


2) The keys are sent sequentially from a key geoera
(source node) to the sorter (in a distributed syktd his

is what happens in our work and also some otheksvor
such as the one reported in [6].

These two scenarios of course need different dlgos
for proper implementations. We utilize a novel fiiped
and parallel sort algorithm consistent with the Nsaor
similar) architecture, to develop an ASIC sorting
accelerator (SA) for MaRS. An SA can then be agdch
to a router, resulting in a sorting element (SEh 3E
may replace any PE and be plugged into the netasrk
illustrated in Figure 1. Each added SE can prowite PE
(i.e. the key generatoQn the network with the sorting
service through the same communication protocdl itha
utilized for inter-PE communication, while the SE
remains transparent to the ongoing network traKiclata
block is delivered to an added SE through a bloaksfer
initiated by the requesting PE, the keys are sodaed
then the sorted data leave the SE and reach thestog
PE through a similar procedure.

The rest of this paper is organized as follows. &om
background work is reviewed in Section 2. Section 3
reviews our algorithm. The new memory is preserited
Section 4. Section 5 is the conclusion.

2. Background Work

The well-known bubble sort algorithm [7] is inhetlgn
sequential, as consecutive comparisons have oredsha
operand. To overcome this shortcoming Baudet and
Stevenson [8] use the serial odd-even transposgah
algorithm [7], lending itself to parallelization. hig
algorithm uses alternate odd and even phases tparem
a; and a;;1, wherei is odd and even in odd and even
phases, respectively, requirimgphases of alternatively
n/2and n/2 -1 or a total oh%/2 —n/2 comparisons, where
n is the number of keys.

Bentley and Kung introduce the basic tree sortrilym

[9]. Starting with the well-knowmatch binary tregit is
first modified, so that the losers are not remofrech the
tree anymore; they stay and continue to competé wit
their new competitors, if any. It takes the firshmer log

n steps to traverse the tree and reach the rootcdfienh
empty nodes accept data form their nonempty childre
and the process continues so that at every othprthe
next element reaches the root in the specifiedrorde

Batcher in his pioneering work [10] has introdudea
iterative sorting networkgdd-evenandbitonic, with the
time and logic complexity of Idgn and nlog’n,
respectively. Several parallel sorting algorithrh&][[12]
[13] [14] [15] have then been developed based on
Batcher’s work.

Stone [15] has modified Batcher's bitonic sort and
proposed a slower sort algorithm but with reusable
processing elements in whiet2 two-input sorters may
be reused repeatedly to sort an arrag efements in log

n cycles.

In [14], Lee et al. have improved the time compiexif
Stone’s algorithm from Idgn to log n.(log n +1)/2, but
with additional logic.

Lee et al. [6] have proposed a parallel bubblessarhich
requiresn/2 identical compare/steer units stacked on each
other, wheren is the number of keys.

Olariu et al [4][5] have addressed sorting of ariranf
keys using a sorting device based on Batcher'sridimo,
but now the number of keys can be much larger than
I/O size of the sorting device. They assume tHatl &eys
are available irp (partially filled) memory banks, driving
a p-sorter or ap-size sorting network, before sorting
begins. After some calls to the sorter and someixnat
manipulations the entries in the memory banks are
eventually sorted and left in the samememory banks.
This architecture can provide a good basis for riclop
tightly coupled coprocessor. Interested readers ratey
to [16] for a taxonomy of parallel sorting.

3. Our Algorithm

Our pipelined sorting algorithm introduced in [2§ i

illustrated in Figure 2 with an 8-leave sort trewl anon-
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Figure2. An 8-input pipelined sorting treein
thefirst four sorting states

ascending sort order. In general input data ettersort
tree n key at-a-time through the leaves (wherds the
number of leaves), and move toward the root, wilieee
sorted keys appear from. The sort tree is a bathace
complete tree witm-1 decision (non-leaf) nodes and a
depth of logn. Each decision node takes two keys,
compares them and selects the greater one, regittin
only n + log n iterations to sort an array ofkeys.

When a key moves ahead its (previous) location imeso
empty. Therefore, when a leaf becomes empty it will
remain empty for the rest of the sort procedureedch
iteration an entry sitting on a node (next to snpetitor,

i.e. its sibling) traverses the tree one level famvif it
wins (i.e. it is greater than its competitor) ank t
destination (i.e. the parent node) is either alyeahpty

or is becoming empty in the current iteration. Taker
lets a chain of keys move forward together durihg t
same iteration. The proposed algorithm is pipelidee to
this simultaneous data movement in a chain of lopat

As an example simultaneous moves of keys 7 anck8 ar
shown in Figures 12 and Z. Notice that an empty



competitor always loses; and a node with two empty
children becomes and remains empty if it wins.

Before the first winner reaches the root the teeélled
one row at a time through pipelines (necessarily shorter
than logn +1) operating in parallel, whera is the width
of the row to be filled next. For example, the tmoves
corresponding to (2, 6) and (7, 8) in Figure 2 dgrihe
iteration leading to (c) illustrates the presendetwo
pipelines (each 2 stages deep) in this iteratiquorithe
arrival of the first winner at the root the numbef
pipelines is reduced to one.

Figure 3 shows the internal architecture of oneisi@t

Legend
M: multiplexer,
C: comparator,
R: register,
V: valid bit

2

R

Figure 3. Internal architecture of one
decision nodein the sort/mergetree

(or compare/select) node of the sort tree. The ityooit
keys are compared in a 32-bit comparator and then t
greatest one is selected and saved in an outpigteeg
which is concatenated with a valid bit to signifhether
or not the corresponding register (node) is empty.

Figure 4 shows a complete block diagram for the lesho

Mux <63, sort/merg
3 tree

Mem Out

N Output registers of

Column #( (Pipeline buffel RF banks (Input buffer)

Figure 4. A block diagram of the sorter

sorter. This block diagram is comprised of thedaihg 3
blocks:

1- The input multiplexer or Mux for short. Thisas32-hit
2-input multiplexer to let either a key from theyke
generator or the output of the sort/merge treetrdhe
Mem.

2- The sort/merge tree: This block has a tree &irac
with 63 leaves. A small-scale tree with only 8 leswis
illustrated in Figure 3. This figure also shows thiernal
architecture of each individual node of this (ang-aize)
tree.

3- Mem: In [2] Mem is made up of 63 two-port (oread
and one write) register files (RFs), each 64 wdog).
These RFs have been generated by the Artisan Begist
File Generator. The RFs are synchronous, so that th
content of an addressed location in an RF is loanted

an extra (output) register during a read cyclesThitput
register may be imagined as thé"&Sorage cell in a 64-

word RF used in this SA. Write operations are also
synchronous, so that the value on the data bus is
transferred into the location addressed by the evalu

present on the 6-bit address bus, when an actige efi

the clock signal is applied.

We have used these 63 output registers as an lnyfiigtr

(or parallel-in/parallel-out register) for the softee.
Additionally, we have used column # 0 (comprised of
locations # 0 of the 63 RFs) as a serial-in/paralls
(SIPO) shift register, as shown in Figure 4. Theaming

63 words in each RF are used as a 63-word serial-
in/serial-out shift register (SISO) as explainetbbe

The input keys are received one word at-a-timengfthe
sending PE) and injected to the serial-to-parabtheiverter
mentioned above. Then every 63 keys are appligtieo
input buffer which is considered the first stageh# sort
tree. The keys undergo the sort procedure in grotip8
and then are laid into the memory horizontally.other
words every 63 consecutive sorted keys are seatéuei
corresponding SISO. In the second phase 63 souted s
arrays (each 63 words long) are merged througlsahee
tree. That is why we call this tree sort/merge.tree

4. Dynamic Memory for Sorter

The 8-transistor memory cells employed in the tegis
files (generated by the Artisan Register File Gatwe)
are static. However, since the lifetime of the ksi@red
in the memory is deterministic, dynamic storagelscel
with no refreshing requirement can also be usesljltiag
in a denser design for the RFs. The only cost s t
improvement is an upper limit on the size of thenogy,
hence the sorter.

Let's assume that the parallel-to-serial convertie
pipeline buffer and all SISOs each grevords long. In
order to determine the upper bound mentioned ab@ve
need to figure out the lifetime of the keys stayinghe
memory. By lifetime we mean the time interval betwe
consecutive write and read operations performedHat
specific key. In our algorithm there are two diffet
lifetimes for each key. The first one (LF1) corresgds to
the first write into the pipeline buffer and thdldeving
read operation. In this write/read process the |pipe
buffer is in fact a serial to parallel converter,which p
keys are written one at a time, but are read olut al
together; hence the lifetime of a key is

LFl=p -i+1

where i is the key’s order number. The worst case
happens when= 1

I—F:I-worst =p CyCIeS (1)

The second lifetime corresponds to the second write
operation in the sort stage (write from the treekida the
memory), and the read operation in the merge stage.
Figure 5 shows a register located on arbitrary dinates,

(X, y), in the memory array. We now determine the
lifetime of the key corresponding to this register.



Memory Array

Figureb5. A register located on arbitrary
coordinates, (X, Y)

LF2: No of cycles to wait in memory:
LF2=p-x+(p-y.p+x

LF2=p°+ p-y.p

LF2uost= LF2 (@Qy = 1)

LF2uorst = P° Cycles (2)

The effective lifetime: LF= max(LFLyorsy LF200rs)

where LFlost and LFZqs are given in (1) and (2),
respectively.

Therefore,
LF = p? cycles

Max waiting time in memory: WiJost = LF. T
where Ty is the clock period.

WTworst = p2 . Tclk

WT,orsthas to be less than the lifetime of electricalrgba
stored on the storage capacitance of the dynantioice
the data may be lost. Assuming the charge lifetorhé&
msec and a 4 nsec {J clock signal,p is worked out
equal to 500, resulting in some 240 K words asuthyger
limit for the memory size.

Figure 6 shows a sorter with ax4 x 1 dynamic memory
for illustrations purposes. The same architectae be
expanded to any size as long as the upper limithef

memory is not violated. Our current design is based
16 x 16 x 32-bit dynamic memory. As shown in Figure 6
each memory cell is comprised of two inverters amd
transmission gates wired up as a dynamic mastee-sla
FF. The keys are injected to a serial-to-paralleift s
register (SIPO), and then every 4 consecutive largs
applied to the input buffer which is in fact thergsitic
capacitance of the corresponding input of the sentge
tree. Therefore, CIKT is asserted every 4 clockesycThe
keys then undergo the sort procedure in groups arfidt
eventually are laid into the four dynamic shift istgrs
(SISOs) shown in Figure 6. In other words, every 4
consecutive sorted keys are seated in the corrdsmpn
SISO. In the second (merge) phase four sorted saysa
(each 4 words long) are merged through the sange tre
The sorted keys now leave the sort engine for the
requesting PE. During the merge phase, CIKT is
completely off, isolating the SIPO from the treet how

the signal called phase 2 is asserted to let thgenteee

be available to the SISOs.

Figure 7 shows how simple is the control unit a$ thew
(16 x 16) memory system. The same concept can be
generalized to control larger memories as wellFigure

7a phase signals are generated by a timer. Remeimduer t
during phase 1 keys are injected into the SIPOthad
are delivered to the sort tree 16 keys at-a-timethie
meanwhile the sorted keys coming out of the sed tre
seated in the 16 SISOs, so that at the end of phaseh
SISO contains 16 sorted keys. CIKT is generatddgare

7b. This signal delivers the contends of the SIPGht®
sort tree by enabling 16 transmission gates evéy 1
cycles, i.e. CIKT is supposed to be asserted eléry
cycles while the sorter is in Phase 1. Care mustaken

to keep clock skew within a safe range. In Figutené
see how 16 different clock signals are generatedlL&
SISOs. In phase 1, the first 16 pulses (after itise Sorted

CIkO’ SISO-0 Phase2; Cwl
R Do—BI DRI oRIDoRIDo—BI DRI Do—EdDo—S
CkO gy SISO-1 i
R oBEPDo—RIDoBI Do DR DRI o—EdDo—ES
Clk1 %
Clk2’ SISO-2
pt-DoEDokt-DoptDod-Po—pt-DoRd-Po—pdPoES e )
Clk2 %
Clk3’ SISO-3
pt-Do-g-Do-Po-g-Pokat-Dobt-Dop-Dobt-Doks il
CIk3 Phase 2
CIkP SIPO CIkT
CIKP’
Input Data

Figure6. Logic diagram for a 4x4x1 sorter
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Figure7. Control unit: (a) phase signals,

(b) CIKT, (c) ClkO to Clk15

key appears at the output of the tree, which isiégl by
an asserted valid signal, not shown in this figused
applied to the first SISO, the second 16 pulsesappdied
to the second SISO and so on. Remember that theae i
valid bit attached to every word. A word with arsasged
valid bit means a valid key, otherwise the corresjiog
word would be considered invalid. On the other hand
the merge phase an SISO is clocked only if a ragses
received from the merge tree, signifying that tbp of
the SISO has been consumed and now the next kejdsho
become available. The master enable/reset sigisahbia
been shown in these figures.

Figure 8 shows a single memory cell (master-slakvg F
and its layout. We have used magic layout edit@t fihd
spice [18] as a circuit simulator in this work. sisown in
Figure 8 a single cell is 46x 42\ in area, and it can be
stacked both vertically (after being properly figa) and
horizontally to create as long and/or as wide dyinam
registers as needed, with some possible clock mive
Based on this layout and considerimg 2 0.13 micron
(for the underling technology) the total area fd@3x 64

X 32-bit memory is estimated 1.2 im On the other
hand, we have used Cadence BuildGates Extreme (BGX)
version v5.0-s006 synthesis tool, along with theMiCS
0.13 micron Low Voltage Process OverDriven
(CLO13LVOD) typical technology to synthesize one.SA
The wire delay model is tsmc13 wl10. The registier f
banks and the corresponding technology file (TLFELY4
have been generated by the Artisan Register File
Generator. With a 4ns clock signal, the whole amea
estimated 2 mfout of which 1.6 mrh (approximately)
are consumed by the 63 RFs. Now by replacing the
register files with our custom designed shift reggis the
total area is expected to be around 1.6°miich shows

some 20% area improvement. Area improvement is
expected to be even more if the static registeslénthe
sort tree are replaced with dynamic registers aimib
what we have used in the sort memory.
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5. Conclusion

In this paper we proposed a custom-designed atteena
to a memory system used in a 4K-word sort enginielwh
improves area efficiency by some 20%. We also skdowe
how the control unit is significantly simplified thi this
new memory. Furthermore, since the memory intreduc
here is custom designed, its size is tailored josgpecific
need, compared to memory banks generated by a rgemor
generator which come in only some fixed sizes. \&eeh
not performed power analysis for this memory yetwH
ever, we are expecting some improvement in power
consumption as well.
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