
 1 

 

 
 

Massively Parallel Systems 

 

and 

 

Global Optimization  
 
 

 

 

 

 

 

 

 

 

by 

 

Dr. Narendra Karmarkar  

 

 

 

 

 

 

 

 

 
narendrakarmarkar@yahoo.com 

mailto:narendrakarmarkar@yahoo.com


 2 

1. Introduction to Global Optimisation : 

 

Traditionally, large body of research in optimization has focused primarily on 

ñconvexò optimization problems that have essentially unique global optimum.  

 

However, in the total space of optimization problems, vast majority of situations 

fall outside this well understood category. Problems with multiple,  global 

minima, isolated from each other, (but obviously of equal value) are quite 

common. They naturally lead to a number of different types of questions, relating 

to ñdirectò problems, ñinverseò problems and mixed problems, as described 

below: 

 

a) Finding Optimal Solution:   Given a function ï which we will refer to as 

ñenergyò function ï find the minima.  

 

 This means finding the minimum value as well as locations. 

 

 

b) Proving Optimality :  Given one such solution, how does one prove that 

there is no better solution?  (without enumerating them all)  What types of 

proofs are possible? How long such proofs might be? How do different global 

minima relate to each other?  

 

To take an example from logic, suppose we take a random 3-SAT formula 

with small number of variables and appropriate number of clauses, it can 

easily have millions of satisfying solutions, but if we take just a random 

collection of million proposed assignments over the same number of 

variables, can they be precisely the satisfying assignments of any 3-SAT 

problem with same number of  clauses? The point is that although the number 

of solutions is large, they are highly co-related. Similarly, when a continuous 

optimization problem has a large number of global minima, they are co-

related with each other.  
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In the context of non-satisfiable formula, are there proofs of non-satifiability 

that donôt enumerate a large number of ñpartialò assignments? 

 

c) Inverse Problem:  If we know all (or many) global minima, how can we find 

the energy function? This is like ñreverse engineeringò the nature. 

 

d) Synthesis: If we are given a specification of desired global minima in terms 

of their value, locations or shape of energy landscape, how do we design a 

system with appropriate energy function, possibly subject to further 

constraints? This is a mixture of ñdirectò and ñinverseò problems in the same 

context. 

 

Needless to say, all these questions are deeply inter-related to each other and also 

to how systems occurring in nature behave or how artificially engineered systems 

might be designed. 
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2. Optimisation in Physical Systems: 

 

Nature solves optimization problems all the time, since laws of nature are nothing 

but optimality conditions. They are often expressed in terms of minimum energy 

principle. 

 

In path integral formulation of quantum mechanics, one imagines all possible 

histories or paths leading to a given state, happening in a massively parallel 

fashion. This includes even possibilities forbidden classically, called ñtunnelingò. 

  

Most of these parallel possibilities interfere destructively due to complex phase 

associated with the action ï only paths close to minimum of the action integral 

interfere constructively to add up to appreciable probability. 

 

However, the minimum may not be unique; there can be multiple isolated global 

optima.  

 

Let us take a simple example of field emission from a graphen molecule. 

Application of electric field induces electrons to tunnel out. While the          

FowlerïNordheim theory [Ref #] assumes a one dimensional barrier that is ñflatò 

in the other two dimensions, actual situation in this example is more complex and 

the probability of tunneling as a function of angle has six distinct global minima 

of equal value. This has been observed experimentally by many researchers [Ref 

#] 

 

Here is a simple device to exploit this for communicating information with high 

data rate; which using a carbon nanotube instead of grapheme, but field emission 

takes place essentially from the tip again with similar symmetric pattern.  
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                                 Top view 

 

 

Figure 1 & 2          

 

The electrodes at the top surface serve two functions: 

 

a. To apply electric field to increase tunneling probability and induce field 

emission from the tip of the carbon nano-tube. 
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b. By applying different voltages to electrodes as ñtie-breakerò, we can disturb 

the six-fold symmetry so that the action integral along one of the six 

stationary paths wins. In this way, the field emitted electrons can be used to 

encode one out of six possibilities. 

 

As the tunneling time itself is very small (femtoseconds), the bit rate is limited by 

other factors ï how fast you can change the electrode voltages. If one applies a. c. 

signal to a pair of antipodal electrodes to encode one out of three possibilities, one 

can go to much higher frequencies. For example one can use surface plasmons to 

deliver the control signal to alter tunneling probabilities. 

 

The encoding then induces oscillations in the pattern of emitted electrons in one 

of the three planes as shown below: 

 

 

 

 

 

 

 

Figure 3 

 

This is just one communication channel, later we will show how to use such 

channels in a massively parallel manner and reconfigure them at high speeds 

using the perfect patterns from projective geometry. 

 

As we have seen, the variational problem associated with the path integral can 

have number of distinct isolated minima and the number can grow rapidly in case 

of multi-particle problem. Nature has its own way of dealing with such 

combinatorial complexity. 
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We have been developing a fresh approach to understanding optimization 

problems with multiple global minima and made progress on all types of 

questions mentioned before ï finding, proving, reverse engineering etc. But even 

before we have answers to these problems that we would regard as satisfactory, 

the insights gained are already turning out to be valuable to a number of new 

designs of tremendous economic value.  

 

These include: 

 

  

a. Physical design of the projective geometry machine using massively parallel 

quantum tunneling that can totally overcome obstacles of latency and 

bandwidth faced by contemporary designs. The new design can broaden the  

applicability of massive multi-threading to large and very general classes of 

computational problems, and can be implemented using already known 

fabrication techniques. 

 

b. Design of multi-ported, low latency, secondary storage based on        

magneto-optics, implementing shared memory directly at the physical level, 

providing a highly valuable feature for data bases and transactional memory. 

 

c. Design of new high bandwidth switches required for next generation internet 

infrastructure. 

 

d. Design of novel robots with large number of ñelectro-magnetic fingersò for 

placing atoms based on complex and sparse patterns of multiple global 

minima that are more general than regular periodic patterns achieved before 

using interference lithography.[Ref #] 

 

e. Design of control systems whose stability analysis requires liapunov-like 

functions with multiple basins of attraction. 
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f. Design of phased-array radars in terahertz range. 

g. Computational calibration of parameters occurring in empirical force fields, 

whose values may be difficult to measure experimentally but can be reverse 

engineered from known structure of folded proteins. 

 

 

3. Multiple Global Minima  in Engineered Systems: 

 

   3.1    Difficulties associated with Multiple Global Minima: 

 

There are a number of reasons why optimization problems with multiple global 

minima are so difficult to work with. It was once thought that any algorithms 

working with such problems will have to deal with exponential number of 

connected components. However, we have already shown how to circumvent this 

difficulty.  [Contemporary Mathematics v.114] 

 

Even if a level set of such a function is connected, it may be topologically very 

complex e.g. even in 3-D it may have high genus. We have shown such a body 

with many ñhandlesò in the figure below: 

 

 

                                          Figure 4 :       Level set with many handles 
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Sculpturing Free Space: 

 

We are going to partition free space into objects like this; they play an important 

role in synthesizing systems with multiple global minima. 

 

In many naturally occurring systems of this type, there is also a symmetry group 

relating basins of attraction of different minima. 

 

e.g. one can partition space between two concentric spheres; based on elements of 

discrete subgroup of  SO(3). 

             

            Systems based on Electron Optics: 

            Similar to variational problems associated with path integrals in quantum  

            mechanics, there are action integrals in optics, control theory, electron optics, etc.  

            In this paper we will give examples of problems arising in electron optics. 

 

Electron optics is more complex and offers a rich set of possibilities for new  

devices for several reasons: 

 

a. It is possible to create curved trajectories relatively easily by setting up 

appropriate electromagnetic fields. 

 

b. It is relatively easier to interface them to logic circuits in both directions. 

 

c. Electron holography permits exploitation of wave nature of electrons.   

 

d. Motion of electrons in vacuum is free from collisions. Unlike traditional 

high-power micro-wave devices, we are interested in ultra-low current and 

very high performance per watt. Therefore electron density in space is 

very low and space charge effects can be ignored. In fact, as single-
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electron transistors become practical they can be used to control field-

emission of one electron at a time.  

 

Traditionally, electron optical instruments have been dominated by the 

concept of ñcentral optical axisò in the same way that optimization theory 

is built around convex problems with unique global optimum. Electrons 

are required to stay close to central optical axis so that it is easy to analyze 

and control their behavior. However, once we understand how to deal with 

optimization problems with multiple global minima, similar insight helps 

in designing electron optical systems without any dominant central axis.  

 

Electron trajectories in these more general systems can be typically related 

by double equivalence relations: 

 

a) First equivalence relation comes about as a result of lensing action: 

 

Two electron trajectories  )(0 tn  and  )(1 tn , going through the same 

point x, with the same kinetic energy, but traveling in different 

directions, and  converging again in a common  point y, are considered 

to be equivalent under lensing action if you can interpolate between 

the two trajectories by family of trajectories f (s,t) indexed by 

parameter s, all going through the same point x at (t = 0),  with same 

kinetic energy but in different directions and meet again at the 

common point y. This is similar to homotopy relation in differential 

topology, but with the extra requirement that the electromagnetic fields 

needed to induce the interpolating electron trajectories are obtainable 

in source-free vacuum only through application of appropriate 

boundary conditions 

 

 

 

 



 11 

 

                                                                                    )(1 tn  

    1                                                                             

    

s                                                         x                     4    y                       

 

      0                                      1                                    )(0 tn  

                          t       

 

10,,)1,(

10,,)0,(

10)(),1(

10)(),0(

1

0

¢¢=

¢¢=

¢¢=

¢¢=

ssf

ssf

tttf

tttf

pointconvergingthey

pointstartingthex

n

n

 

 

 Trajectory Equivalence based on Lensing Action 

    Figure 6 

 

 

The class of trajectories under this equivalence relation belongs to the 

same partition or fundamental domain of free space. 

 

The second equivalence relation relates different fundamental regions 

by action of a discrete symmetry group. The action of group elements 

is also defined on individual electron trajectories to give other valid 

trajectories. Since the partitioned vacuum through which electron 

move is itself source-free, we achieve the desired symmetry by 

expressing the sources on the boundary in terms ñsymmetrisedò multi-

poles.  For implementing the finite projective geometry architecture, 

the symmetry group is chosen as an appropriate sub-group of the 

automorphism group of projective geometry. Groups corresponding to 

              4 
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other Cayley graphs can also be chosen, but there are many further 

advantages to organizing the parallel machine using projective 

geometry. 

 

For sculpturing the vacuum as described above, we have to solve a 

new type of boundary value problem. In the usual type of boundary 

value problem, values of the field on the surface, bounding certain 

volume are specified and we seek extension of field values to the 

entire volume subject to satisfying some differential equation. 

 

In the new type of problem we need to solve, a partition  of the 

boundary is specified instead of field values on the boundary. This 

may be done in a variety of ways, e.g. it may be in the form of a 

voronoi diagram or a generalized voronoi diagram based on non-

euclidian metric, or based on level sets of a function or partition based 

on fundamental domains corresponding to a symmetry group or 

ñtilingò of the surface.  

 

We then seek an extension of the boundary partition to a partition of 

entire bounded volume, which then gets divided into tubes. Electrons 

move through these tubes so that probability of tunneling in transverse 

direction between adjacent tubes is negligible compared to tunneling 

in the longitudinal direction at the end of the tubes. Such division of 

space is a ñsoftò partition corresponding to a ñperfect patternò based 

on the projective geometry [ref. #] and can be easily and rapidly 

changed or reconfigured simply by changing the boundary conditions. 

 

We describe the physical design of a parallel system based on these 

ideas in the next section and the projective geometry ideas in the 

following section.  
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4. Electromagnetic Cavity Machine: 
 

The central core of this parallel system can be best described as an 

Electromagnetic Cavity of a very special kind. 

 

The surface of this cavity is lined with active logic circuits fabricated with certain 

modest extension of the current VLSI technology, which is basically a planar 

process. In the immediate future, this can be based on silicon and might be 

changed to other possibilities such as graphene in the long run. At the top level, 

these logic circuits may be organized as millions of ultra low power cores 

designed to enable massive multithreading. A peta-flop configuration requires 

only about a square meter of silicon real estate for computing circuits even if they 

are designed to run at slower clock speed to significantly improve performance 

per watt. Besides computing, the surface circuits also provide for two types of 

communication devices between computing resources. The first type is for the 

traditional 2D nearest neighbor communication.[ref #] The second type provides 

supporting devices for a new type of surface normal communication based on 

massively parallel quantum tunneling and free space electron optics through the 

cavity volume. This type of global communication uses highly symmetric flow 

patterns derived from mathematical structure of finite projective geometry. Its 

implementation involves a novel electron optical system that does not have any 

dominant ñcentral optical axisò. Instead, it is based on action integrals having 

multiple global minima. The electromagnetic fields to guide electrons along the 

required massively parallel trajectories is set up by creating appropriate boundary 

conditions on the surface of the electromagnetic cavity.  The electrodes required 

to apply such boundary conditions are patterned on the surface of the cavity by 

standard lithographic techniques. The drivers, receivers and other controlling 

electronics required for this purpose is located on the surface of the 

electromagnetic cavity. It is fabricated using standard VLSI process. These 

supporting devices for the surface-normal communication are described in section 

-7. 
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The revolutionary bandwidth and latency properties of our parallel architecture 

are resulting from combination of perfect patterns of the projective geometry, 

novel electron optical system and massively parallel surface normal quantum 

tunneling.  

  

Several other novel devices mentioned earlier are also Electromagnetic Cavity 

Machines at a conceptual level. According to the end objective, they differ in 

details such as choice of wavelength or time scales, or what they rearrange - bits 

of material or bits of information. 

 

5. Brief review of projective geometry architecture: 

 

Most large computational problems contain plenty of parallelism ñin principleò. 

As a result promise of parallelism has long been recognized. However, in 

practice, the power of parallelism remains grossly under-utilized due to 

programming difficulties. A good architecture and physical design of a parallel 

machine should be able to deliver decent efficiency on a wide variety of 

applications expressed using different programming paradigms.  e.g. it should not 

matter whether the program is written in fortran or lisp or prolog, whether it is 

doing number crunching, symbolic computation or processing relational data-base 

queries etc. 

 

One should also strive to provide support for strong scaling. i.e. one should not be 

required to increase problem size just to show good efficiency with large number 

of processors. Unless we set the goals or criteria for success high enough, it is 

unlikely that we can arrive at good architectural solution. It is with such goals in 

mind that we have devised an architectural scheme based on mathematical 

properties of projective geometry. In this scheme, it is not necessary to depend 

upon hand-crafted decomposition of computational problems into parallel tasks. 

Instead, the hardware has built in rules to automate this to a substantial degree. 
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This emphasis on wider applicability, strong scalability and reduced programming 

complexity more than compensates for moderately higher complexity of our 

physical design. After all, one can manufacture millions of identical copies of 

hardware, once designed. In contrast, each software package involves a long-

drawn evolutionary effort, involving difficult combination of creativity and 

software discipline. This has been the primary reason why power of computer 

science remains grossly under-utilized today. 

 

The configuration of a projective geometry is specified by three integers:   

characteristics of the underlying finite field, p, degree of the extension k, and 

dimension of the geometry, d. We denote the projective geometry corresponding 

these parameters by        

 

 

Let        denote the collection of all projective subspaces of dimension l.  

            Thus, 

: set  of  all  points 

: set  of  all  lines 

:  set  of  all  hyperplanes  etc 

 

  Consider collection of subspaces of dimensions 0, 1, ..dmax. In the projective 

geometry architecture each hardware resource is associated with a subspace and  

  two resources corresponding to subspaces X, Y are connected  

                                      iff      X       Y 

    and dim (X) = dim (Y) -1 
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           Here are some examples of  7, 21, 31, 57, 183 point 2d geometries 
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Portion of 183 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 


