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Data is organized in a bi-orthogonally accessed 3-D two-photon memory such that a page
of complete records is to be obtained with one memory read using record parallel access.
Pages containing data from the same field or set of fields may also be retrieved. This is
termed field parallel access.

The memory is divided into B super-blocks. A super-block can be viewed as a sequence
of pages that can be accessed randomly in either of two orthogonal directions from any

super-block in time TP. Each super-block is a cube of bits with M bits on a side; thus
pages read from these super blocks contain M 2 bits. The total memory capacity is
therefore M~ B bits.

Records are placed in the memory such that they are contained in one record parallel
page, and so each page accessed in the field parallel direction contains w bits of a record.
A complete record can be accessed in one memory read utilizing record parallel access or
in P, page reads using record parallel access. The set of P, field parallel pages containing
a complete record is referred to as a block. Each super-block has b blocks.

In a system where records can always be accessed in one record parallel page read record
fill-factor can become a problem. The length of a super-block, M, is usually not a
multiple of P,, as a result some planes in each super-block will not be used.

Time required for an ideal projection operation.

Time required to retrieve the data from the 3-D two-photon memory for a projection
operation using field and record parallel access modes. Less time is required for this
operation using field parallel access since only the field or set of fields desired need to be
retrieved. With record parallel access the entire relation needs to be read out.

The number of pages that need to be retrieved for a projection operation is increased
when record parallel access is used if the packing strategy involves filling field parallel
pages first. If field parallel access is used the number of pages is increased if record
parallel pages are filled first. This graph neglects the effect of fill factor.

Time to perform ideal selection with clustered indexing.

Time to perform selection with clustered indexing neglecting the effect of packing.

Fig 10 The time required to perform selection with clustered indexing is increased when record

parallel access is used if the packing strategy involves filling field parallel pages first. If
field parallel access is used the time is increased if record parallel pages are filled first.

This graph neglects the effect of fill factor.

Fig 11 Time to perform ideal selection with no indexing.

Fig 12 Time to perform selection with no indexing neglecting the effect of packing.

Fig 13 The time required to perform selection with no indexing is affected by packing. With

record parallel and field-record access the worst case (wc) packing strategy involves



filling field parallel pages first. For field-field access packing record parallel pages first
yields the worse performance. These graph neglects the effect of fill factor and seek time.

Table 1 Variables used for performance calculations.

Table2 Effectof won P,, T’ andr.

Attachment

A reprint from Applied Optics, paper titled “Digital free-space optical interconnections: a '
comparison of transmitter technologies™.




FINAL REPORT

The main objective of this program was to investigate the design and the optoelectronic
implementation of a high performance optical memory-processor interface for database
applications. For very large database machines, in general, memory bandwidth is a bottleneck.
Typically, the access time of a conventional secondary storage devices such as magnetic disks is
at millisecond scale. The use of parallel access optical storage systems, such as parallel read-out
optical disks and 2-photon 3D memories, have the potential of achieving enormous throughput
(> 100 Gbits/sec) and capacity (~ 1 Tbits). In this research, we have studied the relational
database architecture based on a bi-orthogonally accessed 2-photon 3D memory. Specifically,
the database operation considered is the data filtering. Various optoelectronic technologies have
been evaluated for interfacing parallel optic and electronic systems. The system performances
have been measured in term of the areal data throughput and the energy required per transmitted
data bit.

1L Optoelectronic Database Filter

Database data filters are computers used in database machines to improve the machine
performance by eliminating data that is not relevant for a given query when it is retrieved from
the secondary storage. By doing this the amount of data transferred to the main machine is
reduced, so are the computations necessary for the queries. The optoelectronic data filter
examined in this work utilizes a bi-orthogonally accessed 2-photon 3D memory. The data
organization scheme is particular to this approach.

1.1 Bi-orthogonally accessed 2-photon 3D memory

2-photon 3D memory devices are made from an organic material, SP-doped PMMA, in
which molecules are excited to a high energy state by absorbing two photons. The material is in
a shape of either cubic or rectangular. The bits are written throughout the volume by intersecting
two laser beams at any bit location at one time. These 3D memory devices also have the feature
of being accessed in orthogonal directions, allowing planes of bits which are perpendicular to
each other to be retrieved. It is termed bi-orthogonal access.

The concept of bi-orthogonally accessed 2-photon 3D memory for database operation is
explained with reference to Figure 1. In one of the orthogonal directions, termed record parallel,
the data stored correspond to records of a database. An array of complete records can be
retrieved in one memory read-out. Orthogonal to the record parallel direction, the data
correspond to a particular field or set of fields of a database, termed field parallel. Figure 1(a)
shows the database structure and (b) the bi-orthogonally accessed memory cube.

Data retrieval process is much more efficient in the bi-orthogonal approach, because for a
given query data are better isolated. For example in a projection operation, only the field of
fields desired need to be retrieved if field parallel access is used, and in certain selection
operations scanning can also be performed efficiently with this retrieval mode. If a record is
determined to satisfy the selection after a scan , it can be retrieved in one page read with record
parallel access. To read out the same record using field parallel access would require many more

page reads.



1.2 2-photon 3D memory data organization

The data organization scheme in 2-photon 3D memory devices is shown in Figure 2. The

memory is divided into B super-blocks. A super-block can be viewed as a sequence of pages
that can be accessed randomly in either of two orthogonal directions in time Tp Each super-

block is a cube of bits with M bits on a side; thus pages read from these super blocks contain M

bits. The total memory capacity is therefore M’B bits. Records are placed in the memory such
that they are contained in one record parallel page, and so each page accessed in the field parallel
direction contains w bits of a record. This is shown in Figure 3. With this scheme, a complete
record of size 7, can be accessed in one memory read utilizing record parallel access or in
roughly r/w reads using field parallel access. The set of field parallel pages containing a

complete record is referred to as a block and the number of field parallel pages in a block is
denoted as Pp. The number of complete blocks in a super-blocks is denoted as b.

It is assumed that data from multiple fields can be contained on the same field parallel page
as would occur, for example, when w is large. The parameter »* represents adjusted record size
and takes into account the capacity wasted if field parallel pages cannot be not completely filled.
This would occur, for instance, if 7, is not a multiple of w. The parameter w affects the fill-factor
of the memory in a more significant way if one wants to ensure that a record can always be
retrieved with one memory read. This problem, termed record fill factor, is explained with
reference to figure 4. Rarely will blocks exactly fill super-blocks. As a result, some field
parallel pages will not be used. On average there will be P,/2 such pages per super-block. Since
P, = r'/w this capacity penalty increases when w is small. In these studies the parameter r
represents record size taking into account the above two fill factor contributors.

The packing of data in the memory also affects performance. A relation of R records may
not completely fill all the super-blocks in which it is contained. Consequently the first and last
super-blocks will most likely contain other relations. In this situation, records residing in
partially filled super-blocks can placed such that they fill field or record parallel pages first. In
general if field parallel pages are filled first, the time to perform operations using record parallel
access will approximately increase by a factor of 1/B, where B is the minimum number of super-
blocks required for the operation. This is because on average two additional half super-blocks of
data will have to be read that do not contain the relation of interest. With this packing scheme,
the time required for operations performed using field parallel access is usually not affected. If,
on the other hand, record parallel pages are filled first, the record parallel access time is not
affected, but the field parallel access time is increased roughly by a factor of 1/B. The effect of
adverse packing decreases for larger relations, but can be significant for smaller relations.

1.3 Performance Study

In this study the Wisconsin benchmark was selected to evaluate the potential performance of
a 3-D two-photon memory based relational database data filter. With this benchmark, the
performance of the selection operation is examined for different selectivities. The selectivity of
an operation refers to the number of records that satisfy a selection query. A relative selectivity
of 10% means that 10% of the records in the relation satisfy the query. An absolute selectivity of
100 records means that 100 records satisfy the query regardless of the relation's size. The
Wisconsin benchmark also requires that the performance of selection operations be measured




using different types of indexing as well as no indexing. A relation with an indexed field is
organized in some way (B-tree, hashing...etc.) according to the value of a particular field or
fields; an index key is assigned to a record based on this value. With clustered indexing, the
index key determines the physical location of the data.

In the sections that follow, the performance of various selection and projection operations is
examined for the 3-D memory based system for the different accessing techniques. To illustrate
trends the selectivities are varied continuously and include the discrete selectivities required by
the benchmark. Tables 1 and 2 list the parameters and values that were assumed in the
performance study. *“{ }” is used to denote average value; “| ] denotes the integer less than or

equal to the operand in brackets; “[ '|” denotes the integer greater than or equal to the operand
in brackets. { T, , is the average time that it takes to seek to the starting page of an operation.

This page is assumed to be unique. The size of the relation was chosen to facilitate comparison
with other systems. A single two-photon memory would be able to contain a larger relation.

Projection

Figure 5 shows the time to perform projection neglecting the effect of record fill factor,
packing and seek time. This is termed ideal projection. Ideal selection assumes the same
omissions. The selectivity of the projection operation is augmented in byte increments even
though this would physically correspond to reading out fractions of fields. The field parallel
mode in general shows superior performance for this operation; unlike the record parallel mode,
the entire relation does not have to be read out in the operation, only the field or fields desired.
In Figure 6 the effect of seek time and record fill factor are included. The time required to
perform projection using field parallel access equals the ideal time only when the size of the
field(s) desired is a multiple of w, otherwise additional pages need to be read out. This effect can
be seen for w = 16 bytes. The time required for this operation using record parallel access is
directly related to the record fill factor of the memory. When w = 1 byte, roughly 23% more
time is required than for the ideal case because r/r, is equal to 1.23. As w increases the time for
this operation using record parallel access decreases since the effect of the record fill factor is
reduced. Figure 7 shows how the ideal times for projection are affected with the two different
types of packing. As can be seen packing can have a larger effect on performance than record fill
factor. With record parallel packing, field access is no longer preferable when a very large
portion of a record is desired.

Selection with clustered indexing

For selection with clustered indexing the location of the records is known a priori, and the
records satisfying the selection criterion are assumed to be adjacent. The time to perform ideal
selection with clustered indexing is plotted vs. selectivity in Figure 8. For this selection
operation, a certain minimum number of pages or blocks is required. However, the set of
selected records may not completely fill the pages or blocks in which it is contained. This is
because the set of records will rarely be an integer number of pages/blocks in size, and also
because the set is likely to start in the middle of a page/block. The time required to perform this
type of selection with low selectivity is roughly equal to the time to read a single page or block.
Field parallel access with w = 1 byte, for example, shows particularly poor performance because



P, is so large. For higher selectivity operations, the difference between the selection times
reflects the overhead incurred when records do not completely fill pages or blocks. This
overhead is once again higher with larger sized blocks. The ideal time to perform this, operation
with record parallel is always less than for field parallel access, because pages are always smaller
than blocks.

When the effect of record fill factor is included, record parallel access is not preferable to
field parallel access for all selectivities and all values of w. The time to perform selection with
clustered indexing taking into account record fill factor and seek time is plotted in Figure 9.
When w = 1 byte, the record parallel approach is not preferable to field parallel access for some
values of w, because the amount of data that has to be read out is increased due to the record fill
factor problem. It should be noted that the two selection times assume a slightly different data
ordering: with record parallel access, consecutive records are on the same record parallel page;
with field parallel access, consecutive records are on the same field parallel page.

Figure 10 shows the effect of packing on the time required for selection neglecting the record
£ill factor and the seek time. It shows that the time required to perform selection with clustered
indexing is increased when record parallel access is used when the packing strategy involves
filling field parallel pages first. Similarly, if field parallel access is used it requires longer time
when record parallel pages are filled first.

Selection with no indexing

For selection with no indexing the locations of the records satisfying the selection query are
not known a priori. It is assumed that these records are uniformly distributed throughout the
memory. Performing selection with no indexing using record parallel access, as with record
parallel projection, requires that the entire relation be read out so that each record can be
examined to determine which records satisfy the selection query.

Selection with no indexing can be performed using only field parallel access. This is referred
to as field-field access. Alternatively it can be performed by combining field and record parallel
access in what is termed field-record access. These two approaches can be broken down into two
parts: a search part and a readout part. The search part of the operation is performed using field
parallel access. The operand containing field(s) are retrieved using field parallel access. If a field
or set of field is determined to satisfy a particular selection criteria, its corresponding record
would be retrieved using record parallel access for field-record access or it would be retrieved
using field parallel.

In Figure 11 the time to perform ideal selection with no indexing is plotted vs. selectivity for
the three access modes. The search time for the field-record plot is assumed to be 310 sec. The
time to perform this operation saturates for the two field parallel based accessing approaches.
With field-record access this occurs when it is likely that every record parallel page will have a
selected record on it and will need to be read out: when the fraction of records satisfying the
selection criterion is roughly equal to (I/(the number of records on a page)). For field-field
access the saturation happens when it is probable that every block needs to be read out: when the
fraction of records satisfying the selection criterion is approximately equal to (1/( the number of
records in a block)) -- the larger the block, the quicker the saturation.

Selection times for the record-parallel access mode and the average selection times for the
two forms of field-parallel access are plotted in Figure 12 vs. selectivity. Plots for selection
implemented with field-field access for small w would be even more vertical than the w=16




bytes trace and were not included. These selection operations would also saturate at the ideal
record parallel line. For low-selectivity operations field-record access yields " the best
performance. For selectivities greater than 0.4%, however, field-field access would be
advantageous. In this range all blocks and roughly all pages will have at least one selected record
on them and will need to be read out. With field-record access, the field containing the operand
will have o be readout twice: once while searching and a second time during readout. For w =1
byte, the overhead due to record fill factor additionally hurts the performance with field-record
access.

Packing also affects the performance of selection with no indexing. If record parallel pages
are filled first, the time to complete the selection operation with pure record parallel access is
unaffected as is the time to readout selected records with field-record access. The search time for
field-field and field-record access is increased once again by approximately a factor of 1/B, and
the time for readout with field-field access is also increased. The equation for this is given
below. It assumes that the first and last super-block are half full. If the packing strategy is to fill
field parallel pages first, the time for searching is unchanged as is the time to perform the
selection operation with field-field access. The time for record parallel access, however, would
roughly increase by a factor of /B, and the time for readout for the field-record approach would
be increased as well. The equation describing this increase is given below. Once again it is
assumed that the first and last super-block are half full.

The time to perform selection with no indexing is plotted in Figure 13 for the three different
accessing modes with and without the effects of worst case packing, neglecting record fill factor.
With record parallel and field record access, packing field parallel pages first yields the worst
performance unless the search time exceeds the readout time for record parallel access. For field-
field access packing record parallel pages first yields the worst performance.

Summary

In this study, no particular packing strategy or word size was found to be clearly
advantageous for all operations. For the relation size and data organization strategies considered
here, the effect of the packing was found to have a larger effect on performance than the effect
of record fill factor. The effect of packing would be reduced for larger relation sizes. However,
for smaller relations, it would be increased. In a system, the size of w and the packing strategy
would have to be chosen by anticipating frequent operations.

II. Free-Space Optical Interconnects

To interface 2-photon 3D memory devices with electronic processors, we have evaluated
various optoelectronic technologies based on free-space optical interconnects (FSOIs). The
results of this evaluation have been published in Applied Oprics (A reprint is attached), and is
summarized in this section.

To be able to compare to an all-electronic system, we have defined an optoelectronic
interface as shown in Figure 1(rp) (rp indicates the figure in the attached reprint). It begins at the
transmitter driver inputs and ends at the detector amplifier outputs. The transmitters can be either
light modulators or light emitters. When light modulators are used, an external laser source (P,)

is required. In digital free-space optical interconnection systems, each detector receives the
signal from only one transmitter (fan-in = 1). Therefore, for a system with N transmitters, each




with a fan-out of F, the total number of interconnection channels is the product of N and F,
refereed to as the connectivity. The connectivity can be expressed as

P
NxF - _r__ni‘_‘:L__nT(f:,BR);
2P,(BR, BER)

it is a function of the transmitter power efficiency (1,), the minimum detectable optical power
(P,) at the receiver input, the optical link efficiency (Nys)» and the transmitter driver electrical

power (P,). When light modulators are used, the connectivity is also a function of the input
optical power (P,) to the modulators.

Two important parameters used to evaluate a parallel data transmission system are areal data
throughput and energy required for a transmitted data bit. The areal data throughput is the
product of the connectivity and the data rate, divided by the required hardware area. The energy
per transmitted bit is obtained by dividing the required power (optical or electrical) by the total
data throughput. Three transmitter technologies are examined based on the system parameters
for various application architectures.

2.1 Transmitter technologies

Three transmitter technologies considered were PLZT modulator, MQW modulator, and
VCSEL technologies. Each transmitter technology was evaluated based on its power efficiency.
Figures 3(rp), 5(rp), and 6(rp) plot the transmitter power efficiency of the three technologies as a
function of the input power, respectively. In the case of PLZT modulators, due to the large
device capacitance, the power efficiency is limited by the electrical driving power. For the
MQW modulators, on the other hand, the maximum modulated power output depends on the
optical saturation intensity. Therefore, the transmitter power efficiency is a function of the input
optical power. In the VCSEL case, the power efficiency is related to the electrical-to-optical
power conversion efficiency.

2.2 Transmitter Fan-out

By using a common high-impedance optical receiver circuit shown in Figure 10(rp), with the
minimum detectable power plotted in 11(rp), the calculated transmitter fan-outs are shown in
Figures 12(rp) and 13(a),(b)rp). In VCSELs, the input power is purely electrical. Once the
threshold is reached, the VCSEL's fan-out increases linearly with increasing input electrical
power. The maximum fan-out is constrained by the maximum power output of the VCSEL 10
mW assumed in this case). For PLZT and MQW modulators, the fan-out depends on both
electrical and optical powers. It is shown in Figure 13(rp) that, with both modulator
technologies, there is an optimal ratio of optical-to-electrical power inputs to achieve a
maximum power efficiency. In PLZT modulators, this ratio is 2:1 and is independent of the
operating data rate. The optical-to-electrical power ratio is approximately 60% for MQW
modulators; it is almost a constant up to 2 Gbit/s of data rate.

2.3 FSOI System performances

For a given technology and application specifications, a FSOI system was evaluated by its
areal data throughput and the energy required for a transmitted data bit. The areal data
throughput is the product of the connectivity and the bit rate, divided by the required hardware
area. The maximum connectivity depends on the total available system power and the operating

.




data rate. The hardware area is determined by the electrical power requirement of the transmitter
driver circuits and the maximum power dissipation density. For example, with a fixed
connectivity of 16K (128x128), Figure 16(rp) shows the electrical power requirement versus bit
rate for several architecture/technology combinations; a total optical power of 10W is assumed
for the modulator technologies. The total required hardware area is indicated on the right hand

axis by assuming an electrical power dissipation density of 10W/cm2. The architectures
considered are point-to-point (N=16K, F=1), hypercube (N=1540, F=Logr(N)=11), and
crossbar (N=F=128). :

Along any vertical line in Figure 16(rp), the data throughput is a constant, the required area
increases as the electrical power requirement increases, as indicated on the right axis. For a
maximum areal data throughput, therefore, PLZT technology is superior at a data rate below 100
Mbit/s, MQW technology is a good candidate for most applications up to a data rate of 1 Gbit/s,
and VCSEL technology is the best choice at a date rate beyond 1 Gibt/s. The limitation on the
operation data rate is set by the maximum optical power at the output of the transmitters. With
the specified receiver technology, more than 10W of optical power is needed for a modulator
system operating beyond 1 Gbit/s, and a 10 mW output power per VCSEL is a necessity. As the
array size increases, the power requirement will increase as well. With the same input power, it
would require higher receiver sensitivity.

Summary

This study shows that PLZT and VCSEL technologies are well suited for application in
which a large fan-out per transmitter is required but the total number of transmitters is relatively
small. MQW modulator technology, on the other hand, is good for applications in which many
transmitters with a limited fan-out are needed. The limiting factor for the MQW modulator
technology in large fan-out applications is its intensity saturation. Whereas the limitation of
VCSEL technology for many transmitter applications is its threshold power. In any application,
the receiver sensitivity plays very important role in determining the system performance.
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Figure 1 Data is organized in a bi-orthogonally accessed 3-D two-photon memory such that a page
of complete records is be obtained with one memory read using record parallel access.
Pages containing data from the same field or set of fields may also be retrieved. This is
termed field parallel access.
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Figure 2 The memory is divided into B super-blocks. A super-block can be viewed as a sequence
of pages that can be accessed randomly in either of two orthogonal direction from any
super-block in time T Each super-block is a cube of bits with M bits on a side; thus

pages read from these super blocks contain M? bits. The total memory capacity is
therefore M° B bits.
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Figure 3 Records are placed in the memory such that they are contained in one record parallel
page, and so each page accessed in the field parallel direction contains w bits of a record.
A complete record can be accessed in one memory read utilizing record parallel access or
in P, page reads using record paralle] access. The set of P, field parallel pages containing
a complete record is referred to as a block . Each super-block has b blocks.
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Figure 4 In a system where records can always be accessed in one record parallel page read record
fill-factor can become a problem. The length of a super-block, M, is usually not a
multiple of P, , as a result some planes in each super-block will not be used.
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operation using field and record parallel access modes. Less time is required for this
operation using field parallel access since only the field or set of fields desired need to be
retrieved. With record parallel access the entire relation needs to be read out.
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Figure 7 The number of pages that need to be retrieved for a projection operation is increased
when record parallel access is used if the packing strategy involves filling field parallel
pages first. If field parallel access is used the number of pages is increased if record
parallel pages are filled first. This graph neglects the effect of fill factor.
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Figure 8 Time to perform ideal selection with clustered indexing
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Figure 9 Time to perform selection with clustered indexing neglecting the effect of packing.




0.006 T Y T T
— -
0.005 |- _ .
field parallel (w = 1 byte); . ~

) with packing —
g 0004F =7 field (w=1byte): ideal
Q -~ - 1 =
0003 - -~ field (w = 16 bytes)
° record parallel
é 0.002

0.001

0.000 =

0 2 4 6 8 10

relative selectivity (in percent)

Figure 10 The time required to perform selection with clustered indexing is increased when record
parallel access is used if the packing strategy involves filling field parallel pages first.
If field parallel access is used the time is increased if record parallel pages are filled

first. This graph neglects the effect of fill factor.
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Figure 11 Time to perform ideal selection with no indexing
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Figure 12 Time to perform selection with no indexing neglecting the effect of packing.
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Figure 13 The time required to perform selection with no indexing is affected by packing. With
record parallel and field -record access the worst case (wc) packing strategy involves
filling field parallel pages first. For field-field access packing record parallel pages first
yields the worst performance. This graph neglects the effect of fill factor and seek time.



