, University of North Carolina at Charlotte

Abstract

We present an automated design flow for increasing the reliability of placed netlists in programmable nanofabrics based on chemically self-assembled electronic nanotechnology. An integrated topology selection and global routing procedure is presented, which increases the robustness of the underlying programmable nanoelectronics by reducing the required number of potentially defective diodes and switches used for achieving the programmability. An integer programming based optimization approach is proposed, followed by a more practical and scalable simulated annealing implementation. On average, simulated annealing achieves a reduction of 26% in the number of switches and diodes for MCNC benchmarks, when compared to unoptimized designs.
1. Introduction

Although complementary metal-oxide semiconductor (CMOS) technology is expected to dominate in the next 10 years [
], alternative cheaper technologies are expected to become viable therafter. Besides reaching the physical limits of scaling in current CMOS technology, the high cost associated with chip masks and future fabrication plants poses an insurmountable economic challenge to commercial nanometer-scale lithography. A more likely development in the near future would be CMOL, the integration of CMOS with molecular-scale nanodevices [
].

Chemically self-assembled electronic nanotechnology, henceforth referred to as nanofabric, presents another alternative to the CMOS technology [
],[
],[
]. Chemical processes are used, often in conjunction with lithography, to self-align and self-assemble nano-scale molecules, such that they exhibit electronic behaviors. Hence, high density at very low cost can be achieved. Density of more than 108 gate-equivalents per cm2 has been achieved using interconnected 2D-arrays of nano-scale wires that can be electronically configured as logic networks, memory units, and signal-routing cells [
].

While nanofabrics are low cost and high density, they are inherently unreliable because of the stochastic nature of self-assembly. It has been predicted that the defect density of self-assembled nanofabrics will be around 10 percent or more [
]. Hence, fault detection should not automatically lead to the rejection of the nanofabric. Moreover, it is hard to achieve full fault coverage in nanofabrics using the traditional CMOS testing methods because of high density and defect rates. New design paradigms are required for reliably designing circuits in nanofabrics.

In this work we propose an integrated topology selection and global routing scheme to increase the overall reliability of a placed netlist in a diode-based nanofabric. Connectivity and logic in the nanofabric are realized using the switch and diode behaviors of molecular devices, which themselves can be highly defective. Hence, decreasing the number of switches and diodes will increase reliability. We show that routing of nets determines the number of switches and diodes required, and present a topology selection and global routing solution to minimize this number.

The remainder of this paper is organized as follows. Prior work in the areas of global routing and testing nanofabrics is discussed in the next section, followed by a description of our target nanofabric in section 3. The trade-off between global routing and number of diodes and switches is also discussed in this section. Our design automation flow for the nanofabric is explained in section 4, and in section 5, we present our integer programming formulation for increasing reliability by global routing. A practical and scalable simulated annealing based implementation for the same is presented in section 6. Results are tabulated and discussed in section 7, followed by the conclusions and discussions of our ongoing work in section 8.

2. Prior Work

Global routing has been used to minimize routing area, maximize system performance, and to reduce crosstalk noise effects. A mathematical programming model, which is capable of incorporating different aspects of the global routing problem such as wire length, maximum capacity, number of bends in each route, and congestion, has been presented in [
]. The main advantage of this model is its flexibility to deal with different aspects of the routing. A provably good performance-driven global routing algorithm for both cell-based and building block design has been proposed in [
].The approach is based on a new bounded-radius minimum routing free formulation, which simultaneously minimizes both routing cost and the longest interconnection path, so that both are bounded by small constant factors away from optimal. The approach gave very good performance, and exhibited a smooth tradeoff between the competing requirements of minimum delay and minimum total wire length. The authors study an extended global routing problem with RLC crosstalk constraints in [
]. Considering simultaneous shield insertion and net ordering, they propose a multiphase algorithm to synthesize a global routing solution with track assignment to satisfy the RLC crosstalk constraint at each sink.
Some work exists in the area of testing nanofabrics. The none-some-many algorithm presented in [4] creates LFSR-based signature generators from randomly selected nanoblocks. The built-in-self-test approach of [6] configures a nanoblock as a tester to test its neighbors. Test patterns are fed to both the tester, and the nanoblock under test, from an external source. A defect-free block under test generates output patterns that are identical to the input patterns, and the tester compares these two patterns to make determination about the fault free status of the nanoblock under test. 
In this paper we increase the reliability of designing on nanofabrics by global routing to reduce the number of molecular diodes and switches used. The above methods for testing nanoblocks can complement our approach.
3. Diode-based Nanofabric

A nanofabric is manufactured in a bottom-up fashion, where the basic components like wires and switches are first chemically self-assembled, and then aligned and grouped into regular arrays through self-assembly to form complete systems [3]. Two planes of aligned wires are combined to form a 2D grid (of the order of a few microns) with configurable molecular switches at the cross-points. A post fabrication configuration step is used to realize circuits on the nanofabric [3].

The chemically self-assembled nanofabric architecture has been proposed in [3],[4],[7]. The self-assembly process does not allow for precise end-to-end connections between nanowires, and hence, all connections are made at cross-points of orthogonally aligned wires. Molecular latches based on resonant tunneling diodes, are used for saving states and restoring signals [
].

Similar to a field programmable gate array (FPGA), the nanofabric is a regular 2D mesh of interconnected computing units (nanoblocks) and routing switches (switchblocks). A nanoblock can be programmed after fabrication to implement logic functions. As dictated by fabrication constraints, outputs to a nanoblock can either go out through the south or east sides (SE), or through the north and west sides (NW). The respective inputs can only come in through the sides unused by the outputs. The switchblock is the area between nanoblocks where the input and output wires of the nanoblocks overlap, and it can be configured to route signals between nanoblocks. In figure 1, we have shown a nanofabric where NW and SE nanoblocks have been arranged along alternate diagonals. A switchblock between two SE (left) and NW (right) nanoblocks in a row will have inputs coming in through the east and west sides and outputs going out through that north and south sides (NS switchblock), while that between two NW (left) and SE (right) nanoblocks will have inputs coming in through the north and south sides and outputs going out through the east and west sides (WE switchblock). This arrangement of nanoblocks and switchblocks allow for the realization of signal flow from any point on the fabric to any other point.
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Figure 1. Nano Architecture

3.1. Nanoblock

As shown in figure 2(a), a nanoblock consists of (i) the molecular logic array (MLA), (ii) the molecular latches (useful for saving states and restoring signal levels), and (iii) the I/O area used to connect the nanoblock to its neighbors [3]. The MLA is composed of two orthogonal sets of wires. At each cross-point lies a configurable molecular switch, which acts like a diode if configured to be ‘on’ [3]. The direction of current flow through the diode is determined during fabrication and is non-reconfigurable. A vertical wire drives the anode of the diode, while the cathode is connected to a horizontal wire – this is determined by fabrication constraints. The MLA implements Boolean functions using diode-resistor logic. The drawbacks of this logic style are that signals degrade and have to be restored using latches, and that complements of signals have to be separately generated and cannot be obtained by inversion of the signal as inverters cannot be realized.

Figure 3(a) shows how power and ground connections can be used with the diode-resistor logic to realize AND and OR functions. If inputs A and B enter from the west side, their product (AND) is available on a vertical wire at the south exit. Similarly, if the complements of the signal drive two vertical wires from the north side, their sum (OR) is obtained on a horizontal wire at the east side. This is same as (A NAND B).
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Figure 2. Nanoblock and Switchblock [3] 
3.2. Switchblock

A switchblock is similar an MLA without power and ground connections. As shown in figure 2(b), a switchblock is formed by 4 nanoblocks; crossing horizontal and vertical wires from the surrounding nanoblocks are connected by configurable molecular switches. If the nanoblocks have R rows and C columns each, the number of vertical wires in the switchblock is 2C and the number of horizontal wires is 2R. For the configuration of a switchblock shown in figure 2(b), a maximum of 4RC cross-points can be formed. 
3.3. Routing and Reliability

Figure 3 shows the realizations of different basic functionalities using the diode-resistor logic in an SE nanoblock. As discussed in section 3.1, AND and OR functions can be realized using signals to drive either the cathodes or the anodes of the diodes in the nanoblock. Using the complements of the signals and DeMorgan’s law, NOR and NAND functions can be realized from the AND and OR functions respectively. Owing to the fabrication constraints, signals have to enter the nanoblock from the west side for an AND or product term realization, and from the north side for an OR or sum term realization. Note that a product term is available in a vertical wire connected to the anodes of the diodes, while a sum term is available in a horizontal wire connected to the cathodes of the diodes. A signal entering the nanoblock from the north side can be turned inside it for use in a product term however. This is shown in the last configuration in figure 3, where the signal A enters the nanoblock north-side to drive the anode of a diode, and the same signal is available on the horizontal wire connected to the cathode of the diode. Similarly, a signal entering the nanoblock from the west side can be turned around inside it as shown in the last but one configuration in figure 3. This signal can then be used in a sum term. Similar arguments exist for the NW nanoblocks. Fewer the number of diodes used, greater the reliability. This is because the molecular diodes can be potentially defective. Since global routing determines the direction of entry of signals in a nanoblock, and hence the number of diodes required to turn signals for functional realizations, global routing and reliability are strongly correlated. 
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Figure 3. Functional Mapping in Nanoblock 
Figure 4 shows branching inside nanoblocks and switchblocks. In figure 4(a) we have shown how a signal entering an SE nanoblock from the west side, is turned to drive a vertical wire. At the output of the nanoblock, we have the same signal as output from both the east and south sides. Similarly, 2-way branching of a signal entering a nanoblock from the north side is shown in figure 4(b). Branching of signals inside NS and WE switchblocks are shown for a signal A entering the switchblocks from the west and north sides respectively, in figures 4(c) and 4(d). The cross-points inside the switchblocks are molecular switches that can be configured after fabrication. Topology selection and global routing determine the number of potentially defective diodes and switches used for branching, and hence, they determine the potential robustness of a nanofabric implementation. 
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Figure 4. Branching 
4. NanoEDA Flow

A nanofabric system is similar to a very large scale integrated (VLSI) field programmable gate array (FPGA) because of the regular 2D-array structure and reconfigurability. Hence, a VLSI FPGA-inspired electronic design automation flow can be developed for automatic realizations of complex designs in nanofabrics – the NanoEDA flow. 
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Figure 5. NanoEDA Flow 
We start with the blif description of an MCNC benchmark circuit [
] that have been minimized in terms of literals using sis [
]. FlowMap [
] is used to decompose the blif netlist into 4-input 1-output functions to be implemented in 4-input 1-output look-up tables (LUTs) in FPGAs. In the next step, VPack [15] is used to pack LUTs and flip flops together into single blocks. Finally, VPR [
] is used to place the packed netlist in an LUT-based FPGA architecture - a regular 2D gate array. VPR is a simulated annealing [16] based placer that minimizes net lengths during placement. 
In the next step, we perform a transformation on the placed gate array to realize a placement on the nanofabric architecture of figure 1. We found twelve such transformations, and depending on the routing requirements of a benchmark, we choose the one that ensures 100% routing on the nanofabric, and has the most number of alternate routes. An insight into what the transformation does can be had by noting that in an FPGA, all the LUTs are placed such that rows of LUTs are all aligned. In the nanofabric (figure 1) however, alternate rows of nanoblocks are skewed to accommodate the switchblocks. Our transformation does a one-to-one mapping of the logic in an LUT to a nanoblock. 
Since an FPGA LUT has 4 inputs, the corresponding nanoblock that needs both the signals and their complements, must have at least 8 inputs. Moreover, wires that are not used for logic inside a nanoblock may also pass through it. Other factors contributing to number of rows and columns inside mapped nanoblocks are the turning of signals (figure 3) involved in functionality inside the nanoblock, as well as nanoblock partial and output sums and products. We experimentally found that nanoblocks, with grids of 40 horizontal and 40 vertical wires, are sufficient for both logic implementation and pass-through wires for benchmark circuits with high routing densities. For smaller and less dense circuits, the corresponding numbers are around 15.
For each net in the placed nanofabric, we then proceed to find the topology and global routing that minimizes the number of diodes and switches used. An optimum integer programming (IP) formulation is discussed in the next section, followed by a more scalable simulated annealing (SA) based implementation in section 6. The result of this step is an optimized nano layout.

5. Integer Programming (IP) formulation
For an integer programming (IP) formulation, we first need to have a design exploration space with multiple potential routes and topologies for all nets in the design. The placed nanofabric is converted into a directed graph, where all nanoblocks and switch blocks are vertices, and their interconnections are directed edges. Some of the vertices corresponding to nanoblocks with mapped logic are marked with input and output net names. For each net we then do a depth first search (DFS) on the graph, starting from the vertex corresponding to the net source. The search space is limited by a user defined bounding box, which is initially set to two times the dimensions of the net bounding box. In case of not finding any viable route for the net, the bounding box is adaptively increased. 

Consider a SE nanoblock N, where inputs can only enter through the north or west sides. We shall use the word ‘equation’ to generally include inequations as well. For any signal 
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 enters N through the west, north, or through both north and west sides. Since only one of these entries is possible, we have
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The signal 
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 has a one-to-many mapping to 
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, where x denotes a sum-of-product (SOP) function fx in N that depends on 
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 is involved in a product-of-sum (POS) function fy in N, it is mapped to 
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. The following equation shows our representation of an SOP and a POS function. The SOP function fx has Jx product terms in the sum, and 
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The total number of diodes required to implement fx is given by
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where the factor 2 implies that two diodes are required to implement a literal in a product term if the corresponding signal enters N through the north side. One diode is required to realize the product term, while the extra diode is required to turn the signal horizontally for the product term. Jx diodes are required to realize the final sum term. Similarly, the total number of diodes required to implement fy is
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Again, two diodes are required if a signal enters N through the W side and is involved in a sum – one to turn the signal vertically, and the other to realize the sum term. My diodes are required to realize the final product term. The total number of diodes required to realize X SOP functions and Y POS functions, all independent of each other, is given by
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Let R(N) be the maximum number of horizontal wires in N, and this should constrain the use of horizontal wires by all signals entering N as follows
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Here ti is an integer variable in (0,1), which is 1 if 
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 is involved in any product term. The first summation gives the number of rows used up to turn signals that enter through the north side, but are used in products. The second summation gives the number of rows used by signals entering the west side of N. The third term in (6) is the total number of final sums (one per SOP function) in N, while the fourth term is the summation over all intermediate sum terms in all the POS functions in N. A similar constraint for the columns (vertical wires) in N is given by
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where si is an integer variable in (0,1), which is 1 if 
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 is involved in any sum term. C(N) is the maximum number of columns in N.

Sub-function Sharing:

Consider an SOP function fx in an SE nanoblock N, with a sub-function f as one of its sum terms (f can be potentially shared among several functions in N). If f is evaluated outside N, it is treated as an input, and nothing changes with respect to our previous discussions. If f is evaluated inside N, two situations arise : (i) f is a POS, in which case it is available on a vertical wire. In this case just 1 diode is required to realize the final sum term of the SOP function. This diode has already been considered in (3). (ii) If f is an SOP function however, it is available on a horizontal wire, and it has to be turned vertically to realize fx. In this case, an extra diode is required, and an extra column is used up. If there are 
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Similarly for sharing 
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 POS sub-functions as product terms in a POS function fy, 
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 is modified as shown in (8), and constraint (6) is modified as shown in (9). In this case, extra diodes and rows are used up to turn vertical signals to horizontal ones, so that they can be product terms for fy. The total number of required diodes D, has been modified as shown in (8).
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Pass-through Signals:

Let us consider an SE nanoblock N, where 
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 represents a signal that passes through the N, but is not involved in its functionality. We define the following integer variables in (0,1): 
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 enters N through the north side and exits N through the south side). We do not allow a pass-through signal to enter a nanoblock from both sides; this prevents the formation of cycles in a route. This constraint is implemented as
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Also, (12) relates the exit variable(s) of a signal to the corresponding entry side variable. 

We have allowed for 2-way branching of pass-through variables inside N – this will lead to automatic selection of net topology when the IP formulation is solved. The following constraint ensures that a signal may enter N through either the west or the north side, and then go out through the east or south sides, or both.
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A pass-through variable will use up a row if it either enters through the west side, or if it exits through the east side of N. This is shown in (13), which modifies (9). 
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Similarly, a pass-through variable will use up a column if  it either enters through the north side, or if it exits through the south side of N. This is shown in (14), which modifies (10).
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Since a single diode is required to turn signals, but not to pass any signal, the total number of diodes used is incremented by the number of pass-through literals that require to be turned inside N.
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The entire analysis in this section has been for SE nanoblocks. The above equations will hold for NW nanoblocks as well if east is replaced by west and vice versa, and north is replaced by south and vice versa. 

Switchblock variables:

The e variables for signals routed through a switchblock correspond to the u variables of pass-through signals through nanoblocks. Consider a WE switchblock (SB) with inputs coming in from the north and south sides, and outputs going out through the east and west sides. The total number of switches (S) used, is equal to the number of exit points of a signal from SB, over all signals in the set {
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The following constraint ensures a fanout of at most 2 inside a switchblock. Variables involved with branching lead to automatic topology selection during the problem solution.
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Similar to the cycle breaking constraints for pass-through signals for nanoblocks, the following constraints ensure that a certain signal enters either through the north or the south side of a switchblock.
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Since a switchblock is formed by wires entering and leaving a nanoblock, the maximum number of north entering wires in the WE switchblock SB is equal to the number of columns of an SE nanoblock Nn above it, and the number of wires south wires entering wires in SB is equal to the number of columns of an NW nanoblock Ns below it:
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Similarly, the maximum number of wires leaving SB through the east side is limited by the number of rows of its east side SE nanoblock Ne, and the maximum number of wires leaving SB through the west side is limited by the number of rows of its west side NW nanoblock Nw as given by
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In practice, all nanoblocks will have the same number of rows and columns, but the number of rows need not be the same as the number of columns. The switchblock analysis in this section has been for a WE switchblock. The above equations will hold for NS switchblocks as well if south is replaced by east and vice versa, and north is replaced by west and vice versa.

The cost function to minimize is (D+S) over all the nanoblocks and switchblocks used by the placed netlist. Given the exploration space and boundaries for net topology selection and global routing, some of the w, n, b, u and e variables are constant values, and are removed from the formulation. For example, a net might have a unique route such that the b variables of the corresponding signal will be 0, certain n, w, u and e variables will be set to 1’s and 0’s, and (11) and (16) for the signal will be upper bounded by 1, and not 2.

6. Simulated Annealing for Scalability

The previous IP based optimization approach, though optimum, takes a long time to solve when the number of variables and constraints increase. This is the problem with solving the IP for high density nanofabrics, and hence, we implement the optimization using the simulated annealing (SA) algorithm [
]. For the global routing problem we are solving, SA is known to be a good strategy. Following is the pseudo code of our SA algorithm that we coded using the C programming language.
function SA () {

best_solution = get_init_routes ();

best_cost = evaluate (best_solution);

T=T0; iterations=I0; max_time=time_out;

while (count < max_time) {i = 0;

while (i < iterations) {
 new_solution = perturb (old_solution);

 new_cost = evaluate (new_solution);

 if [(new_cost<old_cost)OR
(random < 
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   old_solution = new_solution;

   old_cost = new_cost; //accept//
 }

 i++; 
 if (new_cost < best_cost) {

   best_cost = new_cost;

   best_solution = new_solution;

 }

}

iterations =  * iterations;

T =  * T;

} // end outer while loop //

return (best_solution, best_cost);

} // end SA //

The cost function and constraints for our SA algorithm remain the same as in section 5. However, we do not use the DFS algorithm to generate the alternate global routes. Instead, Hightower’s fast line search algorithm [
] is used to get the initial routable solution. The evaluate function finds the cost in terms of the number of diodes and switches required for the placed netlist, using (15) from section 5. The temperature, the number of inner loop iterations, and the maximum run time of SA are then set to their initial values in the next line of the pseudo code. These values are determined empirically for the different benchmarks.
A perturbation in the SA algorithm is realized by selecting alternate routes, branch points (topology), and entry/exit sides of different nanoblocks and switchblocks for one or more nets. In any iteration, a net is chosen randomly, and a new route is found using Hightower’s algorithm. The new cost (new_cost) is compared with the old cost (old_cost) from the previous iteration, and the new solution is accepted if there is either an improvement in cost, or there is an increase in cost but the temperature is high enough to successfully “climb a hill” and get out of the local optima (as denoted by the exponential factor in the pseudo code). Here random is a pseudorandom number between 0 and 1, and it has to be less than the exponential term for the hill climbing to be true. Note that the exponential term will be less than 1 if new_cost is more than old_cost, because the term (old_cost-new_cost) will be negative in that case. Hence, larger the value of T, larger the exponential term. In all iterations of the inner loop, the best cost and solution thus far, are saved.
Once the inner loop has been fully executed, a cooling schedule [16] is used to reduce the starting temperature and iteration number for the next execution of the inner loop. Cooling results in decreasing the probability of hill climbing because the exponential term becomes smaller with decrease in T, and the random number between 0 and 1 has smaller probability of being less than the exponential term. Finally, the algorithm terminates on time out of the outer loop. For the different benchmark circuits that we used, we empirically found that good choices of values for the different parameters are the following: T0 = 3000, I0 = 500 to 1000, time_out = 10,000 to 100,000,  = 0.2, and  = 1.1.
7. Results
The benchmark circuits that we have chosen are from the MCNC suite [12]. Placed nanofabric netlists are derived from their blif descriptions using the NanoEDA flow of figure 5. We found that for most of these benchmarks, the IP formulation proposed in section 5 has thousands of variables and constraints, takes tens of hours to execute, and is impractical for dense nanofabrics. Hence, we have shown the results of our optimization using the simulated annealing (SA) approach only. For benchmarks with high routing densities, on average, we have considered the nanofabric to be a grid of 100 x 100 alternating nanoblocks and switchblocks in two dimensions (refer to the nano architecture of figure 1). Nanoblocks with grids of 40 horizontal and 40 vertical wires have been found to be sufficient for both logic implementation and pass-through wires for these benchmarks. For smaller and less dense circuits, the corresponding numbers are much lower (around 15 rows and columns in each nanoblock).
Table 1. Simulated Annealing optimization results
	Circuit
	#Diodes

(D)
	#Switches

(S)
	D+S

% redn
	Runtime
(hour:min)


	cm138a
	61
	11
	29.4
	0:01

	decod
	311
	199
	59.7
	0:01

	sqrt8ml
	31525
	18134
	12.5
	1:50

	c432
	24138
	14452
	17.6
	0:25

	c17
	39
	29
	42.0
	0:01

	c880
	102249
	57706
	6.1
	5:45

	c6288
	175463
	101156
	15.7
	6:59

	misex3
	5729617
	649582
	6.5
	8:12

	exp5
	6113980
	728729
	7.9
	7:37

	tseng
	269591
	154390
	10.4
	6:12

	Avg
	
	
	26.15
	


The first column in table 1 shows the benchmark circuits, followed by the number of diodes and switches used in the initial routing solution in the next two columns (get_init_routes function in the SA pseudo code of section 6). Note that we run SA several times for any benchmark circuit, starting from different initial solutions. Values in the second and third columns correspond to the smallest numbers of diodes and switches among all these initial unoptimized solutions. The next column shows the percentage reductions in the number of diodes and switches together, as a result of our SA optimization. These reductions correspond to the best results over all runs of SA starting from different initial starting solutions. The final column shows the run times of the optimization on unix based SunBlade workstations. These are the average run times over all runs of SA, starting from different initial solutions. All codes are written in C.

The last row in the table shows the reductions, on average, in the number of diodes and switches together, for the different benchmarks. Note that a 26% reduction, on average, is obtained in the number of diodes and switches used. Thus, global routing has a direct implication on the reliability and robustness of design implementations on nanofabrics.

8. Conclusions and Ongoing Work

We propose an integrated global routing and topology generation algorithm for increasing the reliability of molecular diode-based nanofabrics. An integer programming (IP) formulation has been presented for minimizing the total number of diodes and switches used when realizing MCNC benchmark circuits on the nanofabrics. A more scalable and practical approach based on simulated annealing has been implemented for the optimization, and on average, it reduces the number of diodes and switches, by 26%, when compared to unoptimized designs.
Our current work is focused on incorporating this optimization throughout the different stages in the NanoEDA flow. The mapping, packing and placement tools that we use in the flow are made for FPGAs, and we are currently implementing these tools and integrating them in our NanoEDA flow. We are also developing a nanofabric-specific logic synthesis tool for the flow.
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